oy

[

(4"

Negative-Pressure Ventilation Improves Cardiac
Output After Right Heart Surgery —

Lara S. Shekerdemian, MRCP: Darry! F. Shore, FRCS: Christopher Lincoln, FRCS:
Andrew Bush, MD. FRCP; Andrew N. Redington. MD. FRCP

Background A low cardiac output state can complicats the
postoperative course of patients endergoing Fontan-type opera-
tions and tetzalogy of Fallot repair,

Methods and Results  We investigated the effect of negative-
pressure ventilation on cardiac output in {1 children in the early
postoperative period after right heart surgery. All patients were
initiaily ventilated with volume-cycied intermittent positive-pres-
sure ventifation, and negative-pressure ventilation was delivered
with the Hayek external high-frequency oscillator, Cardiac output
was calculated by the direct Fick method. oxygen consumption
being measured by respiratory mass spectrometry. Cardiac output
was measured during interwnittent positive-prassure ventilation
and after 15 minutes of negative-pressure ventilation. Negative-
pressure ventilauon improved the cardiac output by a mean of

46% (P=.0(3). Heart rate did not change. and stroke volume
increased by ¢ mean of 48.5% (P=0035). Mixed venous satura-
tion increased by 4.6% (£ <021, and consequently anteriovenous
oxygen content difterence fell significantly (P=101). The svs-
temic and pulmonary vascular resistances were reduced sir__'n'iti-
cuntly during negative-pressure ventilation (P<.03 and £<.03,
respectivelyy.

Conclusions  Negalive-pressure ventilation improves cardiac
output in children after total cavopulmenary connection and te-
tralogy of Fallot repair and may prove to be an important thera-
peutic option in children with the fow cardiac output state.
(Circulation., 1996;94(suppl 11}:1149-11-55.}

Key Words = cardiac output = ventilation + terralogy of
Fallet = Fontzn procedure

and physiology in children with congenital heart

disease. and abnormalities of its function are
widely reported.! The normal cardiopulmonary interac-
tions {the relationship between the action of breathing and
phasic changes in right heart hemodynamics) have simi-
larly been reported.” but there are relatively few data
concerning this interaction in congenital heart disease,
particularly in the immediate postoperative period.

IPPV has well-established beneficial effects on gas
exchange.* but its negative influences on cardiac output
may be important,’ particularly after right hearnt opera-
tions such as Fontan-type procedures™’ and TOF repair.
We have previously shown that pulmonary blood flow
and hence cardiac output increase during spontaneous in-
spiration in patients after Fontan-type operations™®” and
that in patients with restrictive physiology after TOF re-
pair. IPPV reduces antegrade diastalic flow into the pul-
monary artery and increases pulmonary incompetence,
potentially reducing cardiac output." [n these patients,
routine postoperative management should include IPPV
with a low peak inspiratory pressure and without PEEP.
Although we aim to extubate within 24 hours of the pro-
cedure, this may not be possible if the postoperative pe-
riod is complicated by the low cardiac output state. In this

r I Yhe right ventricle frequently has abnormal anaiemy
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situation, the use of alternative veniilation techniques
may play a key role in improving cardiac output and pre-
venting a rapid spiral of clinicaf decline.'""

Negative-pressure oscillation with a cuirass ventilates
the chest around a mean negative pressure and tmay have
hemodynamic benefuts over [PPV. In this study, we ex-
amined the potential use of the Havek oscillator in im-
proving the early postoperative hemodyramics after
TCPC'"* or repair of TOF.

Methods

We perfarmed a prospective study compariay cardiac output
using IPPY and NPV in 1 children (6 boys: medidn ape. 5.3
vears) undergoing cardiac surgery between January and April
1995, All patierus undergoing repair of TOF or Foatan-type op-
grutions were recruited into the study: § children had repair of
TOF and 6 had fenestrated TCPC'® for complex cyanotic con-
genital heart disease. Table | shows anthropometric data for 2ach
patient. with details of previous surgical procedures.

Intermittent Positive-Pressure Ventilation

On return from the operating theater. all children were venti-
lated with pressure-limited volume-cycled [PPV with the Sie-
mens Servo ventilator 900C. Ventilatory parameters were set by
the attending intensive care physician. with no child receiving
PEEP.

Negative-Pressure Ventitation

NPV was delivered with the Hayek extemal high-frequency
oscillator {Medicom Lid). This consists of a power unit and a
Aexible cuirass, and in this study. a pediatric (for children weigh-
ing <20 kg) or an adult oscillator was used as appropriate. The
cutrass size was chosen according to the size of the chest. and
ventilatory parameters {rate and inspiratory and expiratory pres-
sures) were adjusted to allow good chest excursion, similar min-
ute ventilation, and end-tidal carbon diexide measurements to
IPPV. The mean chamber pressure was always negative.
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Selected Abbreviations and Acronyms

[PPV = intermutlent pasitive-pressure ventilation
NPV = negative-pressure ventilation

PEEP = positive end-¢xpiratory pressure

TCPC = rotal cavopulmonary connection

TOF = etralogy of Fallot

Cardiac Qutput Measurements

Pulmonary blond flow was calculated by the direct Fick
method (sez ~*Appendix™). This requires measurement of oxyzen
consumption and arterial and mixed venous oxygen content (tak-
ing into account dissolved plasma oxygen for the latter two cal-
cufations). Oxygen consumption was measured by bedside re-
spiratory mass spectrometry. Mixed venous oxygen content was
calculated from pulmonary arterial blood samples. Arterial oxy-
gea content was calculated from peripheral artedal or left atrial
samples after TOF repuir and from pulmonary venous samples
after TCPC. In the cases of TOF. in which no child had evidence
of intracardiac shunting. pulmonary blood flow was equal o car-
diac output. [n the children with fenestrated TCPC. in which an
abligatory right-to-left shunt exists effectively at the atrial level.
we measured pulmonary blood flow and calcutated the shunt frac-
tion using systemic arterial biood samples.

Respiratory Mass Spectrometry

Respiratory mass spectrometry is a highly sensitive aad ac-
curate noninvasive method of continuous gas analysis that allows
simultaneous measitrement of constitcent fractions of a gas mix-
tire on the basis of their mass-to-charge ratio alove.

An Amis 2000 quadripolar mass spectrometer (Innovision
AJS) was modified on our intensive care unit for use ia ventilated
patients. This gives on-line ceadings of oxygen consumption, car-
bon dioxide excretion, respiratory exchange ratio, end-tidal car-
bon dioxide. tidal volume, and expiraiory minute ventilation.

Oxygen consumption {V0:) was measured by the mixed ex-
pirate inert gas dilution method of Davies and Denison."™ This
technique requires callection of expired gas and analysis of in-
spired and expired gas. Inspired gas was sampled by an inler at
the endoiracheal tube, AN expired gas was collected from the
expiratory limb of the patient’s breathing circuit and directzd into
the proximal port of a mizing box witha4.5-L capacity. A known
flow of inert indicator gas (argon) was added 1o this, and the
resultant gas mixture was sampled from an inlet at the distal port
of the mixing box. Inspired and expired gas mixtures were sam-
pled at a rate of =10 mLimin down namow-bore Teflon tubing
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10.3-mm 1D). Each consutuent inspited gas {argon, axygen, nmi-
trogen. and carbon Jdioxide) was analvzed at least six times each
second, and Yo, wis calculared (see "Appendix™) and recorded
on-line every 30 seconds.

Before starting sach study. we performed 3 two-point calibra-
ton exposing the distal inlet both to 2 four-gas calibration mixture
titrogen. oxygen, carbon dioxide, and argon) and to zero gas
iclosed inlet). This calibration was repeated at 3}-minuze inter-
vals throughout the study period. The tracer gas low (pure argon)
was calibrated manually.

Protocol

This study was approved by our local Ethics Committee, and
written informed consent was obrained from the parents of each
child. All children were nasalty inwwbated with cuffed endotra-
cheal tubes {Mallinckrodt Medical) after induction of anesthesia.
and on return from the operating theater, they were ventilated
with pressure-limited votume-cycled IPPV with a PEEP of zero.

Expired gas was collected from the expiratory limb of the pa-
tient's breathing circuit and directed into the proximal port of the
airtight mixing box. whose outlet was connected to the expiratory

_port of the ventilator. All children received continuous intrave-

nous infusions of morphine (10 pg-kg~'-h ™), midazolam (0.1
to 0.3 mg-kg~"-h7"). and vecuronium (50 to 80 pg-kg™'-h ")
and had invasive .intravascutar monitoring of systemic blood
pressure. pulmonary arterial pressure. and central venous pres-
sure. Heart rate, penpheral oxygen saturation, core and peripheral
temperatures, end-tidal carbon dioxide. and oxygen consumption
were measured noninvasively,

A blood sample was sent for hemoglobin estimation before the
study was begun. Mixed venous oxygen content was calculated
from pulmornary arterial blood sampkes. and arterial oxygen con-
tent from peripheral anenal. leftatral. or pulmonary venous sam-
ples. as appropriate.

Pulmonary blood Aow measurements were made between 2
and 15 hours after surgery. A measurement. a recerd of dnug
doses. and simultaneous hemodynamic parameters were taken for
each patient in a cardiorespiratory steady state during [PPV with
the cuff of the endotracheal twbe inflated to prevent leakage of
expired gas. A cardiorespiratory steady state was defined as a t5-
minute periad with <5% fuctuation in mean arierial pressure.
uxygen consumption. and end-tidal carbon dioxide. After the cui-
rass was placed over the chest and upper abdomen and secured
to eliminate significant leaks, NPV was started and [PPV stopped.
The rate and inspiratory and expiratory pressures during NPV
were adjusted to give a similar end-tidal carbon diozide. The
inspired exygen fraction (deiivered by the Servo ventilaor 900C)

TaeLe 1. Anthropometric Details of the Patients Entering the Study

Age, Waight,

Pationt ¥ k9 Diagnosis Previous Surgery Cperation
1 5.3 15.5 DiLY, VA disc, sub-PS None fanaestrated TCPC
2 6.4 16.8 PA VS L BT shunt, bidir Fenestrated TCPC
Glenn
3 5.3 129 TOF None Aepar TOF
4 0.9 8.4 TOF None Fepair TOF
5 38 12.4 DitV, VA disc, CoA, R-sided CoA repair, PA band. Fanestrated TCPC
rudimentary RY, bilateral SYC enlargement VSD
-] 58 15.4 Compiate AVSD, DORY, L-sided Nong & Fenastrated TCPC
aofta, PS .
7 13 43 TOF, bitataral SVC Nane Repair TOF
) & 21 TOF Nona - Repair TOF
9 1.3 3.4 Downv's, TOF, AVSD None ¢ Rapair TOF
10 8 158 OILV, straddiing LAY valve PA band, Fenestrated TCPC
”"- s 12.4 DILV. VA conc, bilateral SVC CoA repai, PA band Fanestrated TCPC

DILY indicatas doubla-inkat lalt ventricle; VA disc, ventriculoanarial discordance; PS, pramonary stenosis; PA WS, put-
monary atresia with ntact ventricular septum; CoA, coarctation of the aorta; RV, rigit ventricke: SVC, superor vena cavi,
AVSD. atrioventricular septal defect; LAY, teft atrioventricular valve; VA conc, ventricuioarterial concordance; L BT shunt,
latt modified Blalock-Tasasig shunt; VSD, ventricuiar santal defect; and PA band, pulmonary artery band.

Patiant axcluded from analysis (see *Mathods ™).
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TaaLe 2. Hemodynamic Parameters of Individual Patients During PPV and NPV !

Pulmonary Duygen
Blood Flaw Stroke Cansump- AY Oxygen
indax, Yolume, ton, PA Cantent
L-min""'- Heart Rate, mL-beat™'- mL - min - Saturation, Differancs, Mean ABP,
m-1 bpm m-? m % mL/ Y00 mL mm Hg SVRI, Wm? PVAL W/m?!
Patisnt PPV NPV PPY  NPY PPV NPV PPY NPY PPV NPV PPV NPV PPY NPY PPV NPV. PPV NPV
1 0.5a Q.82 119 AR 471 8.3 &8 105 22 25 12.2 7 B4 39 - t.79 1.09
z 1.07 123 120 140 8.2 a.8 19 56 0.7 50.3 T4 77 B4 Il - - 28 244
3 2N 3.75 136 138" 9.9 78 167 217 Fi] m 6.2 5.8 B5 82 18.3 111 - -
4 1.468 2.65 181 164 3.1 16.6 148 200 42 57.2 12 5 g1 38 i 16.2 =
5 465 ] 144 135 23 50.2 203 227 1.8 7.7 44 13 51 3 = 065 044
6 287 476 144 150 195 37 174 2t0 689 T4 61 44 &7 57 . . ps oM
7 2.52 .58 100 100 252 3548 121 129 o2 T2 43 R 89 n 2246 133 11 0.58
B 5.86 8.42 123 120 441 70.2 238 238 7 80.1 4 30 59 1] 739 2.3 e e
9 1.10 1.49 147 145 75 10.3 o 126 LXR 3585 a7 a.s a3 ] 285 248 e -
14 2.62 3123 114 113 232 s 146 176 769 770 3.5 3.2 54 1] - 975 or?

PA indicates pulmonary arterial; AV, arterigvencus: ABP, artenal hlaad pressure; SVRL systemic vascular resistance index: and PVAL, pulmenary vascular
resistance index. - - indicates calculation not passibla due to insufficient hemodynamic data.

“Patient atrially paced.

was not altered, A pulmonary blood Aow measurement and a full
record of ventilatory and hemodynamic parameters were made
after 15 minutes of NPV, IPPV was then reinstituted, and the
cuirass was removed, Exclusion criteria for the study were ex-
cessive losses from pleural or mediastinal drains and radiological
evidence of lung collapse. consolidation, or significant effusions.
none of which occurred in this group of children. No child had a
splinted chest. Intravengus colloids were not infused. and ad-
justments to pharmacological management were not made during
the study period. One patient (patient 11} desaturated after NPV
was started, and despite good chest excursion and adequate in-
spiratory pressures. we were unable o maintain a satisfactory
end-tidal carbon dioxide. This complication was unexplained, but
the study could not be completed in this patient.

In five patients, simuliancous transesophageal echocardiogra-
phy with a biplane pediatric prabe ( Hewlert-Packard Instrements)

TsaLe 3. Hemodynamic and Ventilatory Parameters
During 1PPV and NPV

was performed (o assess the pattern of pulmonary blood fow
during IPPV and NPV,

Statistical Analysis
Grouped data are expressed as meanzSD. The Wilcoxon

matched-pairs signed-rank test was used for statistical analysis.
The null hypothesis was rejected for values of P<05.

Results

There were no adverse hemodynamic consequences
from use of the oscillator, and chest drain losses were not
increased during its use. In one patienk (see “Methods™),
adequate ventifaticn could not be maintained. and the data
are excluded from further analysis.

Results for individual patients are shown in Table 2 and
for grouped datz in Table 3. There was no significant
change in end-tidal carbon dioxide during NPV (P=29).
The mean pulmonary blood flow during PPV was
2.54=1.67 L-min"'-m . and the mean during NPV was

Parameter PPY NPV P 168243 L o N Fie 1 NPV i
End-tidal CO; % ‘ £53 461 29 68243 L-min""m"" {see Fig 1). Thus. NPV in-
Puimanary blood flaw index creased pulmonary blood flow by 46.1=20.5% (P=.005),
Lorrun - om -2 ) 284 188 005 Patient 3 was atrially paced. In the remainder, the heart
Heart rate, bpm 131.4 1128 33 rate did not change significantly {P=.33). and the increase
Stroke volume index, mL-beat ™’ -m 2 19.4 268 005 in pulmonary blood flow was achieved by an increase in
Oxygen consumpticn, mL-min *-m"? 144 172 008" stroke volume from 19.4=1(25 to 28.8=19.8 mL. with
Arteciovanous oxygen contant differance, a mean increase of 49.4=2423% (P=.005). The Vo,
ml oxygen/10¢ mL blood 5.10 693 014
Mixed vencus saturation, % &0.3 84.9 L7
Mixed venous Oxygan conrtent,
mil oxygen/100 mL hlood 1c82 1169 014 p » Q0K
Maan arterial blood pressure, mm Hg 59.8 60.9 S .
Rignt atriat pressurs, mm Hg 1338 134 .58 =
Systarnic vascular resistance index, E
u/m? - 2152 1515 043 g
Mean pulmonary arterial prassure, i .
mm Hg 105 108 29 3 ~-a TEPC
Laft atrial peessure, mm Hg a3 8.6 AT } 4 g v——
Pulmonary vasctlar resistance index, l ‘%: Fasot
\/m? . 128 093 028 . /
Paak inspiratory pressure, cm H,0 +18 -19 ' i o
Msan airaay pressura during PPV, e
a - T
em HOT _ 7 poy —
Meaan chamber prassure during NPV, . ) .
em H,O0t : -7 Fia 1. Pulmonary (puim.} blood flow index during IPFY and after
: 15 minutes of NPV. Yalues for sach patient are shown, Msan
Maan values of data are shown, : . = "
“Stutistically aipls‘mt change. incraass in putmonary blood flow was 46%. Thers was no $ig-

+Foak Irupkatoqp:umMrglPWranqed!‘romﬂ&to +22 cm
H,0, st during NPV, from - 18 to —24 cm H0.

nificant differsncs between the increass in pulmonary blood flow
in patients after TOF repair and TCPC.
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Fig 2. Oxygen consumption dunng IPPY and after 15 minutes
of NPV Values for sach patient are shown,

increased  slightly, from 1422347 0 1712561 mL-
min *-m ° during NPV (P=.02. see Fig 2). The arterial
oxygen content was unchunged during NPV but the mixed
venous oxXygen coatenl increased by a mean of 0.77=0.83
mbL oxygen/ 100 mb bloud (P=.01). which was reflected
by an increase in mixed venous saturation of 4.6=4.6%.
The arteriovenous oxyaen content difference therefore fell
signifcantly (P=.01. see Fig 3. There was no significant
chanpe in meun systemic arterial (P=.51) or right atriul
pressures (P =581 or in mean pulmonary arterial (P=.29}
or teft airial pressures (P=47) The systemic vascular re-
sistance i the TOF group thus tell siznificantly (P <.05),
as did the pulmonary vascular resistance. caleulated in the
patients with indwelling lett atrial catheters (5 TCPC+1
TOF. P<03. see Fig 4.

Details of the right-to-left shunt fraction in patients with
a fenestraied TCPC are given in Table 4. Overall, there
was no significant change in the shunt fraction (P=.5). In
three patients the shunt fraction was reduced. reflecting un
absolute increase in systemic blood flow. and in two pa-
ticnts the shunt (raction increased stightly. indicating a rise
in the pulmonary relative 0 systemic blood Aow,

The pulmanary blood fiow during IPPY and the pattern
seen during NPV were markedly different in the patients
with TCPC und TOF, as illustrated in Figs 5 and 6,
respectively.

Discussion
The postoperative course in most patients after right
heart surgery is uncomplivated. Inotrope requircments are
low, and ventilation can be rapidiv weaned. However. in
u signiticunt minority of patients who have undergone TOF

--- TCPC
—— Sptrmlagy ol
Faiiot

Ny Oiftad e (il Grpg ey 1 00T Tlkood )

: ) PYR
Fic 3. Arteriovenous (a-v} oxygen content diferance during
IPPY and after 15 minutas of NPV, Valyes for aach patient are
shown,

change ligm basehne |%)|

NPY
Fig 4. Percentage reduction in systemic [SVR. solid ines) and
pulmanary (PVR, dashed lines) vascular resistances during NPY.

The value during IPPV for each patiant is taken as zero. SVR is
shown for patients with TOF and PYR for patients with TCPC.

repair or Fontan-type operations. the early postoperative
period is complicated by the {ow cardiac output state with
hypotension, metabolic acidosis. und oliguria. In these pa-
tients, although it may be potentially detrimental o the
hemodynamics. it is inappropriate t© wean venttlation.

We have previously shown that the low cardiac output
state after Fontan-tvpe operations and repair of TOF is
most often caused by inadequate pulmonary blood flow
and not systemic ventricubar dysfuaction.™ Furthermaore,
it ix often refructory to conventional supportive therapy:
colloid infusions elevate filling pressures. encouraging
pleural and peritonesl Auid accenulation, und the admin-
istration of inctropes can lead to geripheral and myvocardizl
ischemin, tachycardia, and unwaated increases in systemic
and pulmonary vasculur resistances. A muore direct method
of increasing pulmonary blood flow, and hence cardiac
vutput, in these patients would have elear advantages.

We and others have previousds examined in detail the
influences of spontancous and mechantcal ventilation on
hemodynamics atter right heart surgery. Using Dappler
technigues, we have previously shown that pulmonary ar-
tenal How in spontancously breathing convalescent pa-
tients after the Fontan aperation i~ 634% higher during in-
spiratory than expiratory cardiae cveles.” An increase in
mean airway pressure, ¢g. durng a Valsalva mancuver,
leads to a marked reduction and even retrognude fow out
of the {ungs in patients with the total cavopulmonary anas-
tomosis.” These findings support the observation of Wil
lizms et al” that the level of PEEP is inversely related to
cardise output in the carly postoperative period afer the
atriopulmonary connection. Clearlv. an increased mean
atrway pressure 15 undesirable in the Fontan circubation,
and an improvement in hemadynamics may theretore be
possible if it could be reduced or & negative mean airway
pressure could be maintained. """

TanLe 4. Right-to-Left Shunt Fraction in Five Patients
With Fenestrated TCPC During IPPV and NPV

Right-to-Left
Shunt Fraction
Patient IPPY NPV
1 0.03 0.04
2 a1 0.09
5 o 0.30
& 0.23 0.2
10 0.17 0.06
Paj
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FiG 5. Changes in Doppler-derived pulmonary arterial flow in a patient after fenestrated TCPC (a) during IPPV, {b} with NPV, and (c)
after removal of the cuirass. Antegrade flow is lost during the inspiratory (insp} phase of IPPV. There is a marked increase in forwarg
flow during the inspiratory phase of NPV (shown as the upward stroke of respirometer [RESP] trace), which is immediately lost on
removal of the cuirass. Vent indicates ventitation.

The reason underlying the low cardiac output state after have shown a large increase in cardiac output with NPV
repair of TOF is different. but it may be equally important. without any of the unwanied side effects of conventional
In our recent study of pestoperative diastolic function, pharmacotherapy.
right ventricular restrictive diastolic physiclogy was pres- Some of our patients had an adequate or high cardiac
ent in =30% of patients, and its presence was associated output during the period of study, but a number had a
with prolonged postoperative recovery complicated By the critically low cardiac output and. encouragingly. the per-
low cardiac output state.'" In these patients, pulmonary centage increase in cardiac output was independent of
arterial Doppler profiles showed characteristic anlegrade baseline indexes. The patients who had undergone repair
late dinstolic fiow coincident with atrial systole. the hall- of TOF (of whom three had restrictive right ventricular
mark of the poorly compliant right ventricle with restric- phystology) and TCPC benefited equally from NPV,
tive diastolic physiology. Although abnormal. the a wave which stresses the important influence of ventilatory
represents up to one thied of total pulmonary arterial for- movements on pulmonary blood flow in both groups. The
ward flow and reduces the time available for pulmonary dramatic changes in the pattern of pulmonary blood flow
regurgitation. It is, of course. generated by the atrial sys- during NPV are illustrated in Figs [ and 2 in one child
tolic pressure exceeding pulmonary anterial diastolic pres- after TCPC and in one with restrictive physiology after
sure. and this flow is usually abelished dunng the inspir- repair of TOF, respectively,
atory phase of IPPV. This. coupled with our finding that Interestingly. the increase in cardiac ootput led 1o a re-
the a wave increases during spontaneous inspiration in duction in systemic and pulmonary vascular resistances
other groups of patients.'” strongly suggests that ventila- with relatively little change in heart rate and venous pres-
tion with a negative mean airway pressure might enhance sures. This suggests that these latter parameters were adap-
pulmonary blood flow in the presence of right ventricular tive to reflect the cardiac cutput before the institution of
restriction. NPV, The major adaptive response (o the increased cardiac

Cur duta support our hypothesis that cardiopulmonary output during NPV was a fall in effective vascular resis-
interactions may be crucial 1o the maintenance of car- tance in the systemic and pulmonary vascular beds. In the
diac output after right heart surgery. Despite what we lung. this may well be a direct hydraulic response to the
would consider “optimal™ management of IPPV, with reduction in mean airway pressure during NPV, but the
tow peak inspiratory pressures and using no PEEP. we fall in systemic vascular resistance probably refiects im-

POSITIVE PRESSURE VENTILATION

(£

S 14 cmd 3G
FiG 6. increase in Doppler-derived pulmonary
arterial flow dunng NPV in a patient with restric-
tive right ventricular physiology after TOF repair.
Characteristic antegrade diastolic flow (the a
b wave), coincident with atrial systole, is seen dur-

ing the expiratory phase of IPPV, This is lost
during the inspiratory phase of tPPV (shown as
the upward stroke on the respirometer [RESP]
trace), and the puimenary regurgitant fraction is
increased. During NPV, the a wave is preserved
and much increased throughout the respiratory
cycle, and there is a reducticn in the pulmonary
regurgitant fraction.

VENTILATION
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proved Bow to previously constricted vascular beds. Re-
gional blood flow was not measured in this stwdy, but it
would be interesiing to assess cerebral, renal, and splanch-
nic bloed flow in longer-term studies.

Critique

This stedy does not attempt to demonsirate the long-
termn utility of the oscillator as either a ventilator or a
hemodynamic tool. Nonetheless. the oscillator has been
established as an alternative to more conventional tech-
niques of NPV in children with nearomuscular disease and
in premature infants with bronchopulmonary dysplasia. [n
this study. it was of paramount importance to establish a
respiratory steady state, so we did not explore the specific
ability of the Hayek oscillator to ventilate the lungs in the
longer term in these patients.

This study group consisted of older infants and children.
However. its practical design has enabied our subsequent
successful use of the oscillator in younger infants and in
neonates with congenital heart disease.

The reason for choosing a short period of NPV was to
avoid the confounding effects of possible metabolic and
cardiovascular changes that occur naturally during the first
few hours after cardiopulmonary bypass. However, there
is no reason why NPV should not work. and our anecdotal
evidence of its longer-term use as a therapeutic tool is
already very encouraging.

Methodologically, we feel that the direct Fick method
is the only adequate way of measuring the cardiac output
in these patients. Thermodilution is invalid in the Fontan
circulation and may be inaccurate in patients who have
undergone repair of TOF, in which pulmonary regurgita-
tion is common. Nonetheless. in the fenestrated TCPC, in
which we directly measured only the effective pulmonary
blood flow. we also assessed the right-to-left shunt frac-
tion, Although overall, this was unchanged during NPV,
it increased in two of the five {reflecting a relative increase
in shunting through the fenestration} and decreased in
three. The total systemic bloed flow, however, increased
in al! of the patients.

The changes in oxygen consumption might be superfi-
cially surprising. There were no obvious signs of waking
in terms of increases in heart ratz. blood pressure. or met-
abolic acidosis. [ndeed. in seven children subsequently
studied with the same protocol (but not reported here), we
found no difference in serum epinephrine and norepineph-
rine Jevels during PPV and NPV. We believe that the
increase in oxygen consumption can be explained on the
basis of delivery dependence, which is increasingly rec-
ognized in adults™ and which we have reported to occur
in children over a wide range of cardiac output.' That is,
with increasing delivery of oxygen to the tissues, there is
a lincar response to increased oxygen consumgtion.

Conclusions

NPV clearly improves the cardiac output in children
after repair of TOF and TCPC. We do not normally aim
for a “supranormal™ level of oxygen delivery in children
after cardiac surgery and so would not advocate the rou-
tine use of NPV in all cases. In the child with clinical
indicators of a low cardiac output, however, in whom
weaning from positive-pressure ventilation is not possi-
ble, we belicve that NPV has a valuable place in intensive
care management.

Appendix
Hemodynamic Equations

Vo, =V, {[Fioy | -F,CO:-Fy.)
~FuOs{l =Fico.—Fg))/D }.
and
D =Fyr (| —Fios—Fic0.)—Fip, | | —F4O: = FuC0.)

where Vo is the flow of added twacer gas (argon) and F,0.,
FuCO;, and Fyr are measured concentrations of oxygen. carbon
dioxide, and argon, respectively, at the outlet of the mixing cham-
ber. Fio., Fico;, and Fir, are inspired concentrations of oxygen.
carbon dioxide. and argon. respectively.

Qp (in L-min ™" m " H=[V0./(Ca0:~Cv0,}/BSA
CaQ, (in mL/100 mL blood:
={{$a20,X1.34 X Hb}/ 100}~ (Pa0,x0.003)
Cvo; (in.mL/100 mL blood)
={(Sv0.X 1.34 X Hb)/ 1 00)+(Pv0,x0.003)
SVRI (in U/m*)=(MAP-RAPYQ,

PVRI (in Ufin:)=(MPAP—LAPyQ,

where Q, and Q, are pulmonary and systemic blood fow indexes,
respectively: BSA is body surface area: Hb is hemoglobin: SVRI
is systemic vascular resistance index: PVYRI is pulmonary vas-
cular resistance index: MAP is mean anerial blood pressure:
MPAP is mean pulmonary artecial pressure: LAP is left awrial
pressure: and RAP is right atrial pressure.
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