Chapter 3

Determination of Cardiac Output Across a Rangeof VValues
in Standing Horses by M-Mode Echocardiographyand
Thermodilution

Abstract

Objectives- 1. To determine the suitability ad pharmacological
protocol for inducing a rangeof cardiacoutputsin standinghorses.
2. Todetermine whether cardiamtputdata fromsimultaneous
echocardiographiandthermodilutiondeterminationsacrossa
range of values in standirgprses coulde comparedvith similar

data from anesthetizethimals.

Animals — Two horses selected foalm, tractable dispositions.

Measurementeeremade twice on one dhe subjects.

Methods- Determinationsof cardiacoutput by M-modeecho-
cardiographywere compared with simultaneodsterminationdy
thermodilution. Cadiac outputwas modified by the administration
of dopamineg(4 ug/kg/min), dobutamine(4 ug/kg/min), and
detomidine (1Qug/kg) plusbutorphanol(20 ug/kg). Changedrom

baseline cardiaoutputin responseéo each drugvere evaluated.
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Datafrom this expement was comparei thatobtainedthrough

an identicalprotocol in anesthetizedhorses.

Results— Drug-inducedchangesn thermodilution cardiacoutput (|
/min/450 kg) averaged 13%or dopamine,11% for dobutamine,

and —27%for detomidineplus butorphanol. Movement of the
horses duringtandingdata collectionresulted in a meatime of

1.2 minutes required tobtaina satisfactorygchocardiographic
image inunsedateagubjects. Mean time was decreased to 0.6
minutes in sedated subject$-testgeveala a significant difference
(p<.05) between the standiremnd anesthetizedelationshipbetween
echocardiographiandthermodilution cardiacoutputdetermina-

tions.

Conclusions — Determinationof cardiacoutputin standinghorses
wasprohibitively difficult dueto patientmovement for both
echocardiographiandthermodilution methods . Results in
standing horseweresignificantly different fromthose obtainedh

anesthetized animaénd thuswvereunsuitable for comparison.
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Introduction

Cardiacoutput (CO) is one ofthe key indices of cardiac
function. The importanceof reliable informationaboutCO for
research into cardiovasculamction canhardly be overstatedln
addition,reliable informationaboutCO could improve anesthetic
monitoringand aid the clinical assessment of cardiabnormalities.
Standard method®r determinatiorof CO (thermodilution,dye
dilution, Fick method)are time-consumingnd require specialized
equipment; as sudiney are only practicalithin a research setting.
In addtion, thethermodilution (TD) methodis invasive, requiring
placement of cathetensto the right atriumand pulmonaryartery.
Such procedureare notwithout risk, as several authors have
reportedl-3]. A methodfor determiningCO quickly, easily, and
non-invasivelyis needed in order tbe able to applknowledge of
CO in both the clinicalsettingand inresearch which requires the
investigator's attentioto other,concurrentmeasurements or
procedures.

M-modeechocardiographynay offer a quicknon-invasive
means of determinin@O. However, itcannot be performed on
exercising animals du® the needor immobility. M-mode CO
determinations that have been repoitedxercise studi¢4-7] are
based on measurements made as ssgoossible after cessatioh

exercise, when C@s decliningrapidly. It has been impracticab
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compare post-exercise echocardiograpieisults with results
obtained by validated methodsgcause ofl) the difficulty of
performing more tediousheasurements dmorsesunder the
influence ofa stimulated sympathetieervous system, and (2)
because established meth@ii€§O determinationsuchas TD are
based on the meant 3-5 sequential measurements which need to
be taken in a steady-statendition.

The use of exercise as the stimulusdtiering cardiacoutput
has further disadvantages. Tdreercise stimulus calme appliedn
a controlledmannerby means of a high-speed treadnbllit such
equipment is expensive to install almdoperate.Alternatively,
exercise can be applied an outside areaput thenfactors of
weathemland footinghave tobe consideredand consistencys more
difficult to achieve. Furthermore unsoundindividualscannot be
studied by means of exercise tests. Rddasuggests that post-
exercise echocardiograplignay notaccuratelyrepresent exercising
cardiac functionn normalhorses[8] due tothe rapid changethat
begin immediately after the cessationeaerciss].

In spite of the above, comparisoh M-mode echocardio-
graphic determinationsf CO with a validated methodeeds tdoe
made at non-resting levealsCO, in orderto evaluate assumptions
about the reliability of M-mode measurements that have not been
tested. This study aimed tdetermine whether a pharmacological
protocol might be used tpermit comparisorbetween the methods

of M-mode echocardiographendTD acrossa range offO values in
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conscioushorses without requirinthe use of exeroess A secondary
aim wado determine whether the data gathered ingkmperiment
could be comparedvith data from andentical procedureappliedto

anesthetized animals.

Materials and Methods

Horses

This study was approved by the Virginia Tech Animal Care
Committee. Two adulthorseswereused: a 23 year oldi25 kg
Thoroughbredmare anda 20 year old 442 kg Thoroughbred
gelding. Criteriafor selectionincluded: (1) normalfindings on
physical examinatiowof the cardiovasculasystem, includindg=KG
and echocardiographiexam, (2) absenceef significantdysfunction
of other orgarsystems which might affect cardiovascular
parameters (such as infectigmsimonarydisease or renal
dysfunction),and (3)temperament conduciwe standingfor
severahours duing procedures.Horsesweremaintainedon
pasture plus a once-daily swé&s=d ration. Additional hay was

provided in winter months.

Data collection
Three sets of data werellectedfrom standingsubjects.

Subject 1 wassed twice for data collectiomecausdlifficulties with
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dopamineadministrationduring the first period resulted ima lack
of drug effect. During the secondlata collectionperiodthis horse
wasuncooperativeand thusonly baselineand sedate@detomidine
plus butorphanolneasuremdns were made.
PhysicalExamination: Eachsubjectreceived a physical
examination and@¢ompletecardiovasculaexam including
electrocardiographyBurdick E350,Burdick Inc., Milton, WI) and
echocardiographyVFI Impact, Ausonics CorpN.S.W., Austrdia).
Six electrocardiographiteads wereecordedand analyzedor
rhythm, PR and QTnterval durationsand configurationand
durationof P wavesnd QRScomplexes.Completeblood counts
and standarderum biochemicabprofiles were also analyzed.
Subjectinstrumentation Two 8.5Frenchcatheter introducers
(Arrow International Inc., ReadindgA) wereplaced inthe jugular
vein on oneside as distally as possibkfter localanesthesiaA
sterile 7 French 110 cm thermodilutiaatheter (Balthernglectro-
Catheter Corp.Rahway,NJ) wasinserted throughhe mostdistal
introducer,with placemeninto the pulmonaryartery confirmedoy
analysis of pressure waveforms9, 10] (Protocol Propak
DatascopeDatascopeCorp., ParamusNJ). A 1.67 mm internal
diameter polyethylene catheter (PE 2B6¢tonDickinson, Sparks,
MD) was threaded throughe proximalintroduceruntil placement
in the right atrium was confirmeda pressure tracings as above.

After horses werenstrumented, they weallowed 10 minutes to
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acclimate tahe instrumentatiobeforebaseline measurements
wererecorded.

ThermodilutionTechnique: 57 ml ofcooled (-0.1 -1.6°C)
sterile 5% dextrose solutiomwas injected intahe rightatrium within
1-2seconds throughthe polyethylene cathetevja an angiographic
pressure injector (CooHlnc., Bloomington, IN) at 100 psi. Injections
weresynchronizedvith the end of expirationlndividual flow
measurements wecealculatedfrom time x temperature curves
analyzed by a cardiamutput computer(Cardiomax,Columbus
InstrumentsColumbus,OH) andrecordedon a personatomputer.
Curves nodisplayingthe characteristigamma-variate shape were
rejected and the measurement repeateatdiacoutput was
determined from the mean éf5sequential TDmeasurements
made approximately two minutes apart.

EchocardiographicTechnique: A 2.5 MHz phased array sector
probe (VFImpact, Ausonics CorplN.S.W., Australia) was used in a
right-sidedparasternal positioto obtaina 2-Dimageof the LV
short axis cross sectiat the level of the chordaendinag¢ll, 12].
The M-mode cursor was placed acrossritfaximum diameter of the
LV, and M-mode measuremeiisthe left ventricular internal
diameter in systole and diastdle/IDs and LVIDd) werenade using
the "leadingedge method'tecommendedby the American Society
for EchocardiograpH$3]. End-diastolicmeasurements weneade
at the onset of the downward motiohthe interventricular

septunil4-19], andend-systolic measurements warade at the
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septum’s poinbf maximumexcursiolfil3]. Thesemeasurements
wereentered into the menu-driven program for calculatwbistroke
volume (SV) viahe cube formula.Fourto five ssquential
measurements wemade as simultaneously as possibidgn the TD
measurements.

Modification of Cardiac Output: Following the 4-5 sequential
baseline measurements, Gas manipulated by the administration
of drugs,following the protocol of Blissitt et gR0]. A summary of
this procedurdollows: (1) Following baseline measurements,
dopamine4 ug/kg/minin 5% dextrose solutionywasadministered
for 10 min; COwas then measured as describédve, while
infusion continued.Dopamine infusion was stopped for 10 min
prior to the next treatmeni2) Dobutamine,4 ug/kg/minin 5%
dextrose solutionywasadministered for 10 minGO wasthen
measured as described above, while infusmmtinued. Dobut-
amine infusiorwas stopped fotO min prior to the next treatment.
(3) A bolus dose ofletomidine,10 ug/kg,andbutorphanol,20
ug/kg, was administered. C®as again measured as described
above, approximately 10 madter the administratioof these
drugs.

Data Analysis: Responses tthe pharmacologicgbrotocol
wereevaluatedyraphicallyand by calculationof the percenthange

in TD CO from baseline.
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Regression analysis was performed throagipreadsheet
program in orderto examine the relationshipetween echo-
cardiographicand TD CO determinations. A student's t-testas
performed to evaluate the hypothe@&$ thatinclusion of data
obtained ortwo different days from Subject 1 made significant
difference in the relationshipetween echocardiographandTD CO
determinations.

Cardiacoutput data fromthis experiment was then compared
to that obtainedhrough an identicalprotocol in anesthetized
horsef1]. A t-testwasperformed to evaluate the hypothesis (b)
that the use of anesthesia madesgoificant difference inthe
relationship between echocardiographied TD CO determinations.
Since Subject 1 was also used in the anesthegiceag, further t-
testsevaluated the hypothesis (t)atthe exclusiorof anesthetized
data from this subject haw effect onthe relationshippetween

those echocardiographend TD CO determinations.

Results

During standingdata collectionin this experimentthe time
taken to obtain amechocardiographieamagesuitablefor CO
measurement ranged from 0-7 minutes (@Hdutes withthe

exception ofone measurement in amncooperativahorse)(mean

1 MicrosoftExcel2001
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1.2 minutes for baselinelppamine,and dobutaminemeasurements,
0.6 minutes for detomidineneasurements).

With the exception ofhree outlierssequential TD
measurements in standing horsessemade 2-/Mminutes apart
(mean 3.9 minutes)The three outliersf 14,15, and 19 minutes
weredue to equipment failure (dase) othe horseaesisting
restraint (2 cases). Oth&b measurements wedelayed beyond
the ideal of two minutes becausetb& need tonake echocardio-
graphic measurements simultaneousiithoughthe need to
synchronizemeasurements causddlays in the time between TD
measurements, TAnd echocardiographimeasurementwere able
to be made within a mean of Qxinutes ofeachother inone
subject, and.8 minutes in another.Thethird subjectwas not
cooperativeandrequired an average of 2n@nutes between TD
and echocardiographimeasurements.

There wass mean increase rardiacoutputof 13% for
dopamineand 11%for dobutamine,and a decreass 27% for
detomidine pludutorphanol(basedon TD determinations)Fig.
3.1) (Table3. 1).

T-testgevealed the following: (ahat there was no
significant differencdp >0.9) in the relationshigpetween
echocardiographiand TD CO determinationsvhen Subject 1 was
used twicevsonly once;(b) that therelationshipbetween echo-
cardiographicand TD CO determinationsn the standindhorses

(slope —0.1 p=0.68) was significantly different (p .€5) from the
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anesthetized comparisaynoup (slope0.8, p=.001); (c) that the
relationship betweeeachocardiographi@andTD CO determinations
in the anesthetizecomparisongroupwas not altered by excluding

data from Subject 1 (p0.5).

Discussion

This study utilizedhe pharmacologicgbrotocol of Blissitt et
al[20] in orderto modify CO. Dopamineanddobutaminewere
administered first, since theshort halflives (approximately 2
minutes for each3houldensure thaho carry-overeffect influenced
subsequent treatments. Dragtivity is reported to cease within 10
minutes after dopaminar dobutamineis discontinuefR2-24]
Onsetof actionis reported tdoe within 5 minutes for dopamireand
within 2 minutes fodobutaming3]; our protocol allowed 10
minutes forhemodynamicvariables to stabili&3, 24] before
measurements welbegun. Although either dopaminer
dobutaminecould have been administerdigst, the consistent
order of dopamindirst, dobutaminesecondwas maintained in
order to treat all subjects the same manner amol conformto the
previously validated protocolThe detomidine-butorphanol
treatment had to be administerdadt due tahe long-lasting effects
of detomidine(half-life 72 minuteg5] andbutorphanol(up to 4
hours)23]. Hemodynamiceffects ofdetomidineare apparent

within 15 seconds of Iddministratiof26], anddecreased CUs
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evident within5 minutes in conscus horsef7]. Findingsfrom
various protocolsn the literature suggest that thest stable
period for COafter administratiorof detomidinemay be betweeh
and 20 minutd27, 28]. Once again ourprotocol allowed
approximately 10 minutes fremodynamicvariables to stabilize
before measurements wéegun.

In this study, intravenous infusioof dopamineand
dobutamineat a constantate was difficult in standingubjectsdue
to patient movementThe correctinfusion rate (numbenpf
drops/sec.was set viaa thumb-control onhe 1.V. line, but as the
horse's headhoved up andlown thisaltered the actuahte of
infusion. In Subject 1, administratioaf dopamineat the calculated
dose rate shouldave emptied the dg reservoir in 25 minutes;
however, ovehalf of the drugsolution remained at thaitme. The
increase in COnotedin that subject imesponse talopaminecan be
attributed to two high measurementsH@t8 and61.6 | /min/450
kg. The two highmeasuremmats may have been due to a sudden
increase in heart rate, as haate wasoted tobe quite labile in
conscioushorses. Recordsof heartrate wereobtained fronthe
echocardiogramas EKGleads hado be disconnectetbr safety
reasons. lseems posslb that a significanthangein heart rate
occurredin the 1-2 minutes betwedmese high TDmeasurements
and the correspondingchocardiographieneasurements.

INn Subject 2, COincreased% in response taopamine

administration. This is within the rage oferror for TD CO
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determinatiof9] andthuscannot be consideredlinically
significant. Althoughwe havenot foundpublishedreports ofCO
response to dopamireedministrationin conscioushorses,wehad
expected a greater increase basegdurlishedreports in
anesthetized hord@9€-32] It seemdikely that unevenness in the
dose rate due to tHerses’raising andowering their heads
affected response to this drug.

Our subjects increaseD by 12%and 10% in respons&o
dobutamine.Hinchcliff et a[33] observed a 6%ncrease infD CO
in response t@®.5ug/kg/mindobutamine. In other experiments
[21], this authorhas founddobutamineto be more reliable than
dopaminefor indudng a positiveinotropic effect. Thisis consistent
with the findings ofSwanson et §4], who reportedhat responses
to dopaminavere more variable than waesponses to equivalent
doses oflobutamine.

Detomidineplusbutorphanolcorsistentlydecreased COhy
16-35% below baselineDetomidinein conscioushorsesat 10ug/kg
has been reported tecrease Chy 35.6%from baseline at 5 min.
and by 34.1%at 15 mirfi27]. By 30 min. the decrease ihat report
had lessened to 21.0%8utorphanolin conscioushorsesat 5, 10,
and 20 times the dose usedhis experiment produceab
alterations in COHR, or MAP[35]. While CO responses to a
combinationof detomidineandbutorphanolhave notbeen
reported, combinationsf the similaralpha-2 agonistylazinewith

butorphanolin conscioushorses have resulted in decrease&0rof
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15.2%after 5 min.in onerepor{36], anddecreases of 20.8%
anothej37]. Basedon these reportshe changes CO which we
observed in response detomidineplusbutorphanolseem to fall
within the expected range.

Cardiacoutput measurements wenauch easier to obtain
after administration ofletomidineplus butorphanol,as illustated
by the decrease in mean time required to olbaasatisfactory
echocardiographieamage. In order to obtairsuchanimage,the
horse must stand still with the right foreleg advancBdoper
placement of thelltrasoundprobetook anywhere from 9 seoals to
over 3 minutes in a series of 15 measurements performad on
cooperative horsby 3 differentultrasonographets The horsesn
this study resisted attempts to keep them immobilepite of
having been selected for quiet dispositiam having keen
habituated tadhe examinatiorenvironmentand thenon-invasive
aspects of the experimental protocdlhis resulted in longethan
ideal delays betweesequential measurements, raising condéatt
CO may have varied from the desired "steady state.”

Movement of the horses durigta collectionalso presented
a riskto the safety of personnahdequipment.EKG andblood
pressure monitoringvereabandonedlue tothe risk of an increased
number of cables attachéalthe horse.

The difficulties describd above prevented a full assessment of

the suitability of the pharmacologicalotocol. Detomidineplus

¢ Moore, D.P., unpublisheeésearchl/4/00.

95



butorphanolwasclearly useful for lowering COand our experience
suggests thatobutaminemay be more reliable thadopaminefor
increasing COIn standinghorses. However, the obstaclef patient
movement needs to be overcome betbeepharmacological
protocol canbecome auseful toolin our hands.

It wasexpected that mean C the standindhorses woulde
different from the comparisomnestherned group. Datafrom the
two groupscould still have been comparafithe echocardiographic:
TD relationshipwasthe same. However, the difficultielisscussed
above contributedb a lackof anysignifi-cant relationshigpetween
echocardiographi@and TD determinationdor the standindhorses
and made this datansuitable focomparisonwith that from the

anesthetized group.
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