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Cardiopulmonary Interactions
After Fontan Operations

Augmentation of Cardiac Output Using Negative
Pressure Ventilation

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

Background The low-output stte is the chief cause of
morbidity and mortality after Fontan operations. An alterna-
tive hemodynamic too! would be a welcome addition for these
patfents, who ure typically resistant 1o conventional
therapeutic measures.

Methads and Results The hemodynamic effects of conver-
sion from conventional intermittens posilive pressure ventila-
tion (IPPV) to cuirass negative pressure ventilation (NPV}was
investigated in nise acute postoperative Fontan patients on the
pediatric intensive care unjt and nire anesthetized patients
undergoing cardiac catheterization in the convalescent phase
after Fontan operations. Pulmonary biood flow was measured
using the direet Fick method during [PPV and after a brief
period of NPV. In one subgroup of patients, pulmonary blood
How was measured again after reinstitution of IPPV, and in a
second subgroup. pulmonary blood fow was measured after an

extended period of NPV, A brief period of NPV increased
pulmonary bicod flow from 2.4 to 33L-min' - jm with 4
mean increase of 4763, Pulmonary blood Aow continued t -
improve, with a total increase of 549 after an extended period
of NPV. Values fell toward bascline after reinstitution of PPV,
Heart rate was unchanged during NPV, and the improvement
in pulmonary blood fow was achieved by an increase in stioke
volume from 25 mL/m® to 37 mL/m.°

Conclusions Through improvement of the stroke volume

blood fiow and, hence, cardiac output of Fontan patients. An
improvement in cardiac output of this order, aad by this
mechanism, s currently unmatched by any therapeutic alterna-
tives. (Circulation, 1997:96:3934.3942
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FI Yhe Fontan operation and its modifications have
remained an important milestone in the surgical
management of selected patients with complex

cyanotic congenital heart disease. In the original descrip-

tion of his operation in paticnts with tricuspid atresia,

Fontan vbserved that the reduction in right atrial pressurc

that followed extubation was accompanied by a clinical

improvement in aft cases and concluded that spontaneous
respiration should be established as carly as possible in
these patients.” We now know that in the majority of

Fontan patients, pulmonary blood flow, the main determi-

nant of cardiac output, is a largely passive diastolic phe-

nomenon that is strongly influenced by changes in intratho-
racic pressure that are present during spontaneous and
mechanical ventilation.> Antegrade diastolic pulmonary
arterial flow, and hence cardiac output, increases during
spontaneous inspiration but js significantly lowered during
positive pressure inspiration,*

Despite a number of modifications in surgical tech-
nique that have favorably influenced the early postoper-
ative course of paticnts undergoing Fontan-tike opera-
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tions,** the chief cause of morbidity and mortality in this
Eroup remains a low cardiac output state. A low cardiac
output is not in itself a surprising feature in the imme-
diate postoperative period, when the important infhu-
ences of mechanical ventilation are superimposed on the
inevitable global effects of cardiopulmonary bypass on
the heart and lungs, However, reduced cardiorespiratory
function has been demonstrated both at rest and during
EXErcise in a number of late postoperative studies of
Fontan patients,”™ and it would appear that the pulme-
nary bivod flow of patients in the late postoperative
phase may be as sensitive to changes in the mean atrway
pressure as that of their acute coudterparts,™ NPV has
previously been shown significantly to increase Doppler-
derived antegrade pulmonary arterial flow in a smail
number of anesthetized patients with an atriopulmonary
connection' and qualitatively in spontaneously breath-
ing individuals after a total cavopulmonary connection. '

Furthermore, we previously reported a significant
improvement in pulmenary blood flow during a brief
period of NPV in a small number of children who were
ventilated in the early postoperative period after right
heart surgery.”

In this study, we compare the effects of IPPV and
negative pressure ventilation in nine early postoperative
Fontan patients and nine anesthetized patients under.
going cardiac catheterization tn the late convalescent
phase after Fontan-like operations so we can quantify
the effects of these differing ventilatory strategies on the
“Fontan” circulation.




Selected Abbreviations and Acronyms
IPPV = intermittent positive pressure ventiluion
NPV = negative pressure ventilation
Q, = pulmonary blood Row index

Methods

[atients

e hemodynamic effects of cuirass NPV were prospectively
- uiivd o0 I8 separate occasions i 14 paralyzed and fully
sedited patients (8 mabus: median age, 6.3 years) who were
indtiaily receiving [PPV after Fontan-like operations. Nine
studies were carried out in the immediate postoperative period
and nine were carried out in the fate postoperative (convales-
cent) phase after clective curdize catheterization with the
patients under general anesthesia. Four paticnts were studied
in both the acute and convalescent phases. Pulmonary blood
Now was measured using the dircet Fick method in all cases,

teute Patients

Nine children (4 hoys; median age, 5.8 years} were studied
on the pediatric intensive care unit at the Royal Brompton
EHlospital between 4 and 14 hours after o fenestrated total
cavopulmonary connection. This s our procedure of choice,
with the inclusion of a fenestration in the lateral tunnel buing
independent of preoperative hemodynamics. All patients had
inchwelling peripheral arterial catheters and pulmonary arterial
und pulmonary vencus catheters that were inserted
mirzoperatively.

Anthropometric duta. diagnoses, details of previous pallia-
tive procedures, and inotropic support at the time of study arc
wiven tn Table 1.

Convalescent Patients

Nine paralyzed and fully sedated paticnts (4 mades; median
age, 6.7 years) were studied under while general anesthesia
after elective cardiae catheterization between 3 months and 13
years after an atriopulmonary connection (3 patients) or total
cavopulmonary connection (6 patients). Details of surgery,
interval sieee surgery, and indications for cardise catheteriza-
Han are given in Table 2.

TasLe 1. Clinical Details for Acute Patients Studied in

the Early Postoperative Period

Patient Diagriosis Palliation Support

1 DILY, VA cone, V5D PAB +PDA lig 0a 10

2 DILV, VA disc. sub-PS Left BT DA B

! DILY, VA disc, VSD PAB DA 10

4 TA, VA cone, V3D, ASD None DA T

S AVED, DORY, left-side None DA G
artenor aorta, PS

6 PA WS Left BT, BDG D& B

7 DORV, acquired PAtr, Left BT, right BT o8 4
multiple V3D

g PA VS, acquired TA Right BT, |eft BT, DA 8

BOG
9" DILV, Coh, bilateral SVC  CoA repair+ PAB, DA §, EP 0.15
V50 enlargament PD

DILV indicates double-inlet iaft ventricie; VA cone, concordant ventricu-
loarterial connection; VSD, ventricular septal defect; PDA, patent arterial
duct; PAB, pulmonary artery band; AVSD, atrioventricular septal defect:
DORY, double-outlet right ventricle, PS. pulmonary stenosis; VA disc,
discardant ventriculoarterial connection; BT, Blalock-Taussig shunt; PA
IVS, puimonary atresia with intact ventricular septum; 0B, tobutaming,;
BOG, bidirectional Glenn; TA, tricuspid atresia: CoA, coarctation aorta; *,
study not completed; Ep, epinephring; and PD, peritoneal dialysis.

Patients 1 through 4 were studied in both the acute and convalescant
phase,
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Paticnts 1™ through 4* and 14 were studicd after successiul
transcatheter closure of a surgical fenestration using a 17-mm
umbreila device (Bard). Complete ocelusion was confirmed
with angiography at the end of the procedure in ali cases,
Paticnt 10) did not have evidence of baffle obstruction cither
angiogruphically or in terms of dircctly measured pressure
gradicnts under ancsthesia and so fullilled the criteria for
inclusion in the study. Patient 13 had a right-to-left shunr
theough a inferior haftle leak, and ir was not possible to occlude
this with a transcatheter technigue.

Criteria for Inclusion

All patients were in sinus rhythm at the time of study. and no
paticnt had evidence of anatomic obstruction to the ~Fontan
puthway™ or overt systemic veatricelar dysfunction. All conva-
tescent patients were in New York Heart Association fune-
tangl class 1or (1

Ventilation

All patients were intubated with a cuffed endotrachenl tube
{Mallinckrodt Medical). 1IPPV was delivered using a Scrvo
ventilator Y00C {Siemens), and NPV was delivered using the
Hayek externul high-frequency oscillator. This consists of an .
appropriately sized flexible Perspex cuirass that fits over the
patient’s chest and upper abdomen from the level of the
clavicles to the level of the umbilicus. Ventilatory adjustments
are made from a bedside power unit. to which the cuirass is
attached. In this study, the Servo ventilutor was used to deliver
oxygen and a small amount of additional pressure support {3 to
5 em H,0) during NPV to overcome the inevituble resistance
to gus flow preseated by the endotracheal tube. Ventilatory
parameters during IPPY and NPV are summarized in Table 3.

Hemodynamic Monitoring

All patients had continuous surface ECG monitoring und
aoninvasive monitoring of peripheral oxypen saturation, oxy-
gea consumption, und end-tidal carbon dioxide. Systemic blood
pressure, pulmonary arterial pressure. and {in patients with a
right-to-left shunt) pulmonary venous pressure were monitored
invasively.

Hemodynamic Measurements

Pulmonary bload How was measured using the direct Fick
method. Oxygen consumption was directly measured using
respirutory mass spectrometry as previously described.'™* The
mass spectrometer inlets and argon (indicater gas) flow were
calibruted before each period of patient maniwring. Before
commencement of steady stale monitoring, the cuff of the
endotrucheal tube was inflated to eliminate any leak of respired
gases; the oropharynx was then checked for kaks by sampling
tor carbon dioxide with one of the mass spectrometer sumpling
probes.

A prerequisite for the accurate and meaningful measure-
ment of pulmonary blood flow using the direet Fick method is
a cardiorespiratory steady stite. Acute postoperative studies
were not carried out within 4 hours of a patient’s return from
the opeeating theater. This defay ensured central rewirming in
ll cases and allowed sufficient time for adequate sedation,
anitlgesia. and paralysis to be induced through continuous
intravenous infusions. In addition, patients were not suctioned
or moved during the entire study period, and doses of intrave-
nous inotropes in the early postoperative patients were not
altered. A candiorespiratory steady state was delined as a
3-minute period during TPPV and before measurement of
pulmorary blood flow during which patients were not sponti-
neously breathing or maving and did not display any changes in
heart rate or blood pressure that might supgest insufficient
sedation or unalgesia. During this period. blood pressure, heurt
rate, oxygen consumption, and end-tidal carbon dioxide were
required to not Auctuate by >5%,
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TaBLE 2. Clinical Detail of Convalescent Patients

Year

Patient Age, ¥ Postoperativa Cporation Indication far CC
1 57 0.8 Fenastrated TCPC Closure of fenestration
2 g 04 Fenestrated TCPC Closura of fenestration
3 44 0.8 Fenestrated TCPC Closure af fenestrahon
4* 3 0.6 Fenestrated TCPQ Closure of fenestration

10 2.2 6.0 APC ? Bafla obistruction

N 16 2 APC Arrhythrma

12 16.7 15 APC Arrtythrmig

13 6.7 a3 TCPC Oecreased exercise tolerance

14 16.5 1.3 Fenestrated TCPC Clasura of fenestranon

TCPC indicates total cavopulmonary connection: APC, atriepulmonary connection: and °. pabents wha
Were aiso studied in the acute phase.

In ali cases. the mixed venous OXYEen content was caleylated Subgroup 2 (6 Patients, } Acute Patients). In paticnts in
from pulmenary arterial blood samples. All of the acute suzbgroup 2, the period of NPV was extended after the com-
paticats and paticnt 13 had g right-to-left shunt through a plction of a standard study, and a third measurement of
surgically created fenestration {paticats | through 93 or an pulmonary blood Aow was made after a total of 30 1 45
angiogruphically evident baffle Jeuk (puticnt 13). In these minutes of NPV {NFV.}. This modification was chosen o
patients. for the caleulation of pulmanary blood How, “arterial® investigate the hemodvnamic cffects of 1 pealonged conversion
axygen content was ealeulated tfrom pulmonary venous sam- to NPV. The study outline is given in Fig 1C.
ples. Systemic arterial OXygen content was also measured (o N
calculate the systemic blood flow and assess the righz-to-left Statistical Analysis
shunt fraction, In paticnts without a shunt (patients 10, 11, 12, Group data are expressed as mean=8D. Within-group data
and 1), arterial oxygen content was caiculated from aortic for all patients duting 1IPPV and NPV were compared using an
samples. The pulmonary-to-systemic fow ratio was assumed to ANOVA with Bonferroni’s correction for multiple compuri-
cqual L4} in these paticars. sons. Statistical comparisons between acute and convalescent

Study Pretocol
Standard Studies A l CARDIO-RESPIRATORY STEADY . §TA)E
The term “standard study™ was used to define the compar- L 1Py, NEY,
ative, brief study protocol designed o assess the hemodynamic T
effects of conversion fram [PPV 1o NPV: the outline for a a s i mins

staadard study is shown in Fig LA, In bricf, at the end of a t ' .
3-minute steady state periad during [PPV (IPPV,), pulmonary masspec  cardiapuimonary Op o
bluod flow, and (in patients with a right-ta-icft shunt) systemic
blood flow were measured. NPV was then commuenced using an

—

preparation  mamituring

approgriate sized cuirass, and a second puimonary bload Row g
measarement was made after 15 minutes of NPV (NPV,). I € ARDIO-KESPIRATORY STEADY . STATE
Seventeen stundard studies were completed. .
[ PRV, NPY, ey,
Lxtended Studies . T T —
- . . U 15 i 5 i
Patients in whom the study period was extended bevoad the 1 . ;
above standard peotocel oetlined ahove constituted  twia ! !
suhgmups: Mans spec wardinpulm Dp p p
Subgroup 1 (7 Patients, 3 Acute Patients). In paticnts in PrCparaton  momianing
subgroup 1. a third measurement of pulmonary blood flow was L :
made after IPPV was reinstituted at the end of a standard study b

{EPPV.) to ensure that no bins was introduced by the stundard

order. The vutline for subgroup | patients is given in Fig 1B , CARDIO-RESPIRATORY STEADY - STATE

protocol that involved conversion from PPV to NPV, in that c
, IPPY, NPV, T
TaBte 3. Ventilatory Parameters During IPPY, ! A 1 10 « 0 mins
and N PV| | . t 1 t
Parameter PPy, NPV, masy sper raminpu_lrn Qp o Op
Minute volume, mLkg 150 t0 220 14¢ to 220 prepaeation - monianng
Frequency, breaths/min 1510 22 20to 50 L |
Tidai volume, mL'kg A R ES S5to7? wincdard stucky
P s €1t H, O +17 to +23 -181tn —-24 . _
P o £ H,0 Ota? rilo +4 Fie 1. A, Q, was measured in a cardioraspiratory steady state
Pr. cm K0 +5t0 +9 P during IPPV (IPPV,) and after 15 minutes of NPV (NPV,). B, At the
Prac SURPGLL, &M H,O ' *ato +5 end of a standard study, IPPV was reinstituted, and a third
ressure suppart, 2 measurement of Q, was made 15 minutes later (IPPV,). C, NPV
Fic, 03ta 0.6 031008 was continued at the end of a standard study, and a third
Pnep indlicates inspiratory pressure; /., axpiratory pressure; P, mean measurement of Q, was made after an additional 30 to 45

airway pressure; and Fio,, inspired oxygen fraction, minutes of NPV (NPY,).




TasLE 4. Baseline Hemodynamics During PPV, for
Acute and Convalescent Patients

Parameter {IPPV,] Acute Convalescent P
Age, median y 5.8 6.7 M5
Hb. g/dL 131119 13.4 (1.3} NS
C0.. kPa 4814 47 1.0 NS
Sag.. aorta: % 94.2 (2.8) a7.1{2.2y" 05
Suy, PA: % 56.5 [16.8) 70.2 {5.8 03
Artaniovenous diferencet 7.42.7) 8.3(1.3v 03
Arteriovenous differencet 6.5 (3.0 S.5{14 ay
¥, mL - min ' em® 141 {51) 129 {35} NS
Qo brrmin '-m 7 23010 2.56 (1.0t NS
increase in Q, during NPV, %% A5{19) 47 (281 NS
Base excess =54 {3.1) -0.7 2.0 063
Transpulmonary gradient, mmHg 4.6 {2.5) 3525 NS
LVEDP, mm Hg 89{384 7.8 {3.6) NS
PYAL, U/m? 21012 1.1(t.00 i
HR, tpm 1389 88 28y -2.000%
Stroke volume 21 (9.9 31.7 (13 Ot
Mean arterial pressure, mm Hg 56 {7 654 (7Y 03

NS indicates not statistically significant {P°~ 05}, Hb, hemogtotin; Sad.;,
arterial saturation; Svd., mixed venous saturation: LVEDP, left ventricular
end-diastolic pressure; ¥o,, oxygen consumption; Q. pulmonary blood
fiow index: PVRI, puimonary vascular resistance index: and HA, heart
rate. Values are mean=Si3.

*Statistically significant difference.

tPulmonary arteriovencus oxygen difference (ie, O, content (puimonary
vein minus pulmonary artery] in patients with right-to-left shunt, and Q.
content [systemic artery minus pulmonary artery] in the remainder.

tSystemic arteriovenous difference [systemic artery minus pulmonary
artery].

§Vatue at precperative cardiac cathertization in acute patents.

paticnts were made using the Mann-Whitney &' test. In all
cases, the nuil hypothesis was rejected for values of P>.035.

Results

[n patient 9, the hemodynamic study could not be
compleied. The cuirass was casily fitted with an ade-
quate seal, but the patient desaturated on the start ot
NPV. The possible reasons for this are discussed later.

Baseline Hemodynamic Dats During IPPY,

Baseline data for the two groups of paticnts during
IPPV, are given in Tabie 4. There was no difference in
the mean oxygen consumption between acute and con-
valeseent patients. In the presence of a patent bafile
fenestration in all acute patients, the systemic arterial
oxygen saturation was =3% lower than that in the
convalescent group. The mixed venous saturation was
much lower in the acute patients {56.5=(6.85%) than in
the convalescent group (70.2x5.8%; P=.03). The arte-
riovenous oxvgen difference for pulmonary blood flow
(using pulmonary venous samples for arterial oxygen
content in patients with a right-to-left sbunt) was
7.4>x2.7 mL/dL in acute patients and 5.3* 1.3 mLdL in
convalescent patients (P=.03). The arteriovenous oxy-
gen difference for systemic blood flow (using systemic
arterial samples for arterial content in afl patients) was
6.5+3.0 mL/L in acute patients and 5.3=1.4 mL/dL in
convalescent patients; this did not quite reach a level of
statistical significance (P=.07). Despite having a similar
arterial carbon dioxide ténsion, the acute patients had a
significantly greater metabolic acidosis than the conva-
lescent group.

The mean Q, ranged from 0.56 10 4.6 L+ min™' - m "
in the acute patients, with 2 mean of 23 L-min™ - m ~,

v
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Fig 2. Stroke volume index during standard studies. The
stroke volume was significantly lower for acute patients during
IPPY [IPPV,) and NPV (NPV,). There was a significant improve-
ment in stroke volume during NPV in both groups of Fontan
patients.

and from 1.5 to 4.8 L - min "' - m™" in the convalescent
group, with a mean of L - min™' + m %, There was no
difference in bascline Q, between the two groups (P=.4).
However, the acute patients were significantly more
tachycardic than the convalescents, und thus thetr base-
line “systemic”™ stroke volume index was much lower:
21.4 versus31.7 mL/m” (P=.01; Fig 2).

Standard Studies

With the exception of patient 9, all patients were
ventilated easily during NPV, maintaining stable sys-
temic arterial oxygen and carbon dioxide tepsions. Re-
sults of standard studies are given in Table 3, Mean
oxygen consumption for acute patients increased from
[46+52 to 176=35 mL + min' - m during NPV,
(F=.01), and in convalescent patients, it increased less
markedly: from £25=35 t0 13630 mL - min™ - m -
(P=.07}. Oxygen consumption for the group as a whole
increased from 136=44 to 13647 mL - min ' - m *
during NPV, {P=.01).

The mixed venous oxygen saturations during both
IPPV, and NPV, were significantly lower in acute than in
convalescent patients (£=.03}, but values increased sig-
nificantly during NPV, in both groups: from 5h.6x 6%
to 60.2*+19% in acute patients and from 70.2£3.8% to
77.4+54% in convalescents (£=.02 for both groups).
The mean mixed venous saturation for all patients
inereased from 63.4%13% to 70.1x5.3% during NPV,
{(=.0009).

The arteriovenous difference in oxygen coatent de-
creased significantly in acute {(£=.01) and convalescent
(P=.03) patients during NPV, and combined values for
all patients decreased from 6.3%2.3 10 5.2x24 mL/dL
(P=.0007).

Pulmonary blood Aow increased during NPV, from
23x1210 33219 L-min'- m™? in acute patients and
from 261 to 3.7=1.1 L - min™' - m™? in convalescent
patients (P=.01 for both groups). Pulmonary blood flow
during all standard studies (acute plus convalescent)
increased from 24=1.1 to 3.5+15 L - min™" - m™
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TaoLe 5. Hesults of Standard Studies in All Patients During Initial
Pariads of IPPV, and NPV,
Pararnetar IPPY, NPV, P
Paco, 4.7(1.2) 4.9(1.3) NS .
Sao, (syst art) 88.0(1.8) 98.1 {1.6) - NS
Arteriovenous difference, mL/dL £6.3(2.3) 5.2{2.4) 0007
Acute Cony Acute Cony
7427 5313 8828 39011
Vo, m_-min'-m ? 136 {44) 156 {4T) 01
Acute Canv Acute Conv
146 {52} 125 {35} 176(55) 136 (30
Svo,, % 63.4 (14 70.1 (58.3) Q009
Acuta Conv Acute Conv
56.6 (16} 62.0{19) 70.2(5.8) T7.4(54)
Q. L-min ' m™ 2.4(1.1) 35 (1.9 0002
Acute Conv Acute Conv
226(1.2) 260100 33019 37{LY
HR, bpm 110 {45) 102 (38} NE
Acute Caonv Acute Conv
135 {8) 89 (27 134 {9) 87 2N
Sv,mL-bt"' m? 249013 36.5 {22 <.0001
Acute Conv Acute Cony
21(8.8 31.7(13) 27117 484(21)
Mean PA pressure, sum Hg 10 (2.6} 8.6 (2.8 003
PVRI, U/m? 2001.9) 1.3(1.2% 01
Q,:0, D.as:1 0.78:1 09

Caonv indicates convalescent; Q,:Q,, pulmonary-to-systemic fiow ratio; other abbrewia-

tions as in Table 4.

F values are given for the group as a whale {acute pius convalescent), Selected pakameters
are given separately lor acute and convalascent patients.

(P=.0003. Fig 3), with a mean increase of 42x24%.
There was no significant difference in the increase in
pulmonary blood flow between acute and convalescent
paticnts.

M= 0000

L]

\\\

Qp (1.’n1érvm2 |

[

\

6 i

IPPVI NPY

Fia 3. Q, for all Fontan patients during standard studies in-
creased by a mean of 42% after 15 minutes of NPV. The
increase was independent of baseline values for Q;, during IPPV,.

There was a slight decreasc in pulmonary arterial
pressure during NPV, and this was statistically signifi-
cant (P=0.003). Left atrial (or pulmonary venous) pres-
sure was unchanged, and the pulmonary vascular resis-
tance index decreased from 2.0=1.3 to 1.3=1.2 Wood
units/m” (P=.01).

Heart rate was unchanged during NPV, and stroke
volume for the group as a whole increased during NPV
from 24.9+13 to 36.5=22 mL/m.* with a mean increase
of 44% (P<.0001). The systemic stroke volume of the
acute patients increased from 2188 to 27.2= (3 mL/m’
during NPV (P=.01), and increased from 31.7x13 to
48.4=21 mL/m’ in convalescent patients (P<.01). The
stroke volume was significantly lower for acute patients
during both IPPV, and NPV, {P=.01; see Fig 2). The
right-to-left shunt fraction was unchanged during NPV,

Extended Studies
Subgroup I: IPPV,— NPV PPV,

The hemodynamic data for this subgroup are given in
Table 6. The mixed venous oxygen saturation increased
significantly during NPV,, the increase in oxygen con-
sumption was not significant, and pulmonary blood flow
increased by 43% (Fig 4). After IPPV was reinstituted
(IPPV.}, all parameters tended to return to bascline,
with a significant reduction in mixed venous oxygen
saturation (P=.02) and a fall in oxygen consumption that
did not quite reach a level of statistical significance
(P=.08).

Subgroup 2: IPPV,—NPV,—NPV,
The data for this subgroup are given in Table 7. Mixed
venous oxygen saturation and oxygen consumption both
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Tase 6. Subgroup 1: Hemodynamic Data for 7 Children in Whom a
Third Measurement Was Made After Reinstitution of IPPYV,

Parameter IPPY, NPV, IFPY, P
Vo, 158 (52} 176 (54)* 152 (57) -
Svo, 64.3 (8.4 75.5(7.4)" 7057t
Q, 3.2{1.9 4.5 (1.5)" 3.3 0.8
Change in GQ,, %
PPV, — NPV, +43 {24) .0ooa
NPV, — IPPV; -281{15) 001
IPPV, — IPPV, None NS

See Table 4 for abbreviations. "Sigraficant change from IPPY, to NPY,.

tSignificant change from NEV, to IPPV,.

increased significantly during NPV,. Pulmonary blood
How in this subgroup increased by 36.2% during NPV,
and continued to do so during NPV, with an ultimate
total increase of >53% during a 30- to 45-minute period
of negative pressure ventilation (Fig 5).

Predictors of Hemodynamic Improvement
During NPV

The data from standard studies were examined to
investigale any possibie predictors of the ultimate hemo-
dynamic improvement that could be achicved during
NPV (Table 8). In the convalescent patients, there was
no correlation between the increase in Q, during a
standard study and pulmonary arterial pressure, left
ventricular end-diastotic pressure, transpulmonary gra-
dient, pulmonary vascular resistance, or baseline Q,
during IPPV,. In the acute patients, patients with a
higher preoperative left ventricular end-diastolic pres-
sure (R= 83, P=.02) and a higher postoperative pulmo-
nary arterial pressure (R=.87, P<<.01) tended to derive a
greater improvement during NPV. Fig 6 shows the
correlation between increase in pulmonary blood flow
and postoperative pulmonary arterial pressures in the
acute paticnts.

7
£ = 0.0 P00l
]
4
.-a'E‘
e 4
E
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L L) |
BV, NPV, PPV,

Fia 4. Subgroup 1: Q, for patients in whom a third measure-
ment was made after rainstitution of IPPV (IPPV.) at the end of a
standard study. Values returned toward baseline when NPV was
discontinued.

Discussion

This study showed that a brief period of cuirass NPV
increased the pulmonary blood flow of patients with the
Fontan circulation by 42% and that the improvement
was not only sustained but further continued if the
period of NPV was extended, The mixed venous satura-
tion increased significantly, and improvement in cardiae
output was achieved by an augmentation in stroke
volume with the heart rate remaining constant.

Although pulmonary blood flow is a marker of total
cardiac output, many of the patients in this study graup
had a significant right-to-left shunt, so pulmonary and
systemic flow were not always equal. For this reason,
before a discussion of clinical implications of the study,
it is necessary to reemphasize that NPV did not alter the
shunt fraction. [n other words, the putmonary biood flow
did not increase at the “expense” of the systemic blood
flow during NPV, so one can reasonuably surmise that
changes in pulmonary biood fow accurately represented
changes in the systemic cardiac output.

Patient 9 could not effectively be ventilated using
NPV, This child was receiving cyclical peritone! dialysis
and was one of the first patients on the intensive care
unit to be included in this study. In retrospect, a likely
explanation for poor gas exchange was that the increase
in intraperitoneal Auid must have significantly compro-
mised the potential for diaphragmatic movement—an
impertant component of effective NPV, The use of
continuous “cross-flow” peritoneal dialysis in subse-
quent cases in which children were receiving therapeutic
NPV (not reported here} has reassuringly avoided the
large shifts in intraperitoneal volume, allowing NPV to
be effectively combined with supplementary renal
support.

Baseline Hemodynamics

The baseline cardiac output of the acute and conva-
fescent patients during [PPY were very similur. Implicit
in this comment lies the inference that the convalescem
patients had a low cardiac output. Why should this be
so? Was their cardiac output significantly reduced by the
very conservative levels of IPPV used in this study? This
would seem unlikely, and there was no reason why the
cardizc output of convalescent patients should have
been any mere affected by IPPV than that of the acute
patients. Furthermore, it is widely accepted that Fontan
patients have a lower resting cardiac output than healthy
individuals," and indeed the baseline cardiac index and
stroke volume of the ventilated convalescent patients in
this study are comparable to measurements made in
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TagLE 7. Subgroup 2: Hemodynamic Data for 6 Patients Who

Received an Extended Period of NPV

Parameter IPPY, NPV, MPY, o

Vo, 156 {42) 176 (49) 175 (55}

Svo, 60.2 (10) 66.7 (121" 689111 -

Q, 250.7 3.4(1.4) 33{1.2

increase in Q,, %
IPPV, — NPV, 36.2 (16) Q2
NPV, — NPV, 18.0 18) o
IPPV, — NPV, 33617 o1

See Taole 4 for abbreviations.

*Significant change fram IPPY, to NPY,.

other studies of spontaneously breathing Fontan pa-
ticnts.'"™'"™ The baseline values in this study were an
expression of the cardiovascular responses under very
specific {and quite different) conditions in the two
subgroups. In the wcute patients, there was a higher
resting metabolic demand with a consequent need for an
appropriate augmentation of cardiac output. This re-
sponse may, however, have been inadequate because
this group had a greater metabolic acidosis and higher
arteriovenous oxygen differerce. The metabolic de-
mands of the anesthetized convaleseent patients, wha, in
contrast, were not gcidotic and had a lower arterio-
venous oxygen difference (and therefore oxvgen extrac-
tion), were presumabily much less at the time of study,
and in the simplest terms, these paticnts may not “have
needed” a higher cardiac output, All of the agute
paticnts were receiving vasoactive drugs. and although
these agents generally offer little beneficial clinical effect
on the systolic ventricular tunction or the peripheral
vascutar tone of Fontan patients. their presence would
almost certainly have contributed to the marked
tachycardia, From this point foliows the observation that
although the total pulmonary blood How was simitar in
bath paticat groups. the stroke velume of convalescent
patients was significantly higher than that of the tachy-
cardic acute patients, suggesting that there were impor-
tant differences both in the mechanisms for the mainte-
nance of a given cardiac output and tor the degree of
hemodynimic reserve  that was present in the two
suhgroups.

Moo

T oo

12

N

t 1 i
IPI'\'I .'\II‘\I'I NP

L]

Fia 5. Subgroup 2: Q, for patients in whom the period of NPV
was extended after comnpletion of a standard study. A third
measurement was made after an additional 30 to 45 minutes of
NPV {NPY;).

Mechanisms for [ncreases in Puimonary Blood
Flow During NPV in Fontan Patients

The cardiac output of all individuals theoreticatly can
be improved by inereasing the heart rate. stroke volume,
or, indeed, both. The cardiac output of children in
generad is more heart rate than stroke volume depen-
dent, but an exaggeration ot this “narmai™ phenemenon
is seen in Fontan patients who even at rest tend to have
a taster heart rate than healthy control subjects.'” Simi-
tarly, the chronotropic augmentation of cardiac output
N response o an increase in metabolic demand—Ilor
examnple, during exercise or atter cardiopulmonary by-
pass—predominates, [n contrast, an increase o stroke
volume in either respanse to endogenows demand or by
exogenuus manipulation s much more difficult to
achieve in Fontan patients and is often unchanged or
can even be reduced during exercise,™ ™ There are a
number of patential reasans for this. First, the systemice
ventricle has been chronicslly volume loaded preopera-
tively, and changes in ventricular geometry™ and re-
gional abnormalities of wall motion™ after surgery affect
systolic and diastolic functivns. Second, the combination
of a relatively high systemic venous pressure—a neces-
sary driving force in the Foolan circulation—aad
generally fow cardiae output results in an clevated
systemic vascular resistunce, which by increasing the
total aftertoad limits the potential for an increase in
stroke volume. In addition. individual paticnts will be
further limited if there is more overt systenic ventricular
dysfunction ur their pulmonary bluod How is restricted
by conduit obstruction," an abnormat pulmonary vascu-
lar response. or an elevated left ventricular end-diastolic
pressure.

TABLE B. Results of Regression Analysis to Evaluate
Possible Predictors of Quantity of Increase in
Pulmonary Biood Flow During Standard Studies in
Acute and Convalescent Fontan Patients

Acute Convalescent
Parameter A P R P
FA prass a3 a2 -.26 NS
LVEDH B8 009 14 NS
TPG 483 NS
Baseline Gp .02 M3 -.51 RH
PYRL .68 08 25 NS

See Table 4 for abbreviations,

Puimonary arterial (PA} pressure, transputmonary gradient (TRG), Q,,
and PVAI are given during baseline IPFA,,

‘LVEDP at preocperative cardiac cathetenzation is given for acute
patients, and vatues dunng current cardiac cathelerisation are given for
convalescent patients.
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Fia 6. Relationship between mean postoperative puimanary

arterial {PA) pressure during baseline IPPV and increase in
puimonary blood flow during NPV in acute Fontan patients. A
streng and positive correlation existed between postoperative
PA pressures and the increase in pulmonary blood flow during
NPV, suggesting that children with higher postoperative PA
pressures were likely to benefit more from NPV,

Clearly, however. this study tests the therapeutic
benetits of manipulation of the interplay between pul-
monary blood How and spontaneocus and mechanical
ventilation in Fontan patients. It is now well known that
spontaneous inspiration enhances pulmonary blood How
and stroke volume in both atriopulmonary and total
cavopulmonary circulations.™ We previously speculated
that the work of breathing may be one of the more
significant sources of encrgy in the latter circulation,
both at rest and during exercise.® Given that these
patients are normally so dependent on physiological
respiration to maintain pulmonary blood flow, one might
have expected to see an even greater enhancement of
cardiac output than that seen during negative pressure
ventitation. The first important obscrvation was that in
subgroup 1, the pulmopary blood flow contitued to
increase tf the period of NPV was extended. Presumably,
there must lie a plateau (which has not been demon-
strated here) beyond which cardiac output can no fonger
continue to improve, and this maxamal improvement
may exceed that which we have shown. It woeuld have
been interesting to have further lengthened the period
of NPV to explore this hypothesis, However. in the
catheter laboratory, the constraints of time with paticnts
under general anesthesia would not allow a longer study
period. In the intensive care unit, the assumption of a
steady state for a longer period so soon after cardiopul-
monary bypass, aside from the fact that blood transfu-
sion, colloid administration. or chest physiotherapy is
often required, would have rightly exposed the protocol
1 critiism.

Nevertheless, in patients whose totaf cardine output is
normally so dependent on heart rate, an improvement of
>50% in pulmonary blood flow and stroke volume atone
coupled with a marked rise in mixed venous saturation is
probably unmatched by <any other current therapeutic
alternative that is available and applicable to this com-
plex group. In this study, the improvement in cardiac
output during NPV was comparable to the maximal
response demonsirated in exercising Fontan patients,'"
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further cmphasizing the potential for exploitation of
cardiue vutput during NPV.

Although the average rise in cardiae output was
>3 i extended studies, the range of increase in
cardine output during NPV was between 109 and (007,
The individuat response to NPV was difficult to predict.
There was no relationship between the improvement in
cardiae output during NPV and any hemodynamic pa-
rameters that we though may have infuenced this in the
convalescent patients. In the acute patients, howewver,
possibly a very encouraging finding was that the im-
provement in pulmonary blood flow was completely
independent of baseline pulmonary blood flow at the
onsel of the study. In addition, patients with a higher
postoperative pulmoenary arterial pressure seemed to
benetit more from NPV, A similar relationship was seen
in those patients who had a higher preoperative left
ventricular end-diastelic pressure. underscoring the de-
sirability of an improvement in diastolic flling of the
ventricle by directly increasing pulmonary bivod flow.
Onc might speculate, therefore, that NPV may be of
most benefit to patients who had higher risk factors for
pustoperative morbidity. It is impaortant @ mention,
however, that all of the acute paticnts had relatively
favorabie postoperative hemodynamics, with no child
having a pulmonary arterial pressure of =16 mm Hg.

Conclusions

Patients who have undergone Fontan-like operations
often have signs of a low cardize output state in the carly
postaperative period. Obviously in the presence of sys-
temic ventricular dysfunction, a degree of pharmacoloy-
teal myocardial and renal support muy be desirishle, but
often the unwanted side effects of inotropes, such as an
increase in pulmonary and systemnic vascular resistance
or inappropriate tachyeurdia, are superimposed on their
positive hemodynamie influences. These effects can be
particularty detrimental to the sensitive Fontin circulu-
tion, and a nonpharmacological approach may be very
desirable under these circumstances.

NPV improved the cardiac output of Fontan patients
by manipulating the important cardiopulmaonary inter-
actions that exist in this paticnt group to produce a
highly significant increase in stroke volume, the degree
uf which may be unrivaled.
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