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Objective: Quantification of myocardial injury after the simplest pediatric
operations by load-independent indices of left ventricular function, using
conductance and Mikro-Tip pressure catheters (Millar Instruments, Inc.,
Houston, Tex.) inserted through the left ventricular apex. Methods: Sixteen
infants and children with intact ventricular septum undergoing cardiac
operations had left ventricular function measured, immediately before and
after bypass. Real-time pressure-volume loops were generated by conduc-
tance and Mikro-Tip pressure catheters placed in the long-axis via the left
ventricular apex, and preload was varied by transient snaring of the
inferior vena cava. Results: Good quality pressure-volume loops were
generated in 13 patients (atrial septal defects, n 5 11; double-chambered
right ventricle, n 5 1; supravalvular aortic stenosis, n 5 1; age 0.25 to 14.4
years, weight 3.1 to 46.4 kg). Their mean bypass time was 41 6 14 minutes
and mean aortic crossclamp time 27 6 11 minutes. End-systolic elastance
decreased by 40.7% from 0.34 6 0.17 to 0.21 6 0.15 mm Hg–1 z ml–1 z kg–1

(p < 0.001). There were no significant changes in the slope of the stroke
work–end-diastolic volume relationship, end-diastolic elastance, time con-
stant of isovolumic relaxation, and normalized values of the maxima and
minima of the first derivative of developed left ventricular pressure.
Conclusion: Load-independent indices of left ventricular function can be
derived from left ventricular pressure-volume loops generated by conduc-
tance and Mikro-Tip pressure catheters during the perioperative period in
infants and children undergoing cardiac operations. Incomplete myocar-
dial protection was demonstrated by a deterioration in systolic function
after even short bypass and crossclamp times. (J Thorac Cardiovasc Surg
1998;115:77-83)

Ignorance of the cause of postoperative myocardial
dysfunction in the immature heart is compounded

by the incomplete myocardial protection afforded by

current cardioplegic strategies.1-5 Investigations of
the mechanisms and treatment of postoperative
ventricular dysfunction are hampered by use of
nonspecific clinical end points as indirect estimates
of ventricular function, for example, requirement
for inotropic agents, duration of ventilation, inten-
sive care unit stay, and mortality. These clinical
indices are relatively insensitive to changes in ven-
tricular function and necessitate large cohorts of
patients to detect even major differences in outcome
from differing myocardial protective strategies.

To measure left ventricular function optimally
during the perioperative period, with its dramatic
changes in loading conditions, necessitates the use
of load-independent indices of systolic and diastolic
function. In infants and children with an intact
ventricular septum undergoing cardiac operations
(mainly atrial septal defect closure), we report the
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changes in left ventricular function assessed from
the pressure-volume plane with the use of a conduc-
tance catheter and Mikro-Tip pressure catheter
(Millar Instruments, Inc., Houston, Tex). In animal
and human studies the conductance catheter is
placed in the long axis of the left ventricle, most
commonly through the aortic valve, with the use of
retrograde arterial cannulation or aortotomy.6-11

This is clearly impractical in children undergoing
bypass procedures, and in this study we report the
first clinical use of custom-built miniature catheters
placed in the same long axis, but via the left
ventricular apex.

Methods

Patients. Study design and consent forms were ap-
proved by the Royal Brompton Hospital Ethics Commit-
tee. Informed consent was obtained for 16 consecutive
children with intact ventricular septum undergoing car-
diac operations. Patients with primum atrial septal defect
did not have left heart inflow obstruction and had no more
than trivial left atrioventricular valve regurgitation on
echocardiography. In three patients technically adequate
recordings could not be obtained, and they were excluded
from further analysis. Characteristics of the 13 children
used for data analysis are given in Table I.

Cardiopulmonary bypass and myocardial protection.
All patients received a standardized anesthetic protocol:
induction with isoflurane gas and maintenance with pan-
curonium, fentanyl, and isoflurane. They underwent bica-
val and ascending aorta cannulation, and subsequently
core cooling was begun during bypass to 25° to 28° C.
Each patient was prospectively randomized to receive
either blood cardioplegic or cold crystalloid cardioplegic
solution (St. Thomas’ Hospital solution 1, 20 ml/kg)
delivered by the perfusionist into the aortic root at 40 mm
Hg, after aortic crossclamping. The blood cardioplegic
solution was a nondiluted, high-hematocrit solution with a

20 mmol/L concentration of potassium and a 0.4 mmol/L
concentration of magnesium. Arrest was induced by warm
blood and maintained with cold blood (5° to 8° C).
Cardiopulmonary bypass flow was 150 ml/kg per minute
(weight , 10 kg) or 2.4 L/m2 per minute (weight . 10 kg).
Hemodilution was to a hemoglobin concentration of 8 to
9 gm/dl. At the end of the procedure the crossclamp was
removed and rewarming begun on bypass. The mean
postbypass hemoglobin value was 9.3 gm/dl. The ionized
calcium level was maintained at 1.0 mmol/L before and
after bypass, and boluses of calcium were given no closer
than 15 minutes before measurements. All postbypass
measurements were made before protamine was given.
Patient 1 received dopamine 10 mg–1 z kg–1 z min–1 before
and after bypass. None of the other patients had any
inotropic agents before or after the operation.

Assessment of left ventricular function. The conduc-
tance catheter has been extensively validated for left
ventricular volume measurement. Details of the theory
and practical application of the conductance catheter are
presented elsewhere.6-11 Left ventricular function was
assessed with the patient’s chest and pericardium opened
with ventilation stopped at end-expiration, immediately
before the start of cardiopulmonary bypass, and then
repeated at the end between 5 and 10 minutes after
bypass. Real-time left ventricular pressure-volume loops
were generated with the use of a conductance catheter
and Mikro-Tip pressure catheter (2F) inserted through
the left ventricular apex and secured with a pledget and
purse-string suture. The conductance catheters were cus-
tom built (NuMed Inc., Hopkinton, N.Y.) single-field 3F
(interelectrode distance 0.36 to 0.50 cm) or 5F (interelec-
trode distance 0.71 cm) catheters with eight platinum ring
electrodes. Conductance catheters of the appropriate size
were selected on the basis of the measured left ventricular
long axis from the parasternal long-axis view of the
preoperative echocardiogram. The conductance catheter
was manipulated until all five segmental volumes were
in-phase and a counterclockwise rotating pressure-volume
loop was formed, demonstrating that the conductance
catheter was not in the left atrium or aorta and

Table I. Patient characteristics

Patient
Age
(yr) Diagnosis

Bypass
duration (min)

Crossclamp
duration (min) Cardioplegia

1* 0.2 Primum ASD 62 31 Blood
2 1.3 Primum ASD 59 48 Blood
3 3.2 Secundum ASD 49 34 Crystalloid
4 4.1 Double-chambered RV 40 23 Crystalloid
5 4.4 Secundum ASD 33 17 Crystalloid
6 5.1 Secundum ASD 30 20 Blood
7 5.1 Secundum ASD 35 25 Blood
8 5.2 Primum ASD 33 24 Crystalloid
9 6.6 Primum ASD 69 48 Blood

10 7.4 Secundum ASD 26 15 Crystalloid
11 7.5 Supravalvular AS 40 26 Blood
12 12.1 Secundum ASD 32 20 Crystalloid
13 14.4 Secundum ASD 29 23 Crystalloid

ASD, Atrial septal defect; RV, right ventricle; AS, aortic stenosis.
*Patient 1 died as a result of a hypoplastic lung and pulmonary hypertension.
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therefore must lie within the long axis of the left ventricle.
All volume measurements were corrected for blood resis-
tivity and parallel conductance, and each of these was
determined before and after bypass (Table II). Parallel
conductance was determined by the hypertonic saline
method6 with the use of an injection of 0.5 to 2.5 ml of
20% sodium chloride into the pulmonary artery. Preload
was varied by transient (10 seconds) snaring of the inferior
vena cava.

The conductance catheter signal encoding volume and
electrocardiographic data was fed to a stimulator/proces-
sor unit (Sigma -5-DF, CardioDynamics International
Corporation, San Diego, Calif.) and then to a committed
microcomputer, where it was integrated with the amplified
pressure signals (Fylde Isotransducer Amplifier) in cus-
tom-designed software.

Data analysis. From left ventricular pressure-volume
loops generated under varying preloads, the end-systolic
pressure-volume relationship, stroke work–end-diastolic
volume relationship (preload-recruitable stroke work),
and end-diastolic pressure-volume relationship were de-
rived. Ventricular volumes tend to increase more than
ventricular pressures with increasing body size. Indexation
of end-systolic elastance (Ees) in human beings by body
surface area does not decrease the between-subjects vari-
ance,12 and inasmuch as end-systolic volume is a linear
function of body and heart weight,13 both the end-systolic
(Ees) and end-diastolic elastance (Eed) measurements
were indexed to body weight, to allow group analysis of
data from children of greatly differing sizes.12 The slope of
the stroke work–end-diastolic volume relationship (Mw) is
relatively independent of chamber size and was not in-
dexed to body weight.14 The end-diastolic pressure-
volume relationship was fitted with a straight line and
by an exponential relationship of the form Ped 5 A 1
Bexp(kVed), where Ped and Ved are the end-diastolic
pressure and volume, respectively, and A, B, and k are
constants. Load-dependent indices were also obtained
from steady-state pressure-volume loops: tau (t), the time
constant of isovolumic relaxation; dp/dtmax and dp/dtmin.
Dp/dtmax and dp/dtmin were normalized by dividing by the

maximal developed pressure (Pmax) and the end-systolic
pressure (Pes), respectively, to give (dp/dtmax)/Pmax and
(dp/dtmin)/Pes.

15 Each patient acted as his or her own
control, and preoperative and postoperative values for the
indices of left ventricular function were compared by
means of a paired t test. The null hypothesis was rejected
if p , 0.05. Results are presented as mean 6 standard
deviation.

Results

Except for patient 1, all patients were extubated
within a few hours of the operation. Patient 1 was
known to have a severely hypoplastic lung with
pulmonary hypertension and continued to receive
ventilatory support until treatment was withdrawn
on the eighth postoperative day. There was no
difference in clinical course between the three pa-
tients (all with secundum atrial septal defects) in
whom technically adequate recordings could not be
achieved and the remaining 13 patients used for
analysis. During the course of the past 2 years our
catheter specifications have changed to a stiffer
catheter with a reinforced core that diminishes
catheter whip (conformational and spatial change
during the cardiac cycle), although the catheter
remains flexible enough to use in a small heart.
Catheter whip leads to artifactual changes in ven-
tricular volume and bizarre loop patterns, for exam-
ple, a figure of eight. It is essential to measure the
echocardiographic left ventricular long axis to en-
sure that a catheter with appropriate total interelec-
trode distance is selected, which helps to ensure that
if the catheter is not in the left atrium or aorta (from
the phase of the segmental volumes and direction of
rotation of the pressure-volume loops) it will lie

Table II. Perioperative changes in temperature, heart rate, blood resistivity (rho), and parallel conductance (Vc)

Patients

Before bypass After bypass

Temp.
(°C)

Heart
rate

Rho
(V/cm)

Vc
(ml)

Temp.
(°C)

Heart
rate

Rho
(V/cm)

Vc
(ml)

1 34.6 154 119 50.2 35.4 173 117 57.1
2 34.2 146 150 47.8 37.2 157 123 52.4
3 34.4 129 146 69.2 36.7 129 131 70.1
4 35.5 135 140 114.5 37.1 138 146 142.9
5 34.8 128 146 50.6 37.7 124 101 52.2
6 34.2 107 127 40.0 35.0 121 111 34.6
7 32.1 131 139 25.6 36.1 155 129 32.5
8 35.5 128 142 24.7 36.7 140 131 30.9
9 35.0 110 162 28.2 36.6 125 113 34.1

10 34.6 109 148 29.2 31.6 125 112 60.5
11 34.7 113 170 18.9 35.9 123 144 29.6
12 34.5 103 157 26.0 35.1 100 136 44.8
13 34.2 110 164 83.4 36.6 65 126 87.1
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approximately along the whole of the left ventricular
long axis.

For the group overall, postbypass heart rate and
temperature had increased 4.1% and 4.8%, respec-
tively. Fig. 1 demonstrates a representative family of
left ventricular pressure-volume loops generated by

snaring of the inferior vena cava before (Fig. 1, A)
and after the operation (Fig. 1, B). The end-systolic
pressure-volume relationship determinations had a
mean R2 5 0.78 (mean of 13 3 2 regressions) and
the end-diastolic pressure-volume relationship re-
gressions had a mean R2 5 0.81 (mean of 8 3 2

Fig. 1. Left ventricular pressure-volume loops while the inferior vena cava is being snared, showing a
decrease in Ees from 2.30 mm Hg/ml before bypass (A) to 0.93 mm Hg/ml after bypass (B).
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regressions; five patients were excluded because
either their prebypass or postbypass determinations
had r # 0.7). For the group as a whole, Ees
decreased by 40.7% from 0.34 6 0.17 to 0.21 6 0.15
mm Hg ml–1kg–1 (p , 0.001, n 5 13, mean R2 5
0.78). The end-diastolic pressure-volume relation-
ship was adequately represented by a straight line
(mean r2 5 0.81) and there was no significant
change in Eed (Table III). With an exponential
description there was no improvement in the overall
closeness of fit (mean r2 5 0.81), and again there
was no significant change in the end-diastolic pres-
sure-volume relationship before and after bypass
(prebypass A 5 –43.1 6 74.8, postbypass A 5
–1.67 6 22.5, p 5 0.20; prebypass B 5 44.7 6 72.5,
postbypass B 5 7.8 6 19.6, p 5 0.23; prebypass k 5
0.21 6 0.46, postbypass k 5 0.28 6 0.39, p 5 0.79).
There was no significant change before and after
bypass in Mw (prebypass 5 67.40 6 39.23 mm Hg
ml–1, postbypass 5 76.38 6 49.57 mm Hg ml–1, p 5
0.75). There was essentially no change in (dp/dtmax)/
Pmax (p 5 0.17), (dp/dtmin)/Pes (p 5 0.24), and t (p 5
0.76). There was no relationship between perioper-
ative deterioration in the indices of ventricular
function and cardiopulmonary bypass time, aortic
crossclamp time, type of cardioplegia, and age.

Discussion

Although extensive animal literature is available
on the effects of global ischemia and cardiopulmo-
nary bypass on left ventricular function, there are
substantial interspecies differences, and the rele-
vance of these studies to the immature human heart
with structural defects is questionable.16 Previous
clinical pediatric studies have suggested incomplete
myocardial protection based on the depletion of

adenosine triphosphate2, 3 and evidence of free rad-
ical generation and histologic damage4, 5 in myocar-
dial biopsy specimens. Attempts to assess ventricu-
lar function were forced to infer this indirectly, by
demonstrating low cardiac output17-20 or an ob-
tunded increment in cardiac output in response to
volume.21 More recently in adult patients, load-
independent indices of left ventricular function have
been derived from pressure-volume loops22, 23 or
analogous indices from pressure-area loops,24 allow-
ing direct quantitation of impaired systolic and
diastolic chamber function. To our knowledge this is
the first attempt to quantitate perioperative load-
independent indices of left ventricular function in
children undergoing cardiac operations. Our inten-
tion is not to suggest that routine atrial septal defect
closure results in clinically significant left ventricular
dysfunction in the perioperative period, but rather
to present a technique that can detect even mild
ventricular dysfunction.

A significant 38.2% decrease in Ees was noted,
reflecting a deterioration in systolic function in this
study. It is reassuring that this degree of change in
systolic function has also been found in adult studies
in which different methods were used15, 22-26 and
that our data for Eed and normalized values for
dp/dtmax and dp/dtmin are similar to previously pub-
lished values.15, 22, 23 The absence of a significant
change in Eed is attributable to our study design, in
which all measurements were made in the presence
of an open chest and a widely open pericardium,
thus diminishing the magnitude of change in the
end-diastolic pressure-volume relationship, but al-
lowing better evaluation of the true myocardial
end-diastolic pressure-volume relationship. The ab-
sence of a statistically significant change in preload-

Table III. Perioperative changes in left ventricular function

Before bypass After bypass
Relative change

(%)

Ees 0.34 6 0.17 0.21 6 0.15 240.7
(mm Hg z ml21 z kg21) (p , 0.001)
Eed 0.06 6 0.11 0.10 6 0.19 78.3
(mm Hg z ml21 z kg21) (p 5 0.57)
Mw 76.38 6 49.57 67.40 6 39.23 211.1
(mm Hg z ml21) (p 5 0.75)
(dp/dtmax)/Pmax 8.35 6 1.42 8.99 6 1.29 7.7
(sec21) (p 5 0.17)
(dp/dtmin)/Pes 11.75 6 3.19 10.92 6 2.4 27.1
(sec21) (p 5 0.24)
t 45.8 6 18.6 44.3 6 12.8 23.3
(sec21) (p 5 0.76)

Ees, End-systolic elastance; Eed, end-diastolic elastance; Mw, slope of the stroke work–end-diastolic volume relationship; (dp/dtmax)/Pmax, maximal value of
time derivative of left ventricular pressure normalized by maximal developed pressure; (dp/dtmin)/Pes, minimal value of time derivative of left ventricular
pressure normalized by end-systolic pressure; t, time constant of isovolumic relaxation.
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recruitable stroke work, we believe, is due to the
known decreased sensitivity of this index in compar-
ison with Ees in detecting changes in contractility.27

For example, in a study in anesthetized dogs with a
lateral thoracotomy and open pericardium, a dopa-
mine concentration of 6 mg/kg per minute increased
Ees 80% whereas the Mw increased only 26%.27 In
our study Ees decreased by 38.2% and Mw de-
creased by 11.1%, suggesting a proportionate
change in both indices. These observations are
consistent with clinical experience that this degree
of change in these indices reflects only mild deteri-
oration in ventricular function. Load-dependent in-
dices of ventricular function used in this study
(dp/dtmax, dp/dtmin, and t) measure rates of pressure
change, albeit during different phases of the cardiac
cycle. Pressure is measured extremely accurately by
current Mikro-Tip pressure catheters, and the ab-
sence of a statistically significant perioperative change
in any of these indices demonstrates their dependence
on loading conditions, which in this clinical situation
vary dramatically between time points and patients.
Clearly with more extreme myocardial injury, the
dominant influence on these indices may become
cardiomyocyte performance rather than loading
conditions, but this again emphasizes their lack of
sensitivity as functional indices.

Some methodologic considerations regarding the
application of this technique are worthy of com-
ment. The apical approach for conductance catheter
insertion has been validated in an animal model,9-11

and our group has validated left ventricular parallel
conductance measurement in the perioperative pe-
riod for infants and children with intact ventricular
septum and for those with ventricular septal de-
fects.28 The quality of the recordings and ventricular
function data can be striking in good studies. None-
theless, in our initial experience in these patients
and others with more complex lesions, we found it
was not possible to obtain technically adequate
recordings in about 15% to 20% of cases. With a
stiffer catheter our failure rate approaches 10%,
with the major current limitation on achieving good
recordings being patient instability. However, at
present, combined use of conductance catheters and
micromanometers in the perioperative setting re-
main research rather than clinical tools. As with
other animal and clinical studies, alpha, the dimen-
sionless gain constant relating conductance-derived
volumes to a reference method, was assumed to be
unity.6-10 Although not measured in this study, we
believe alpha would have remained relatively con-

stant between measurements as the conductance
catheter lay along the left ventricular long axis on
both occasions. By using a catheter with total inter-
electrode distance similar to the left ventricular long
axis, we ensured that if all the segments were in
phase the catheter would lie along the long axis.
Once a satisfactory position was found, the catheter
was firmly tethered at the left ventricular apex. Care
was taken to ensure minimal handling of the left
ventricle, and this was rendered easier by all oper-
ations not requiring ventricular surgery. Clearly for
more complex hearts it would be preferable to
measure alpha, particularly when large changes in
ventricular size and geometry may be anticipated
(e.g., with an intraoperative flow probe, before and
after a Fontan operation).

Although it is appreciated that the conductance
technique has its own deficiencies, relatively few
alternatives are available for clinical studies in small
children. Two-dimensional echocardiography allows
excellent qualitative assessment of ventricular func-
tion, which suffices for clinical purposes. However,
quantitative measurements from pressure-area
loops or wall stress analysis all entail geometric
assumptions that are particularly suspect in congen-
ital heart disease. In addition, echocardiographic
planimetry can be extremely difficult in malformed
hearts with complex chamber geometry, hypertro-
phy, or incoordinate contraction, which is prominent
in the reperfusion and postoperative periods.15, 29 It
has previously been shown in this situation that
M-mode–derived indices of ventricular function are
critically dependent on the echo plane used.30 Tis-
sue marking by ultrasonic crystals for dimension
measurement is limited to use with the chest open,
and crystals allow dimension measurement in only
one or a limited number of chords, again making
them vulnerable to incoordinate contractions. Con-
ductance catheter techniques overcome these geo-
metric considerations by measuring chamber vol-
ume as the time-varying conductance because of the
time-varying blood pool contained within that cham-
ber. However, the current apical approach for con-
ductance catheter placement is also limited to use
with an open chest. In conclusion, we have demon-
strated that mild ventricular dysfunction can be
quantified by load-independent indices derived from
left ventricular pressure-volume analysis, using a
conductance catheter and Mikro-Tip pressure cath-
eter. Even in these brief operations, which represent
the simplest model of pediatric cardiac surgery,
there is evidence of incomplete myocardial protec-
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tion. This technique has the potential to refine our
assessment of clinically significant ventricular dys-
function after more complex cardiac operations and
guide the development of improved strategies of
myocardial protection.

Many thanks to R. S. Szwarc for providing analytical
software.
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