Chapter 2

Literature Review

2.1 CO Measurement Methods

Introduction

A large number of methodsave been devised for measuring,
or estimatingCO. Thereare differences between methods in the
assumptions which underltbe measurement theonynderstad-
ing of thosedifferences is importanh consideringuse of a
particular technique.lt is also importanto understanadvhat
factors may affect measurements made by a particular techsmue,
that invalid results can be recognizebllethodsalso differin their
accuracy andepeatability,as well as degree of invasivenassl
riskto the subject.This discussionwill begin with the less-used

methods angbrogress tahose which are moneidely accepted.

A. Direct Measurement

Cardiacoutput canbe meaured directly by placing flow
meter around the aorta pulmonaryartenyl], but this has the
obvious disadvantage oéquiringinvasive thoracisurgery.

Therefore, indirecinethodsare usually employed.



B. PulseContour Analysis

Numerous algorithms&ave been developed in attempt to
relate arterial pressuveaveformdgo stroke volumg-6]. The
primary problem with this method ektimating COis the factthat
pulse waveontoursare modifiedas they are transtted
peripherally7]. Modification factorsinclude variationsin arterial
compliance transmissionand reflection. These factorsre in turn
influencedby age, heart ratelisease states, amdsoactivedrugs.
Studies comparingulsecontouranalysis vs. TDCO measurements
have reported correlatiaroefficientsrangingfrom 0.43to 0.982,

3, 5, 6] usingdifferent algorithmsand different patient
populations. Eachnew algorithmhas been developeampirically,
generally by relying on calibratiows. thermodilution. The
algorithms developetend toapply onlyto a narrowly defined
patient populationandfrequent recalibratioins necessafg].

In summary, one coulday thapulse contoulanalysis is
flawedby being based on algorithnilsat are somewhat inaccurate
The verynumber of different algorithmthat have been developed
for pulse contouanalysis supportthe difficulty in correctly
modelingthe arterial system and thus deriving a reliabtanede of

CO from such data.

C. Angiocardiography

Ventricular volume in systole and diastalen be calculated

from the area and lengtf the opacifiedchambemhen it is



visualized with single-planar bi-planeangiocardiographigmages
of the left ventriclg8-13]. End-diastolicvolume minusend-systolic
volume equals stroke volume (SV), and SV x HRG: Theinherent
inaccuracie®f calculatingvolumes from two-dimensional
angiocardiographigmages are similar tthoseencounteredavith
echocardiographydiscussedelow). In additiongcalibration of
radiographico real-life measurements introducasothersourceof
potential errdi4]. Completeimmobility of the patienduring the
injection andimaging periodis essential. The@eed forcineangio-
cardiographiadmaginglimits use of thisechniqueto referral
institutions,andthe health risks associatedth radiationand with
the contrast solutiongsed15] limit the numberof timesangio-
cardiographicneasurements cdre repeatdd6]. Davidsonet
al[14] stated thaangiocardiographianeasurements &fO are
frequently unreliable, althougbtherinvestigators report good
correlationwith other measurement technegiB-13].

While angiocardiographianeasurements coulgde made on
foals with the above limitations in minthe size ofadult horses
introducesa number opracticalproblem$l7] which have
precluded thaise of this teamique. Bolus injectionof 500 ml or
more of contrasinaterial (requiredo properlyopacify the heart)
would be extremeldifficult. Imageintensifying screens would have
to be used due tihe thickness ofhe adult equin¢éhorax;finding

screens large enoudb projectthe entire cardiasilhouettecould

1After correctiorfor x-raydistortion.



pose a problemX-rayscatter as the beam traverdesthorax
could also leado relatively poorquality images.Rapidly repeated
exposures of a magnituaealfficientto penetrate the thoraxould

also be likely to overheat the x-repachine.

D. RadionuclideVentriculography

Radionuclideventriculography(RVG) has largely replaced
angiocardiographyas a radiologicamethodfor CO measurement. A
radioisotopesuchas®9"T¢c pertechnetatés injectedintravenously;
a scintillationcamerais then used toisualize the heargreat
vesselsand pulmonaryasculature immapid sequendd8, 19]. Data
can either be acquirad a “first pass”study or via a technique
known as gated equilibriumadionuclideventriculographj{l8-22]
A first pass study acquires radioactive codata from thdime of
isotope injectionuntil the marker is cleared from the heaspally
about 30 seconds horse§l7]. Because ofthe limitednumber of
beats available for analysis, vdrigh countrates must be used
(ideally > 200,000 counts/sedin order toobtainas muchdata as
possibl¢20]. Achieving suchhigh count rates without losingoo
much spatial resolutiorequires a fairly sophisticatezhmer§l9,
20].

Gated equilibriunstudies divide eacbardiaccycle into
sequential periodsDatais collectedfor 200-800beat§l8]; the
individual dataacquisitionperiodsfor eachcycle are then

synchronizecand averaged so thado individual beat informationis



retained at the end dihe study20]. One advantage ofhis
technique is that datzanbe obtainedepeatedly over 4-6
hourg19]. However sincean extendegberiodof immobility is
required, use of gateshuilibrium studies is limitetb anesthetized
horsegl7].

Regardless of which methasl used tcacquiredata,
ventricular volumes can be calculatleg either geometrior count-
proportionalmethodf0, 21]. Geometricmethodsare similar to
those employed istandardcontrastangiocardiographyas
described above, ardependon the accuracyf edge detectidal,
22]. Since spatiatesoluton is lower with firstpass studiesise of
geometric approachesith those studies aygoneto errof20].
When geometric methodse usedinterfacingwith computerized
tomographyimproves volume estimates over those obtaioyed
planar method&2]; however, this technologiks rarely available for
equine research. Somethorsreport thatgeometricmethods are
not well suited for use with gated equilibrium studies because those
studies employ the left anterior obligpmjection for quantitative
measuremenitsd], which doesnot allow accuratadetectionof the
long axis lengtiof theLV in humanf1]. A further drawback to
geometric methods that they have to rely aassumption®f the
ventricular area-length relationship améithematicalihodelingof
the shape of the ventricular chaniBé&} — weaknesseasf these

assumptions will be discussed in gectionaddressingechocardio-

graphy.
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Count proportionalmethodsarebased orthe soundtheory
that the number of radioisotom®untsin a chamber is proportional
to the chamber voluni@d]. However, determiningvhich counts
truly originate from the left ventricle is problematauyeto
difficulty in defining the correctregion of interest, attenuation,
backgroundactivity, andscattered activify;t9, 20]. Scattered
activity is affectedby cameraspatial resolutionthe energy
discriminationwindow setting, angbatientsizg§22]. Measurement
of attentuatiorpresents the greatest sourceep®r in count-based
RVG[19]. Numerousformulas have been devised to try to account
for this, but th&'constantof proportionality” seems to differ
betweenndividual patentg20].

Aswith most methodshoth proponentsand detractorsof RVG
are easyo find. Gersofi22] reportsan excellentorrelation
(r=0.978,p<0.001) between first pass RVG amdnventional
invasivemethods but Harbert et gP1] cite a standareérror for
count-based methods ©0-35ml and concludehat “since
radionuclidemeasurements of L¥imensions are imprecise,
echocardiographypetter estimates ventricular volume.”

Regardless of which methasl used fordata acquisitiorand
volume calculationaccuracymeasurements publishéar onelab
may not apply in anothedueto differences inmagingsystems as
well as methodologyValidation of volumes obtainedy RVG against
more standard methodserefae appearso be necessary within

each individualaboratory22?].
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Althoughradionuclideventriculographycould conceivablybe
used to measure C the horseno reports of sucluse have yet

been publishedpo thisauthor'sknowledge.

E. Bioimpedance

Use of thebioimpedancanethodto determineCO has not
been reported in horsdsut is an interesting approach humans.
Four electrodeare placedn the neck andhorax. The outer two
electrodes deliver a small alternating currgnd mA at 50-100
kHz)[23] acrossthe thorax. The others measure resultimfpanges
in voltage. Accordingo Ohm'sLaw, voltage/current = impedance.
There is a baseline impedantermed Z) presentas well asa time-
varying impedance due tbe respiratory andardiaccycles. Signal
processing cafilter out the respiratory variatioand anymotion
artifacts, leaving the impedanchangeswvhich are due tdhe
cardiac cycle. These changemsre primarily dudo the volumeof
blood ejected with some portiordueto reorientationof red blood
cells which takes place as a result of higlhocity flow within the
aorta. Thevolume ofblood ejected(SV) is calculatedrom the

equation24]:

SV = VEPT xdZ/dt x T
Zo
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WhereVEPT= volumeof electrically participatingtissue (i.ethe
thorax),dZ/dt = the first derivativeof the changen impedance
(delta Z)curve,andT = ventricular ejectiortime.

Precision of thdioimpedancanethodappeardo be excellent,
but when compared with TDesults have only beamithin 15-20%
at bed5]. Some humarcardiologistsfind the techniquauseful for
monitoringtrends inCO, while relying onothermethodswhen an
accurate quantitative measurement is nel@tled

A reviewof bioimpedanceby the U.S.Office of Health
TechnologyAssessmelfi23] states that “most investigators have
concludedthat electricabioimpedancecannotbe regarded as a
reliable method for providin@bsolute values @O, but that
changes ircO canbe adequately monitordaly EB comparedvith
invasivemethods.” However, conflictingreportsof the accuracyf
bioimpedanceontinueto be publishedandits use remains
controversial. The American Collegef Cardiology pudished an
opinionin 199123] stating thabioimpedanceoffered “a very
promising methodor the noninvasive evaluatiarf cardiac
patients, providedhe limitationsof the system aréully
understood.” One year later the Nationdhstitutes of Health
published their conclusi¢23] that bioimpedance‘as currently
used is not clinicallyacceptable . . in specificabnormalpopulations
the discrepancielsetweerbioimpedanceand directmethodsof CO

determinations occuirequently andunpredictably.”
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F. Fick Method:

Oneof the earliest method=mployedto estimate COwas the
Fick methodk6]. This is based othe principle that the oxygen
consumptionof a tissue must equal thdood flow throughthe
tissue timeshe arterial-venous2 difference. Simultaneous
measurements are made of: daygen consumptiorfby measuring
O2 contentof inspired andexpired gases over the courdea few

minutes), (b)O2 contentof arterial blood,and (c) O2 contentof

mixed venous bloodCO is then calculatedrom theequation:

COo= & consumption(ml/min) :
Arteriab2 conc - Venous @ conc (ml/liter)

Thereasoningbehindthis calculationcanbe illustrated by an

example. Ithe bloodleaving the right side ahe heart hadn O

concentratiorof, for example, 150 ml /literandthe bloodleaving

the left side of the heart had @p concentrationof 200 ml /liter,

one carsee that each liter dlood passingthroughthe lung picks
up 50 ml @. If 2000 ml @ are absorbed intthe pulmonaryblood
each minutethere must be 40 one-liter aliquots of blgomakssing
throughthe pulmonarycirculation each minutethusa CO of 40
[/min.

TheFick methodhas the advantagd beingrelatively non-
invasive, but the need for analysisimépiratoryand expiratory
gases usually limits its applicatido situationsinvolving inhalant
anesthesia. iIs inaccurateat highCO values due to the small

arterio-venou®?2 difference,andit requres the assumptioof
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negligible pulmonaryshunting. It also requires steady-state
hemodynamicsluring the periodof gas collection/analydig, 27-
30].

CO calculatedby theFick methodmay vary byup to 10%from

direct measurements made with electromagriketve meter$l4].

G. Dye Dilution Method:

Cardiacoutput has been successfullgeasured in horsdsy
dye dilutiorf31-35] Inthis methoda dye suclasindocyanine
green is injected intthe right atrium ora peripheral vei86]. The
dye concentrationn the arterial system ighhen continuously
measured by photodensitometeas it passes through peripheral
artery. The dye concentratiortses rapidly to a peakhendeclines
until recirculationbrings about secondise in concentration.The
down-slopeof the curve for the dye concentrati@nthout
recirculationis extrapolate®0, 36]. Theaverage dye
concentrationntegratedover the time taken for firgfassage equals
the area under the curve. If timount of dye injectets then
divided by the area under the curutegives the volume of dye-
containingblood that must have passed the samplsige per unit

time, which equals C[®@, 28].

Amount of indicator injected

CO= - - - -
J[(Mean dye congx(Time taken for first circulatioj

Primarydisadvantages of this techniguelude the need to

continuouslywithdrawarterial blood anddifficulties involved in
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preparation anthandlingof the dye solutiofi4, 30, 36] In
addition, if washout ofthe indicatorfrom the injectionsite is
prolonged,suchas in a low COstate or withvalvular regurgitation,
it may result in erroneous extrapolatiohthe downslopeof the
curve and thus an incorregteasuremefit4, 30]. After several
measurements habeen made, thbaseline level of dye in the
circulationbeginsto increasemaking accurateneasurements more
difficult to obtain with each succeedinigjection28].
Thethermodilutiontechniqueis based onhe same pmciples

as dye dilutiorand hadargely replaced it.

H. Lithium Dilution

Lithium dilution wasfirst described as an indicatdiution
method inhumans inl99337] and inhorses iN”200(38]. Itis
based on the same principles dye dilutionabove,but uses an
isotonic solution of lithium chloride (LiCl) as the indicator.A sensor
containinga lithium-sensitiveelectrode is connected an arterial
line, with a small amourdf blood (4 ml/min) pumpedthroughit
by a peristaltic pump.Voltage across thihium-selective
membrane in the sensor is measured as a bbliGE! is injected
intravenously. Theroltage is related to plasniighium
concentratiorby theNernst equation.

Lithium dilution has the advantage b&ing relatively non-
invasive, requiring only arterial aneknous catheterizationThe

small doseof LiCl used has n&nownpharmacologiceffec{39], and
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the amount oblood required for samplings negligible. The
equipment needed fohis measurement methaglless expensive
and more portabléhanthat required foother indicatordilution
methodf39]. Comparisonsof lithium dilution with thermodilution
in horses have revealed a strong correlabietween the two

method§f38, 39]. This appears tdoe a promisinghew technique.

|. Doppler Echocardiography

Doppler echocardiographyan measure the velocity difiood
flow in the aortapulmonaryartery, or acrosthe aorticor mitral
valves. The integated area undeéhe velocity vs. time curve equals
whatis known as the stroke distance. Stroke distaimoces the
cross-sectional area of the valve or vegsads the strokeolume,
which can therbe multipliedby heart rate to give COThusCO =
I [dd x Area xHR].

The weakedink in the calculatiornof CO from Doppler
velocity data is the measurement of the cross-sectareal of the
vessdHUO, 41] Mappingof cross-sectionakreas with 2D
echocardiographyasnot been sufficiently reliabld2], so areas are
generally obtained by measuringssel diameter vigl-modeor 2D
echocardiographythen convertingto area by the formulaA =mn
r2. Any small errors in diameter measurement are thus squared,
and this canead tosignificanterrors. Another difficulty arises
from the fact that the cross-sectiomadasurement needsbe

made in precisely the same locathere the Dopplevelocity will
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be measured. This is very difficult amheve, leadingo another
source of potentiaérror.

In spite of these limitationfoppler echocardiographyas
become a populamethodfor measuringCO because oits non-
invasivenature and the capabilitf repeatedneasurements which
it offers. Beat to beat changesstroke volume cabe measured.
In man, the techniquis consideredas accuratas conventional
invasivemethod#$3, 44]. However, applicatiorof the techniquen
the horse presents some speclalllenges.The aortahas been
shown to be the most reliable site for making Doppler
measurements of C@ the horsgl5-48] However, the ultrasound
beam must be aligned parallelbdlmod flow in order toobtain
accurate measuremedid], andthis is difficult to accomplishin
horses due to anatomicabnstraintgll, 45, 49]. Forthis reason
Doppler measurement of Cn the horse is better accomplished
througha trans-esophageal window, althoughdate this hasnly
been achieved in anesthetizeafrses ima research settifigg, 40,
50-54] While trans-thoracic measurement can be accomplished
the standing horsat, is technicallydifficult, requiringseveral years
of practicefor experiencedalinicians to becomeproficient at it .

The highvalues for aortidlow velocity in horses may also be

beyond the software capabilities of ultrasoumachineghat have

2 Luis-Fuentesy. PersonaCommunicationCollegeof VVeterinaryMedicine,
Universityof Missouri,ColumbiaMissouri,USA,1997.
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not been specially adaptéar this measuremetit. Researcloy
Young andcoworkergs5] hasshown better repeatability within
individual horses foM-mode or 2-D echocardiographianfor

Doppler measurements.

3 Young,L.E. PersonaCommunication AnimalHealthTrust, NewmarketSuffolk,
U.K., 1997.

4 Blissitt,K.J. PersonaCommunicationDepartmenof VeterinaryClinical
Studies, Universitgf Edinburgh,Scotland1997.
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J. Thermodilution

Thermodilutionis an indicatordilution technique,based on
the same principles as dye dilutionlithium dilution, discussed
above. Coldb% dextrose owsaline is used as the indicatandthe
downstream concentratiasf "cold” is measured by a thermistor-
tipped pulmonanartery catheter as the changgaemperaturever

time. COis calculatedrom the Stevart-Hamilton equation:
o _Vol.x(To-Ty) CixS <K
JTat CbXSp

whereVol. = volumeof injectate, T = temperature, subscriplsandi
denote bloodandinjectate, I T dt = integral of thetime x
temperature curve, S = specigavity, C = specificheat, anK = a
computationconstanthat adjusts for the heagained by the
injectate duringnjection. The computationconstants a function
of catheter lengthcomposition,deadspace,and injectionspeed.
Weiselet al[56]lreportedthat the computatiorconstants valid over
a widerange of injectiorspeedspatient temperatures, acdtheter
insertion distances.

The time-temperaturirve needs to correspoio a gamma-
variateshape, with a smoothyapid rise topeak followed by a
smooth exponentiadlecay back tdvaseline. (See Fig.2.1.)Examples
of curves which do natorrespondo this shapere shown in

Fig.2.2,and canresult from imperfect injectiomechniqué wedging

5 MayesD. PersonaCommunicationColumbus Instrument€plumbusQH,
USA,1998.

6 Poorqualitycurvescanresultfrom inconsisteninjectionflow rateoran
injectiontimethatis too long. Inhumansmanualnjectionshavebeanreported
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of the pulmonanryartery catheter against the vessel whkrmistor
obstructionby clottedblood, low curve amplitudeor other

factord?, 57, 58], Because th€0 computerextrapolates the
downslope of the curve based its expectatiorof exponential
decay, any deviatioof the curve fromits expected shape will result
in significanterrors. Eaclcurve must therefore be scrutinized
determine if it meets the criteria for a valid measurement. The
CardiomaxCO computerautomaticallycomparessachcurve with an
ideal gammavariate curve and gives arfRalue to indicaténow
strongly each curve corresponusthe ideal.

While thermodilutionwas first proposed in95459], it was
seventeegears before its widespreadceptancevas made possible
by the development of a flow-directed, balloon-tippediltiple
lumen pulmonanartery catheter b@anzand co-workel§0].
Fegler's early workomparingTD measurements tirect flow
measuremenil®d] found the mean differencbetween the two
techniques tdoe 4.2%(range0.2-8.9%),with a correlation
coefficient 0f0.993. Otherflowmeter studies reported correlations
of 0.97-1.061-63]. weisel et db6] found TD to be significantlyless
variable (mean +/- SD%Wlifferene of replicate measurements -3.96

+/- 3.17)than dye dilution(7.03 +/- 6.05). Based ora reviewof 43

to be satisfactorgslongas theyarecompleted ifiour secondsr les$102, 87,
61,771. Some authors hawebdtainedsatisfactorgurvedsrommanualnjections
in horse§86]; howeverthelargernolumeseauiredin thisspeciesnakesmooth
rapidinjectiondifficult toobtain. Inaddition, manudhjectionleaddo
problemsvith heatgainfromhandlingofthesyringesWe werainableo
consistentlypbtainsatisfactorgurveaintilweuseda gas-powereithjector.
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studies of COdeterminatiorby TD, dye dilution,andtheFick
method,Nishikawa andohil64] concludedthat TD is more
reproduciblethan dye dilutionor Fick, particularlywith high or low
flows, and that it is "simplesapid, safe, andaccurate.” It has the
advantage of providingnmediate resultsand carbe repeated
numerous times with no need flolood withdrawal. These
advantages have combinemmake it the industry standaadainst
which newmeasurement techniques are compdrekb, 66].
However, TDcannot truly be considered gold standarf9, 66-
71], since it is itself an imperfect indicatof the true CO,andnot a
direct measurement.

The variability ofthermodilutionmeasurements has been
widely reported. A reviewf six reports byMantin andRamsay/]
revealedoefficientsof variability (CVs)from 3-8%,andin 16
reports reviewely Nishikawa anddohil64], CVsrangedfrom 4-
7.5%. Stetz et db6lreviewed ninestudies which evaluated
reproducibility of thermodilutiondetermination. (They definea
"determination"as the average of a valble number of
thermodilution"measurements”.)They found that the SEM%
(SEM/avg CO)rangedfrom 2-5%when three measurements were
used per determinatioandfrom 3.5-8.7%when determinations
werebased on a single measuremenhis is the statistical dsis for
the widelyaccepted recommendatida use thanean of three

measurements for a single Gietermination.
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When three measurements ased per determination,
determinations may need b different by6-15% in ordero be
95% confidentthatthe deerminationsindicatea significant

changé66].

Sourcesof Error_in Thermodilution Measurements

i. Injectate Volume

If the actual volume injectedbesnot correspondo what is
entered into the C@omputer,the computewill use incaorect
values in the equation usé&alcalculateCO. Small errors irsyringe
filling, or small leaks, will producea larger percergrror when
smaller volume doses are usdavettandReplogld72] showed an
average=rror of 1.4%in fillin g a 5 ml plastic syringeyhen
comparedoy weight of the syringe.

Another potential sourcef volume error is the deagpace
within the injectioncatheter. This is equato 0.86ml for a
commercial7.5 Frenchcathetel”]. This amountof dead spacées a
known variableand is adjustefbr in the computationconstant.
There is thus noeed topre-fill the injectioncathetemwith iced
solutionimmediately before an injectiorunless a custor@O
computer is usedhich does noadjustfor this deadspace.
Jansel$5] cited four studief?3-76] that foundno significant
difference when alternate catheter lumens (includisgparate

injection catheter inthe RA) weraused for injection.
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Assuming that the actuablume injecteddoescorrespondo
the amount useph the computercalculation,we also have to
assume that the injectian the indicatordoes notaffect the
measured flow. Early studies Byonek andsan477] did find
increased flow with injection ithe regionof thethermistor,but
LevettandReplogldé72] reportedthat the 10 ml dosmost
commonlyused inhumans is nobelieved to alter flow. Alteration
of flow is lessof a concernn horsesas a 60 minjectate dosén the
averagdnorse represents only halfe proportionof SV as does a 10

ml dose in the average hum@n06 SV vs0.125 SV).

ii. Injectate Temperature

Aswith volume, if the actualemperature of thmjectatedoes
not matchthe temperature emrexdl intothe CO computer,incorrect
values willbe used to calculateO. This may occuif there is a
difference betweewhatthe temperature probe measures in the ice
bath and the actua#mperature otheinjectate as it enters the
horse. Thisxcanoccu due tofailure of the solutionn the syringes
to fully equilibrate to the ickdbath temperatureyarming of the
injectate in the syringes after they are removed from the icedrath,
heat gained as thejectatetravels betweethe injector andhe
animal.

Failure of solutionin syringes to fully equilibrate: Dunlop et
all78] found thatice bathandinjectatereservoir (njectate priorto

being loadednto syringes) differed by°C or less after a 12 hour
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equilibration period.Filling of syringes from the reservoir resulted
in a 1-1.8C heat gainin spite of puttingthe syringes back into the
ice bath for aradditional 30-60minutes.

Warming ofinjectate insyringes after removal from ice bath:
Nishikawa andohil64] reportedthat syringes of icedhjectateheld
in a warmhandgained1°C in 13 seconds.Dunlop et al78] found
that loadingof syringes into the injectoand waiting 45 seconds
less before injectionesulted in a %C temperature gainDespite
these concernsVoodset al79] reportedthatinjectatewarming was
probably notsignificantif the time between removal from the ice
bath and injectiorwas lesshan 30 secondfé0, 81].

Heat gain asnjectatetravels betweeimjector andanimal:

Each 2C of heat gaincould result ina 2.86%overestimatiorof
Cc.0[64]. For thisreasonsome authorsecommendhe use of a
secondhermistorplacedto measurenjectate temperature as it
enters the subjdéB, 64, 82-84] althoughTaylor andShefflef28]
found thatthis did not make any significant differenda the
amount oferror when TDmeasurements wecemparedo directly
measured flows vitro. Forreser et alb61] reportedthat the
computationconstantwas just as effectivaes a seconthermistor
for determining the degre# injectatewarming. Some studies have
minimized temperature galoy pre-filling the RV catheter witiced
solutior85], but this partially confoundghe effect of the
computationconstant. Muir et al86] reported thawith the large

injectate volumes used in hors#dse volume of warmed fluid
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betweennjector andthermistor is relatively small and introduces
minimal error.

Icedvsroom-temperaturéanjectate: Greaterchangesn
temperature during preparatifor injection canbe expected with
iced versus room-temperatuingectate,which has led many
investigators to use the latie®, 87-92] Thereare severadther
drawbackgo icedinjectatewhich sheda favorable light orsucha
choice. Iced solutions may affect the heart astder cardiopulmon-
ary variableB8]. Numerousauthorshave foundransient slowing
of the heart rate and decreasight ventricularoutputafter
injection of iced solutiod93-98] The magnitudeof these changes
wasshown to be dependent dme temperature and volume dife
cold injectatd95]. The prime advantagef icedinjectateover
room-temperature solutions is that it delivers a larger negative
caloric dose,thus improvingthe signal tonoiseratiol99]. This is
especially important imthe horsewith its relativeYy greater blood
flow. Muir et al86] found that room-temperaturajectate gave
unacceptablyariable results in horses, presumably becatsa
inadequate signal-to-noise ratio. Everhumansyoom-
temperatureénjectate is reported toot perform well at flowsn
excess of /min[28]. Woog andMcWilliam[100] suggest that the
use of room-temperatumgjectate may necessitate the use of larger
volumes of indicatoryvhich would be difficultto accomplis in

horses. HoweveBlissitt et al45] and Young et al40] both
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achieved satisfactory results in horses with 45 ml of room-
temperaturaenjectate.

Reviewof studies by several authf#s, 87, 101-103]suggests
that the improved signal-to-noise ratio may outweigh the
disadvantages of icadjectate. These studies fountthat CO
determinations were generally more reproducibild iced rather
than roomtemperaturénjectate,andwith larger volumes.
Accuracy appeared toe improved by increasedjectate volume,

while the effects of temperature on accuraogrenot clear.

iii. Computation:

Inaccuracies in any of the variables entered theoStewart-
Hamilton equationwill result in errors. Two podsle sourcesof
error which have not yet been addressed are the splee#dicand
gravity of theinjectate solutiorand of the blood. Before beginning
thermodilutionmeasurementgne needs to know whichnjectate
characteristics (5%lextrose oisaline)are programmednto the CO
computer'scomputation. Substitutionof onefluid for the other will
result in an error of approximatedyd 72].

The specificgravity and specifiheat of blood,which also
enter into the computatiomre somewhadependenbn hematocrit.
Accordingto Nishikawa andohil64], a changein hematocritfrom
42%to 30% introducesan error of 1.5% (all otherfactorsbeing

equal).
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iv. Innacurate Time X Temperature Curves

As previously mentionedaccuratecomputationof the area
under the time x temperature curve is dependembh®nurve
conformingto the characteristigammavariate shapeHowever,
evenwhen this requirement is fulfilled, there are otfestors
which can introducearrors inthe awirve measurement. Tlpgimary
source of conceriis drift in the baseline pulmonartery
temperature. Blootemperature in the pulmonasgytery is known
to vary cyclically with respirationVariations are reported tme on
the order of .01-2C[7, 56, 64,104][83]. Sincethe temperature
change inducedrom abolus oficed injectate may onlype onthe
order of .08C[7], this creates a significaramountof background
noise. Possible causesthfs cydic variationinclude cooling of the
right ventricle by overlying lungchangesn the amounof relative
venous return from the superieersus inferior vena cava, and
changes irtotal venouseturn with respiratiod, 57, 64,72],
Woods et dV9lhaveshown thaignoring the phase of respiration
with respect to timingf thermodilution measurements can
potentially introducesignificanterror - they found that successive
CO measurements made at the same phatteeafespatory cycle
werewithin 6.7% of eachother,while measurements taken a half-
cycle out ofphase varied by as muak 14%. The problenof PA

temperature fluctuationsas been resolved by programmingst

"The degreef thiscoolingmaydepend on theemperaturandhumidity of the
inspiredair.[57,105]
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commercialCO computergo average the blootempeature for a
short periodbefore injectiotb?, 105] Wwhile this does namprove
accuracyjt doesimprove reproducibilit}p7].

However, because respiration causes changes venous
return which affect COthe folowing questionstill has tobe
addressed: Whichhase of theespiratory cycle will yield
measurements that most closely approxintagdeaverage CO?
Unfortunately the answer to this questivaries betweepatients,
as wellas withinindividuals,dependhg on volume status, modef
ventilation, respiratory rateidal volume,andthe use opositive
end-expiratorpressurk®5]. For this reasorsome authors
recommend basingachCO determinatioron the average of
measurements spaced equally throughbeatrespiratory cyclé4,
106-110] Othersrecommendnaking allmeasurements at the same
phase of respiratid®6, 72,79, 106, 111-113]althoughthis will
result in under oover-estimation of the averagisependingn
which phase of the respiratory cyd$eselected.Janseret a[109]
found thatalwaysmeasuring at end-expiration causzuto be
over-estimatetdy 1.05-1.5 timethe average value.

Inaccurate time-temperatuwerves caralso result from
insufficient signalstrength. This is a particulaproblem inhorses,
with their relativelygreater bloodlow. Muir et al[86] reported that
injectate volumes of less than 30 mithe horsegave highly

variable results, presumably due to insufficieighal strength.
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Most reports in horses have usejctatevolumes of 35-50 nh$8,
40, 45, 7885, 86, 114]

Another potential sourcef inaccuracyin the time-
temperature curve is an inappropriaitee interval between
sequential measurements. The interval must bedangghfor the
injection catheter andts fluid to have re-warmet pre-injection
temperature, and shaghoughto hopefullyavoid any real change
in average CO.Intervalgangingfrom 20 to 180 secondsave been

reported to be acceptakite peopld59, 60, 115]

v. LowFlow States

With low flow states, time to appearanakthe TD curve is
delayed, andks decay is prolongedThis may result in excessive
heat loss betwedghe RA injectionsite and theéhermistor,leading
to over-estimation of CO.In addition,"recirculation® of indicator
may occurbefore the computeacquisitionof datais completed.
These factors may cause G@lues obtaineduring low flow staes
to be more variable7], but TD hasstill been shown to be accurate
at COsof less tharil-2liters/minute both irvitro[116, 117] andin
animal studield 16, 118]

8This isnot truerecirculatiorofindicator butcontinuedtoolingof thePAdue to
residualnjectataemainingn thelumenoftheRA catheter[7105].
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vi. InadequatéMixing ofInjectate in the Bloodstream

Inadequatenixing of injectatein the bloodstreamuvill result
in erroneousneasurementE05]. It wasestablished in early
studie$l19, 120khat adequate mixingloes normallyoccur,
provided that injections made rapidly.Muir et al86] found that
injection of 50 ml ormore inhorses yielded highlyariable results,
presumably due to the inabilipf manualinjection to deliver the
entire bolus fast enougb obtaincompletemixing. Inadequate
mixing might alsobe a concermn the case of shuntss discussed

below.

vii. Intraor Extra-Cardiac Shunts

Truerecirculationof indicator will occur with left-to-right
intracardiacshunts,interruptingthe exponentialownslopeof the
TD curve. Provided that adequate mixiofjinjectatewith the
bloodstream occurprior to shunting,mathematicatechniqguesan
be used to calculatihe portionof the measured C@vhich is dueto
the shurld21, 122] Right-to-leftshunts will result in some
indicatorreachingthe left side othe heart prioto passinghe
thermistor; this results in over-estimation of [£28]. A different
set of mathematical techniqueanbe appliedo againcalculatethe

portion of the measure@0 which is due tahe shurli24, 125]

viii. VValvular Regurgitation:
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Tricuspidor pulmonic regurgitationare generally recognized

as being incompatible/ith accuratelD determination$4, 65].

iX. Rapidinfusions of INFluids:

Rapid infusion=of 1V fluids canalter the baseline PA
temperature. lthis is occurringat the same time that TD
measurements are being made, errorsreanlt. Rapidinfusions
need to be discontinueat least 30 secongsior to TD

measurement or else maintained at a consttdfl26].

Continuous Thermodilution

A variation of the TDtechniquehas been developed which
the RA portion ofthe TD cathetercontainsa small heatindgilament.
The filament cycles oand off, thereby delivering repeated small
doses of heat which are detectsdthe PAthermistor. Whereas
bolus TD creates a temperature chamgethe orderof .05°C in the
PA,the heat delivered by such a modifiedlcatheter creates
temperature changes time orderof .002C[7]. Sucha small
thermal signal is easily overwhelmedthe baseline noise alyclic
PAtemperature change¥.elderman127-129]solved this problem
with the following stochasticsystan identificationtechnique: the
heating filament is cycledn and off in a pseudo-randorpattern.
The on-off sequence is recordasl well as the Pfemperature

fluctuations. A computerthen cross-correlates a time x temperature
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curve similar to that for bolugD. The nature of thecalculations
necessitates approximately five minutes of compdéta
acquisitionbefore a cardiaoutputcanbe calculated.After the
initial five minutes, the COmeasurement is updatedery thirty
secondsbut the displaya CO value actually represents an average
over the preceding 3-7 minutéls Both invitro[129] andin
vivo[128, 130]studies have shown continuo@® by this technique
to be highly accurateand severalktudies have also reported good
reproducibilityf129, 130] Further refinements to trsoftware
continueto be developdd31]. This seems like a promising
techniqguehowever, to date the necessary equipnm@astnotoeen

modified for equinause.

RisksAssociatedwith Cardiac Catheterizationand

Thermodilution Measurements

Determinationof CO by TD is generally regardeas a safe,
althoughinvasive, procedureThe registry of the Societipr
CardiacAngiographyreportedl32] that amonds8,332patients
catheterized i1990, procedure-related mortalias 0.08%with
major complicationsoccurringin 1.5%. Theincidenceof major
complicationscould be further subdivided int®.3% for patients
without high-riskfactors (congestiveeart failure multi-vessel
coronaryartery disease, renal insufficiencynd 2.5% for the high-

risk group[133]. Major complicationswhich occurredin a study of
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1609 caseEl34] included stroke (0.1%), cardiacperforation
(0.05%), arrhythmias requiringountershockor temporary
pacemaker (0.3%)anaphylaxis (0.1%)and death(0.12%). Minor
complicationsincludedtransienteurologic events (0.1%)local
vascular problems (1.6%yasovagal reaction.1%), and hives
(2.0%). These complicatiomates apply tgpeoplewith sub-optimal
cardiac functionexposedo irritating contrastagentsand
undergoingproceduresnore invasive than simple right heart
catheterization.Healthy individualasundergoig right-sided
catheterizatiorior TD shouldexperiencdess risk.

Of 25 reportf TD andcardiaccatheterizationn large
animals which weresviewed38, 40, 45, 4678, 85, 86,114, 135-
151], only four mentionedcomplication§l38, 139, 145,151]
Bueno et d138] reported transienweaknessataxia, and
recumbency associatedth right heart catheterizatioim 3/19
horses. Amory et HI45] experiencedidverse reactions tight
heart catheterizatiom 7/21 youngcalves, andReeves and
Leather§l39] reported weakness and pulmonhgpertensionn
25% of neonatakalves,althougholder calves wereinaffected.
Schlipf et al151] performed repeatatiermodilution measurements
on 9 horses whiclwereanesthetized foa separate experiment. The
horses weraecropsiedvithin one hourafter the enaf anesthesia.
They observed lesions in the rightrium in 8 horsesright ventricle
in 7, pulmonic valve in8, andpumonaryartery in 3. Lesions were

described as fldibrinous deposits attacheb the endocardial/
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endothelialsurface. In the right atriumthey also observed circular
areas oendocardialulcerationandareas of sulendocardial
hemorrhage.A single thrombus was also observed in the
pulmonary artery of onborse. Sincesimilar lesionswverenot
observed in the left side of the hediney concludedhat the
traumatic lesions resulted frooardiaccatheterizatiorand cardiac

output determination.
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K. M-Mode and Two-Dimensional Echocardiography

Calculation of ventricular volumes frontwo-dimensional or
one-dimensional (M-mode) echocardiograpmagesdependson
(1) the accuracef the originalmeasurements (chambdiameter,
area, and/okengt) and(2) how closely the true shamt the
ventricular cavity conformso the mathematicdbrmulasused to

represent it.

MeasurementAccuracy.

Early workwith echocardiographyn patients with normadleft
ventricular volume (LVVVEhowed significantorrelationsbetween
angiographically-measured LVahdechocardiographic
measurements of left ventricular internal diameter (LMA®) 152]
This inspired numerousfforts to modeh mathematical
relationship by which LVIDbr anotherechocardiographicimension
could predictLVV. Beforeconsideringthe validity of such
mathematical modelfiowever, we should considére accuracyf
the echocardiographieneasurements themselveéBhatt et d152]
concludedthat "end-diastlic dimensionscanbe determined
accurately (by echocardiographi) patients with normalVV."
Voros et d153] showed that in vivo two-dimensionathocardio-
graphic (2DE)measurements in horsesrrespondedo in vitro
measurements on the same hearts awdléat post-mortem

measurements. However, numerous authakse notedhat
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scrupulougechniguemust be adherew in order for
echocardiographieneasurements toe accurate.

The specificdetails of techniqu&/hich must be atteshed to
vary somewhat withhhe echocardiographieneasurement being
made (2DEvs M-mode, diametarsarea, etc.)pur discussionwill
address M-modmeasuranentof LVID. A standard 2DHEight
parasternal short axis vieat the level of thehordaetendinaeis
obtained. The mitral valveand papillarymuscles shouladhot be
visiblewhen the correct vievg obtained. When the LVappears as
close to circulamas possible (indicatinghat the image planis
perpendiculato the longaxis of the ventricle)the M-mode cursor
is directed across thmajor axis ofthe ventricle and thenage is
switched to M-mode. Ensuring thidae ultrasoundeam strikes the
tissues at right angles will produce tkfteongest artifact-freechoes.
Septal echoes are normadwnsy tadentify, butcorrectdiscernment
of theendocardialechoesof the left ventriculafree wall(LVFW)
requires careful adjustment of the gamdreject controlsn
additionto properbeam alignmeft54].

Measurementsf LVID should be rmdefrom the leadingedge
of the IVSechoes to leadingdgeof the LVFWechoes, accordintp
the recommendations the American Society dEchocardio-
graphy155]. This enhancesiccuracybecausdghe width of the
echoes may vary from one instrumenttmther,and may even
varywith the gain settingsThe American Societgf Echocardio-

graphy also recommendisat M-mode systolic measurements be

37



taken at the moment of peak downward excursiothe
interventricular septum (IVSand diastiic measurements be made
coincidentwith the Qwavd155]. Someauthorshave used onset of
the downward motions of tH& S as the moment for diastolic
measurements, and have repoitdad methodo be

satisfactor{l54, 156-160]. |nfact, O'Callaghatil54] reportedthat

in horsesatrial contractionresulted in obviousvall movement

prior to the Qwave, which would make measurement at the onset of
IVSmotion more representative of true end-diastole. Thmethod
may also be useful when a simultaneous BB€Gordingcannot be
obtained,as in the casef a standindhorsewhich resists restraint.

Oblique alignmentof the ultrasoundoeam carcausea false
appearance aéxaggerated wall thickness. Apparentivlaickness
can alsadbe increased if the beam passes throunghpapillary
muscle as a result of vertical misalignmenpoor angulation. If
the cursor is placetbo closeto the base of the IV3he M-mode
image willshow venylittle movement of theseptal wal161].

Uehara et 4158] found that the mossignificantcauses of
error inechocardiographieneasurementaere(l) failure toobtain
the most circuladepiction of the left ventriculafLV) cross-section,
and (2) improperdentification of theendocardialborders. The
subjectivity inherent in propedentification of theendocardial
borders is supporteloly the analysis dfelner et dL62]. Felnerand
coworkers also founthat subject positiomgystematically influenced

the measurement of RVID. i unknown how variations in subject
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positionaffect measurements in horses (ttosld be especially

important instandinghorses du¢o movement).

MathematicalModels of VentricularVVolume:

2DE Models:

2DE measurements of LMng and shortaxes and/ocross-
sectional areas cdre combinedn various ways in order to
estimate ventricular volume. The simplest metlsoa singleshort-
axis measurement of chamber diameudrich is then convertetb
a volume by any of a number different mathematical models.
Accuracy can be increaséyg also measurinthe longaxis when
possible. Alternatively, the minor axis cha calculatedrom a
measurement of cross-sectional area (the "area-lemgitiod™).
However, in the horsehe longaxis lengthof the LVis often
impossible to measure accuraiéB3] because the cardiaapex is
covered by the sternd&$3, 164] Voros et al164] usedchordae
tendinae lengtlas an indeof total anatomicalengthin necropsied
equine hearts; however, applicatiohtheir techniquedy this
author inthe living horseailed to producebelievable volume
estimate$ Lord and Crofil63] derived the averagatio of long
axis length to cross-sectionakternal diameter in 3@ecropsied
equine hearts and appli¢gds to various mathematicathodels.
They foundthat modelingthe LV as an ellipse yielded ar? Ralue

equal to that ofnore complicatedormulas( R2 = 94.3) without any

9Moore,D.P. Unpublisheadesearch,997.
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increase in the variability of measurements, when the volurttesof
ellipse wasalculatedfrom cross-sectionarea. Sucla
measurement wasiperior to volume calculatiofrtom chamber

diameter in their study

2DE vs M-Mode

In spte of Lord and Croft'findings, M-mode continues tbe
popularfor volume determinatioor several reasons. i#t easier to
determine the proper momeanhen systolic andliastolic
measurements should be made with M-modeés diso more
convenientasmeasurements cdoe made directly on-line without
needing tause cine-recall or video recordings4-mode also offers
superior resolutionf endocardialsurfaceg2, 154, 165,166]

Since improperdentification of the borderof the venricular walls
has been identified as oonéthe two most significanfactors leading
to measurement errd#58], this advantage is highlsignificant.
Woythaler et d167] found M-mode estimatesf LV mass to be
superior to 2DBEmethods,andother studies have suggested that

clinical results with M-modenay bemore satisfactory thawith

2DE[165, 166]

M-ModeModels :

M-modedimensions catbe incorporatednto various
mathematical formulam orderto estimate volume All of the

formulas assume that the measured L¥pproximates the true
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short axis, andhat the LMwall contracts uniformly. The
assumption otiniform contractionof the LVwall isoften difficult to
satisfyin humansput is rarely goroblemin the horse. The greatest
difficulty with M-modemeasurements is that the path of the M-
mode cursorncrossthe LVrarelycorrespondso the true minor
axid42], althoughit doesapproximateat [168, 169] Furthemore,
the relationshipetweerthe M-mode diameter measurement and
the true minor dimensiomaries from patient to patierdueto
differences in the 'view' throughe availableechocardiographic
windowd42]. This sourceof variability in echocardiographic
measurements has been studied in hufhdhsAmong 50 adults,
the 2DELV minor axis andhe M-mode dimensiomwerewithin 3mm
of each othem 30% of the subjects. Théwo measurements
differed by 4-6mnin another30% andin 40% the difference was
greater than 6 mm. (With aaverage human LVIDBf 4.6cn42] this
represents significant variability.) Althouglhe positionof the M-
mode cursors routinelyoriented usinghe 2DEimage,this does
not overcomehe difficulty, as the propeacousticwindow for
obtaininga true minoraxis measurement may simply be unavailable
in a given individual.

Another obstacle taccurateaM-mode measurementstisat as
the base of the heart moves toward the apex dggiawle, the
positionof the minoraxis changesandthe M-mode beam actually

transects a different portiasf the IVSand LVFW42, 152] This
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explains the greater variability of systolis diastolic measurements
which has been reported very consistently.

In spite of these limitationsuccess with use of M-mode
dimensions ircalculationsof LVV has been reported in humans.

i. CubeFormula: Early attempts to correlatd-mode
echocardiographieneasurements afy diameter withangio-
graphically-determined LVolumes foundhe relationshipvas
strongest when the diameter veabedl16, 168-170] The use of
such a mathematic&rmula (LVV = LVID3) assumes that the
ventricular cavity is shaped likepmolate ellipsewith twoequal
short axes which are also equabtwe half of the longaxis. The
assumption abouhe geometricashape of th&V cavityis usually
correct innormalhuman§l1-13,42, 171] put is notas accuratén
the horse, iwhom the bamberassumes a more conical
shapél72]*°,

The majority of report®f M-mode derived LWolumes in
horses have utilized the cubmuld173-177] althoughits
accuracy inthe horsehas notbeen validated againestablshed

method5].

i. TeichholzFormula: Teichholz et a[178] investigated the
relationship between the lor{y) and shortaxes (D)of thelLV,

which had been assumedie L = 2D. They foundthat while this

10All themathematicahodels otV shapaliscussed hesreless accuraiae the
enlargedheartjin whichthegeometrishapésaltered.
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relationship heldor normal-sizedventricles, insmall ventricles L
approached@D, while in large ventricles wascloser to0.77D.

Thus while use of the cube formuwave goodcorrelationbetween
echocardiographiand angiographicvolume measurement)e
measurements wemnet equaland neededob be related by use of an
empirically determined regressi@guation. By substitutingthe
relationship they foundhetweerL and D (1/(L/D) = 0.075D + 0.18)
in the standard angiographiwlume formulaV = W6D?L , they
derived a "correctedformulaof V = (7.0/ 2.4 + D) (D3) which gave
a linear relationshipvhich was not significantlgifferent from the
line of identity of volumes.

Inspection of the above formula reveals that if B.6 cm, the
volume calculatedby Teichholz's"corrected" formulawill be less
than that calculateby the cube formulawhile if D < 4.6 cmthe
opposite will be true. While this satisfideichholz'sobjectiveof
correctingfor the different L/Dratiosin hearts which were lger or
smaller than normalt is not surprisingwhen it underestimates
volumes in the equine hean, which the average normal Dnean
of systoic anddiastolic measurements) is approximat&2y5
cm[161]. Itis also worth notinghat tre humericalvalue of 7.0 /
2.4 in theTeichholz formulawas determined empirically by
comparisorto angiographically-determinedolumes in patients
with various cardiadiagnoses. A different numerical value might

be more appropriate the normalpopulaton. It would also be
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interesting to derive formulas for systole athdstoleseparately
and see if that improved accuracy.

Some reports of M-mode derived Mglumes in horses have

utilized theTeichholz formuld173, 177]

iii. Other Formulas: Because othe drawbacks of the cube and
Teichholzformulas,numerousnvestigators have sougtd
determine more accurabteathematicalhodels ofthe LV cavity.
Kronik et a[160] comparedM-mode derived.V volumes
determined by 8 different mathematical form{d&8,][168, 170,
179-182]183]with subsequent Tand angiographicmeasurements.
They foundthe strongest correlatiodnetween measurements using
the Teichholzformula (r = 0.86with TD, 0.74 withangiography);
the cube formulavasthe next best with= 0.75for TD and 0.64for
angiography. These authorseportedgoodcorrelationandno
significant systematic difference between M-mddaved SVvand
SV as measured by Talthoughthe standard errors were relatively
high. When comparedith SVdetermined by single-plane
cineangiographyuse ofechocardiographieneasurements the

Teichholzformula gave comparablaccuracy.

Summary

Many indirect methodsef measuringestimating)CO have
been devised because direct measurement is extremely invasive.

Thermodilutionremains the standardethodin humanmedicine.
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A search continuedjowever, for a non-invasive substitute for TD,
because (1) the invasiveness of the giiocedureexposes subjects
to some degree of risk and alsgposespracticallimits onits use,
and (2) it is time-consumindechnicallydemandingandrequires
specializedequipment. Doppler echocardiographyas become
increasingly populam humanmedicne, but its use in the horse
more difficult, and Doppler measurements have been showbeo
more variable than measurements made with M-mo@eb
echocardiographyn horses. Echocardiographyvould be an
attractive alternativ® TD if it could be shevn to have adequate
reliability, because C@anbe estimated from 2-D dvl-mode images
relativelyquickly, easily, andhoninvasively. M-mode is easier to
use for volume determinationand has better temporaésolution
and visual resolutioonf theendocardialborders. However, to this
author’'sknowledge, comparisonsf CO values determined by M-
mode echocardiographlyave notoeen compareaith values

obtained by a standardethod.
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2.2 Pharmacologyof Drugs Used in This Experiment

Introduction

Various drugs can be usé&al alter cardiaoutput, via a
combinationof inotropic andchronotropiceffectsor changesn
preload orafterload. Investigatordfiave used severdifferent
pharmacologicaprotocolsto inducea range otardiacoutputsin
animals for the purposaef experimental studi¢38, 40, 45, 137,
184, 185] Humanstress test@lso employpharmacologicagentsto
alter COwhen exercise is inadvisafl86]. This study soughto
utilize the pharmacologicgbrotocd of Blissitt et al45], sinceits use
had proved sufficienffior comparisonof CO between the methods of
TD and Doppler echocardiography.This analysis addresses the
pharmacologyof the drugsused in this experiment amdviewsthe

effects others have reported from their use.

A. Dopamine

Dopamineis an endogenouesatecholaminavhich is the
immediate precursor toorepinephrind87]. It is a direct agonist
of a,, a,, pre and post-synaptitmpaminergic,andB, andB,
receptorgEl87-189] relative activityat the different receptor sites
varieswith dose (Table2.1)189]. It also exertandirect effects via
increasing levels afiorepinephrin@d.87, 189-191] Norepinephrine
is increased via (1) hydroxylatiasf dopamineto form more
norepinephrin@d. 87, 188], (2) release ohorepinephrindrom

presynaptic storage vesicles, dB8%inhibition of norepinephrine
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reuptake at nerverminal$l87]. Thebeta receptoactivity causes
a direct positivenotropic effec{192] and increasedutomaticity
within the heart muscle, with little increase in heart[i&tH.
Activation of dopamineaeceptorscauses visceradasodilationand
increased renal blooflow[191]. Dopamineis also active as a
neurotransmitter within the central nervaystem, but, as
intravenously administered dopamioannot cross the blood-brain
barrier, no CNSeffects are se¢iB7].

At the doses used in thexperiment, dopaminacts primarily
as a betadrenergic agoniswvith actionat bothB; andB»
receptorgl87, 189] Dopaminergiceffects predominatat very low
doses of 0.5-21g/kg/mirf187]. At high doseg£>10 ug/kg/min), the
dopaminergiaceffects are over-ridden by alplhdrenergic agonist
activity, causingncreased peripheraésistance andecreasedenal
blood flow[187, 189]

Onsetof actionis repated tobe within 5 minutes of IV
administration. Due to a short half-life (approximately 2 min.),
drug activity ceases within 10 minutes afternfsion has
stoppefll91]. Itis rapidly metabolized tonactive compounddy
monoamineoxidase(MAO) and catechol-O-methyltransferase
(COMT) in the kidney, liver, andolasm#l87].

Expected effects at dose rates betw2and 10ug/kg/min, as
reported in the pharmacologichilerature,include increasedCO, no
change oslightincreasan systolicblood pressure (BP), decreased

diastolicBP, and nachangeor slight decreasen mean BIPL91].
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These effects correspondth those reportedfbr halothane-
anesthetized horses by Swanson [@8&8] with the exceptiorof
diastolicpressure, which was unchangstdbug/kg/minand
increased at 10g/kg/min intheir report.

Possible adverssffectsinclude ectopicbeatstachycardia,
hypo-or hypertensiondyspneaand vasoconstrictigh91].
Dopamineis contraindicatedn patientswith pheochromocytoma,
ventricular fibrillation,andtachyarrhythmigd491]. Halothanehas
been reported to sensititee myocardiunto the effects of
catecholaminesnaking ventricular arrhythras more likely when
dopamineis administered thalothane-anesthetizeshimal$191)].
Robertson et E90] reportedthat, in halothane-anesthetized
horses, 1/6 developedrhythmia at a dosete of 5Sug/kg/min; at
10 ug/kgmin 4/7 developed arrhythmiasn the evenof adverse
effects, treatment consists of discontinuant¢he drug;due tothe
short half-lifeof dopamine detrimentaleffects are usually abolished
quickly[192].

Reports orthe effects bdopaminein conscioushorses have
not been found.Dopamineinfusionsof 5 ug/kg/minin halothane-
anesthetized horses lmteralrecumbencyhave producedO
increases of approximately 50-58e84, 188] A similar dose
resulted in an approximaig% increase in CGn halothane-
anesthetized poniaes dorsalrecumbencpl35]. These results may
have been affected by previous administratblower doses of

dopaminen eachexperiment.
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Responses to the administratiohdopamine dependon the
relativecontribution of its actionsat the variousadrenergic
receptors, whicthave differing and sometimes counteractaffects
(Table 2.2). Both Robertsoret a[190] and Swanson et §188]
reported that at 6g/kg/min,dopamine’seffect onHR in
halothane-anesthetized horsess extremelyariable, withsome
increased, somédecreasedand some unchangedSwanson et
al[188] found that its inotropic effects werdess potent than those
of dobutamine possibly becauseesponses to it are movariable.
In human cardiovasculaamesthesiahe primary benefit of
dopamineis believed to be its low-dos®paminergiceffects,while

other, morgpotentagents are relied updar inotropic effect§189].

B. Dobutamine

Dobutamineis a syntheti® agonistwhich is structurally
related to dopamin&87]. Its activityis primarily directed aiB;
receptors, althought therapeuticdosest also haamild Bo andai
effects (Table 2.1)188, 192] Unlike dopaminejt doesnot cause
increases imorepinephrindeveld192]. Dobutamine'sactivity
results primarily in increased myocardaantractility, althoughit
also has miladhronotropiceffect4187, 191,192] It also produces
mild vasodilationand a mildly increasegbropensityfor
arrhythmiagl91].

Onsetof action occurswithin 2 minutes oflV administration

and peaks after 10 minuf&81, 192] Dobutamine'shalf-life is
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approximately 2 minutessit is rapidly metabolizedby glucuronic
acid in theliver and other tissugs37, 192]

Expected effects at dose rates betw2zand 1Qug/kg/min, as
reported in the pharmacologichlieraturg191], include increased
CO, and no changeor slightincrease irBP and heart rate. Swanson
et a[188] found significantincreases in systolidiastolic, and mean
arterial pressure and decreased &tRloserates of 3 and 5
ug/kg/min in halothane-anesthetizeorses. The decreasediR was
believedio be a result of increasg@dirasympathetitonein
response to the increasaderial pressure, whicbver-rode the
positivechronotropiceffects ofB1 receptoractivation.

Possible adverssffectsreported inthe pharmadogical
literature[191]include ectopicbeats and increasesHR andBP.
Rarely,dyspnea might be observe8ecause it caincrease A-V
conduction,it should not be used in patientsith atrial fibrillation
without prior digitalizatiofil91]. Use of halothanevith
dobutaminemay result in increased incidenoéventricular
arrhythmiagl92]. Swanson et El88] noted arrhythmias in 1/7
halothane-anesthetizédrsesreceiving 3ug/kg/mindobutamine,
and 1/7 at a dosaate of 5ug/kg/min. When doseates exceeded
10 ug/kg/min,supraventriculaendventricular arrhythmias were

“frequently” observed. If adversesffects do occurthey are

11 Muir, W.W., Ohio State UniversityCollegeof VeterinaryMedicing Unpublished
observations,983.

50



usually relieved quickly bgiscontinuationof the dug, since its
half life is so shoffiL92].

Reported COresponses$o dobutaminenfusionsof 4-5
ug/kg/min in halothane-anesthetizedrseshave been variable,
ranging fromnone (until after 40 min.of continuousinfusion)52]
to increases of 151%d4.84] and 203%l35] over baseline. Increases
in the range of 509488] seem tdbe what is usually expected. In
standing horsegiinchcliff et a[137] reporteda 8% increase ircO

in response taobutamineat 5ug/kg/min.

C. Detomidine

Detomidineis anaz adrenergicagonistwhich acts
primarily as a sedative/analgdd@l]. It also causes skeletal
muscle relaxation througbentrally-mediated mechanisfhg1l].
Expected effects reported the pharmacologicdliteraturgl191],
include initial (within 15 second$)93] increasesn blood pressure
and total peripherakesistancefollowed by a longeperiod of
hypotensiofil91]. Duration of the hypertensive response is dose-
dependeni93]. There is a negativehronotropiceffect, with
decreased A-¥Yonductionwhich results in 2ndlegree A-\bock in
some animals. Cardiasutputmay be decreased by tp40%. At
high dosesrespiratory depressionith decreasetidal volumeand
respiratory rates can occum.hermoregulationis depressed by
detomidine,and hypo- orhyperthermia caoccur, dependingon

the ambient temperature. Clinicaligsignificantreponsesvhich
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may be seen include sweating, salivatimmscke tremors,
piloerection,increasedlood glucose,and polyuria.

Within the recommendedoserange,the primary adverse
effects ofdetomidine ardradycardiaandheart blockl91]. The
degree obradycardia is dosdependern193]. Bradycardia appears
to be mediated primarily byl@aaroreceptoreflex to hypertension
[193], which results from activatiof post-synaptic, adrenergic
receptors. Numerousuthorshave also suggested thdecreased
sympathetic outpurrom the centrahervous system plays a
supplemental role ithe developmendf bradycardifl94, 195]

Half-life of intravenously administeretbtomidineis 72
minutes; eliminations primarily by hepatic hydroxylati¢gh94].

Effects of alO ug/lkg dose ofdetomidinein conscioushorses
have been reported by seveathors. Cardiacoutputwas
decreased by 35.6%0m baseline at 5 mimandby 34.1%at 15
mMin[196]. By 30 min. the decread®ad lessened t@21.0%. Peak
ventricular pressure wascreased in a dose-dependaranner for
10 minutes, with an increase 58% in response td0ug/kg193].
Left ventricular end-diastolic pressure vaso increasefwithin 1
minute ofadministration of 10ug/kQg); increasedressure persisted
for 1-60minutes dependingn the dosfl93]. Systemic vascular
resistance wasacreased by 75.5%vithin 5 minutes; thencrease
persisted for 30 minutgl®6]. DP/Mt,_, was decreased lapproxi-
mately 24% fomperiods rangingrom 3(J196] to 90 minuteld 97].
Nollett et aJ197] notedthat the decrease DP/Mdt__, persisted for
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longer thanthe bradycardia. Bradycardia was greatest at 1 minute
after a dose of 10g/kg in consciougponies(18-25bpm)193, 197],
and hadrecovered to approximatef0% of baseline values by 5
minute$193]. Significantbradycardigpersisted for 45-120
minute$193, 196] Wagner et §196] reportedthat 24%of
conscioushorses developedd-degreeAV block in responséo al0
ug/kg dose.

Effects of constant-dosteetomidineinfusionin halothane-
anesthetized horses have been repdteskveral investigators
[198, 199] Effects ofa bolus dosef 80 ug/kg in halothane-
anesthetized horses have dm®n reportefll94, 200]
Unfortunately there is nanoughpublishedinformation about
plasmadetomidinelevels in response to varying boldsses to
directly compardghese results to those obtain@dh bolus doses.
Muir et al[195] reported changeism numeroushemodynamic
variablef20 and 40 minutes after a boldsseof 10ug/kg in
halothane-anesthetized horseéseartrate waslecreased by 30 and
25%, respectively; COdecreasedby 40 and 18%r right atrial
pressure increased by 16 and 1%%%d mean arterial pressure
decreased by 12 and 9%\l hemodynamiosariables had returned

to baseline levels by 60 minutes.
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D. Butorphanol

Butorphanolis a synthetimpiatewith agonist-antagonist
activity[201]. It acts primarily at kappa argigma receptorand in
the limbic system. Iadditionto its analgesieffeds, butorphanol
has significantantitussiveproperties in some specjg82]. It can
cause CNSxcitationin horsesthough usually onlyat high
dosef02]. Itis reportefll91] to causemild decreases iBP;
hypotensiontogetherwith the increased parasympathdbaoe
elicited bybutorphanolcanresult in decreasedR. Sedatiomand
ataxia are commoside effects in horsegJthoughexcitement may
be exhibited at higher dog#&81, 202]

Onsetof action occurswithin 3 minutes after IV
administration and effects may last up to 4 ho{ix91].
Butorphanolis metabolizedorimarily by hydroxylationin the liver,
althoughN-dealkylation anadonjugationare also significaft91].
The metabolites are excreted primarily throulgé urine (86-89%),
with the remainder excreted intbe bild191].

Butorphanolin conscioushorsesat 5, 10,and 20 times the
dose used in thiexperiment producedo alterations inCO, HR, or
MAP[202]. While COresponse$o a combinatiorof detomidineand
butorphanolhave not been reportedpmbinationsof the similar
alpha-2agonistxylazine withbutorphanolin conscioushorses have
resulted in decreases in G&@ 15.2% after 5 min. inonereport
[201], anddecreases d10.8% in anothej203]. Administrationof

butorphanolafterxylazineproducedno further alterationsn
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hemodynamiorariables beyond thogwmoducedby xylazine
alond203]. In halothaneanesthetizedhorsesadministrationof 40
ug/kgbutorphanolproducedno changesn hemodynamiorariables

or bloodgaseEL95].

E. Halothane
Halothanes an inhalangeneral anesthetagent. Key

pharmacologiceffects includeCNS depressionrespiratory and
myocardial depressiowvasodilation,hypotension,increased
cerebral bloodlow, anddecreased thermoregulatj@®l]. Itis
rapidly absorbed througthe lungs. Approximately 12%o0f the
absorbed dose is metabolizbd the liver and excreted in the
uring191]. The majority of thedrug is eliminatedhroughthe
lungs alongwith expired aif191].

Halothanesensitizes the myocardiuto the effects of
catecholaminesyhich canresult in ventriculaarrythmia§l91].

Although halothanes known to be a myocardidiepressant,
its effectson hemodynamicvariables carbe difficult to separate
from those of inductioragentsmechanicalentilation,body
position,time, andother factors. Steffeyet a[204] studied
mechanicallywentilated horses in left latensdcumbencywhich
wereinduced andnaintainedby halothane.Mean alveolar
concentrationMAC) of halothanewas increased in stepwise
manner over 4 hoursThey foundthat CO decrease@6.7%

betweerMAC 1 and MAC 2 as a result ofsagnificantdecrease in
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SV. When mechanical ventilatiomas discontinuect a steady MAC,
CO increasedy 71%. Steffey eral[205] inducedand maintained
spontaneouslypreathinghorses orhalothanein left lateral
recumbency at 1.RIAC for 12 hours. Cardiacoutputincreased
betweerhours 3 and, reachingl55% of baseline by the end d¢lhe
study. The increaseeD was initially due tancreased SV, but after
5 hours HRbegan tancreaseas well. Imanother study bgteffey
and coworkenfg06], CO and SV increased throughowan extended
period ofanesthesia induceand maintainedby halothandan
spontaneouslypreathinglaterally recumbent horses.
Grosenbauglet a[207] inducedhorseswith xylazine,
guiafenesin, an#detamine,and placedhemin right lateral
recumbency unddralothane. Thermodilution COs were measured
everyl5 minutes for 1 hour.Measured decreases from base(4h@
I/min) over time weré&7%, 37%, 44%, and42%. Studies usingpther
induction agents have reported Cdecreases d38%4208] and
409d33] after 15 minutes olialothare anesthesia. In the study by
Hillidge et a[33], CO graduallyincreased over the ensuia@5s

minutes, reachin§0% of baselinevalues by 120 minutes.

Summary

Dopamineand dobutamineare bothpositiveinotropeswhich
can be used tmcrease cardiaoutput. Dobutaminemay have a
more poteninotropic effect and may give more consisteasults.

Detomidinedecreases C@rimarily througha reflex-mediated

56



bradycardia. Administration ofbutorphanolalong with detomidine
is not expected tproduceany further alterations ihemodynamic
variables. Halothanemmducesmyocardialdepressiorand decreased
CO, but its effects shoulbe relatively consistent acrosabjects and

thus shouldhot interfere with a method comparisstudy.
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Fig. 2.1 Idealthermodilutioncurve
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Fig. 2.2a Unsatisfactorythermodilutioncurve,typical of the
thermistor being againgthe vessel wall.
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Fig. 2.2b Unsatisfactorythermodilutioncurve,typical of the
injection periodbeingtoo long.
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