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Abstract

In vivo *'P nuclear magnetic resonance (NMR) spectroscopy of
the right ventricular (RV) free wall was employed to determine
(a) whether phosphorus energy metabolites vary reciprocally
with workload in the RV and (b) the mechanisms that limit RV
contractile function in acute pressure overload. In 20 open-
chest pigs, phosphocreatine (PCr)/ATP ratio (an index of en-
ergy metabolism inversely related to free ADP concentration),
myocardial blood flow (microspheres), and segment shortening
(sonomicrometry, n = 14) were measured at control (RV sys-
tolic pressure 31+1 mm Hg), and with pulmonary artery con-
striction to produce moderate pressure overload (RV systolic
pressure 45+1 mm Hg), and maximal pressure overload before
overt RV failure and systemic hypotension (RV systolic pres-
sure 60+1 mm Hg). With moderate pressure overload, PCr/
ATP declined to 89% of control (P = 0.01), while contractile
function increased. Adenosine (n = 10, mean dose 0.16 mg/kg-
min) increased RV blood flow by an additional 41% without
increasing PCr/ATP, indicating that coronary reserve was not
depleted and that the decrease in PCr/ATP from control was
not due to ischemia. With maximal pressure overload and incip-
ient RY failure, PCr/ATP fell further to 81% of control and RV
blood flow did not increase further, even with adenosine. Thus:
(a) The decline in PCr/ATP with moderate RV pressure over-
load, without evident ischemia or contractile dysfunction, sup-
ports the positive regulation of oxidative phosphorylation by
ATP hydrolysis products. (5) Depletion of RV coronary flow
reserve accompanies the onset of RV failure at maximal pres-
sure overload. (J. Clin. Invest. 1992. 89:909-918.) Key words:
coronary circulation « energy metabolism « myocardial contrac-
tion « pulmonary artery » pulmonary heart disease

Introduction

The relationships between energy metabolism, blood flow, and
mechanical function of the left ventricle have been studied ex-
tensively in recent years (1, 2). Nuclear magnetic resonance
(NMR)' spectroscopy has been an important tool in many of
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these investigations, providing a repetitive, nondestructive as-
sessment of key myocardial metabolites.

In contrast, little is known of the energetics of the right
ventricle (RV) in vivo. In addition to major differences in the
structure, function, and perfusion of the two ventricles, there is
considerable in vitro evidence of biochemical dissimilarities,
suggesting differences in both the generation and utilization of
chemical energy. For example, the RV has been found to have
a lower mitochondrial density (3), a lower maximal rate of
substrate oxidation (4), lower activities of lactate dehydroge-
nase (5) and creatine kinase (6), and a higher ratio of a/8 myo-
sin heavy chain isoforms (7, 8). These differences may repre-
sent adaptations to the lower metabolic requirements of
the RV.

The goals of the current study were both methodologic and
physiologic. The methodologic goal was to develop and imple-
ment techniques for in vivo 3'P NMR spectroscopy of the RV
in an intact animal model. To date, NMR spectroscopy has not
been employed to investigate RV energetics, in part because of
difficulty obtaining sufficient NMR signal from the thin RV
free wall. The NMR signal obtained in previous studies with a
transvenous catheter coil (9) arose predominantly from the in-
terventricular septum, rather than the RV free wall.

The physiologic goals of this study were twofold: The first
was to determine whether levels of phosphorus energy metabo-
lites vary with changes in RV workload. Such findings would
support the hypothesis that levels of ATP hydrolysis products
(i.e., ADP and/or inorganic phosphate) increase at higher
workloads to serve as positive regulators of myocardial oxida-
tive phosphorylation. Although data from isolated mitochon-
dria and skeletal muscle support such a regulatory mechanism
(10), studies of the left ventricle have yielded results which
appear to depend on the age and species of animal (11-16). In
large animals such as the dog (11, 15), adult sheep (12), and pig
(16) increases in left ventricular workload have not been accom-
panied by altered levels of phosphorus energy metabolites.

The second physiologic goal of the current study was to
determine the mechanisms responsible for RV failure in acute
pressure overload. Unlike the left ventricle, the RV is quite
limited in its capacity to respond to an acute increase in after-
load. The normal human RV is unable to generate systolic
pressures in excess of 50-60 mm Hg, at which point RV failure
ensues. The mechanism of RV failure in acute pressure over-
load is uncertain, but may result from primary mechanical
failure of individual contractile elements subjected to excessive
load, or from ischemia of the RV wall (17, 18). Alternatively,
primary energetic failure could occur, even in the absence of
ischemia, if levels of RV high-energy phosphates fall or ATP
hydrolysis products rise excessively at high workloads. By anal-
ogy, a major mechanism of fatigue in skeletal muscle is thought
to be rising levels of inorganic phosphate (19). This study
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sought to determine which of these mechanisms predominates
in acute RV pressure overload, by simultaneous measurement
of RV phosphorus metabolites, contractile function, and blood
flow. In addition, blood flow measurements during adenosine
infusion provided an assessment of RV coronary vasodilator
reserve and the effect of increased RV perfusion on energy
metabolism.

Methods

Design and testing of the right ventricular surface coil. An elliptical (3.5
X 1 cm) 2-turn phosphorus spectroscopy surface coil was specially con-
structed for use on the RV. The two concentric loops of the coil were
cut from copper sheet (0.1 mm thickness), and configured in a cross-
over design. Current flows through half of the upper ellipse, crosses
down to the lower ellipse (spaced 3 mm apart) to travel in the same
direction completely around its circumference, and finally crosses up
to complete the second half of the upper ellipse. The sensitivity profile
of the coil was tested with a 2 mm diameter cylindrical glass vial filled
with hydroxymethyl phosphorous triamide to a depth of 1 mm. The
vial was moved in 3 dimensions with respect to the coil. At each posi-
tion, the spectral intensity of hydroxymethyl phosphorous triamide
was determined. The resulting spatial sensitivity profile is shown in Fig.
1. The coil lies in the y-z plane, and the x-coordinate indicates the
distance from the plane of the coil. The B, field is directed parallel to
the short axis of the coil, along the z-axis. If the coil were placed on the
epicardial surface of the RV free wall, the myocardium would extend
from x = 0 to x = 3-4 mm, with cavity blood present at higher values of
x. As shown in Fig. 1, the coil has maximal sensitivity at x = 0 mm,
~ 60% of maximal sensitivity at x = 3 mm, and ~ 20-25% of maxi-
mal sensitivity at x = 5 mm. At any value of x, sensitivity declines to
negligible levels within 1 cm of the boundaries of the coil in the y-z
plane. These characteristics indicate that the coil would have high sensi-
tivity in the RV free wall directly beneath it, but low sensitivity in the
RV cavity or in laterally adjacent regions of myocardium (i.e., septum).
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Figure 1. Sensitivity profile of the RV surface coil determined with a
phantom. The coil lies in the y-z plane, with its short axis parallel to
B, field and the z-axis. The x-coordinate corresponds to depth into
the myocardium (x < 3-4 mm) or RV cavity (x > 3-4 mm). The
long axis dimension of the coil (3.5 cm) is indicated on the abscissa.
Note that the coil sensitivity drops sharply beyond its boundaries in
the y coordinate, and at values of x exceeding the thickness of the RV
free wall.
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Surgical preparation and instrumentation. 20 adolescent female
Yorkshire-Landrace pigs, weighing 35-41 kg, were studied. After pre-
medication with ketamine HCl (20 mg/kg, i.m.), anesthesia was in-
duced with a-chloralose (100 mg/kg, i.v.). After endotracheal intuba-
tion, the pigs were ventilated with 100% oxygen using a pressure cycled
respirator, adjusted to maintain arterial blood pH between 7.35 and
7.45. Anesthesia was maintained with a-chloralose (20-30 mg/kg-h,
i.v.). In six pigs, halothane (0.125-0.25% by inhalation) provided sup-
plemental maintenance anesthesia. Normal saline (500 ml, i.v.) was
infused rapidly with induction of anesthesia, followed by continuous
infusion of 150 mi/h.

Fluid-filled introducer sheaths were inserted in both carotid arteries
and advanced to the aortic arch for measurement of arterial pressure
and blood gases. Via one of the sheaths, a 7-French pigtail catheter was
advanced retrograde into the left ventricle for pressure measurement. A
5-French balloon-tip dual lumen catheter was advanced through a jugu-
lar vein until its tip was in a branch of the pulmonary artery and its
proximal port in the RV.

The instrumentation of the heart is illustrated in Fig. 2. A median
sternotomy and right lateral thoracotomy in the fourth interspace were
performed, and the pericardium was opened. Fluid-filled catheters
were inserted in the left and right atria through their appendages, and
bipolar pacing wires were affixed to the left atrial appendage. A 20-mm
diam hydraulic vascular occluder (In Vivo Metric, Healdsburg, CA)
was placed around the proximal portion of the main pulmonary artery.
In four pigs, a second hydraulic occluder was placed around the proxi-
mal ascending aorta. In 14 pigs, a pair of ultrasonic dimension gauges
(Triton Technology, San Diego, CA) was implanted in the RV free
wall, somewhat closer to the apex than to the base. The gauges were
placed ~ 1 cm apart along the principal axis of shortening, as defined
by Maier et al. (20). The *'P surface coil was positioned slightly closer to
the base than the apex of the RV, and secured to the epicardium with
two loosely tied silk sutures. The positions of the dimension gauges and
coil are illustrated in Fig. 2.

Segment shortening was measured with a Triton sonomicrometer.
Aortic, left ventricular, right atrial and RV pressures, and RV segment
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Figure 2. Instrumentation of the heart, indicating the placement of
the RV surface coil and the ultrasonic dimension gauges. In addition,
fluid-filled catheters were placed in the aortic arch, left ventricle, left
atrium, RV, and right atrium, and pacing wires were affixed to the
left atrial appendage. (Adapted from reference 20 with permission of
the authors and publisher).



length were recorded on a multichannel recorder (Gould, Inc., Cuper-
tino, CA).

Experimental protocol. During the surgical preparation, 1-2 ml of
the dextran vehicle used to suspend radioactive microspheres was in-
jected intravenously. The dextran produced a transient elevation of RV
systolic pressure to 40-50 mm Hg, which persisted for 5-10 min before
returning to control levels. In all cases, such pretreatment with dextran
vehicle prevented any hemodynamic reactions to subsequent injec-
tions of vehicle with microspheres. At least 1 h elapsed between the test
injection of dextran and the initial control measurements.

The pig was placed in a 1-m bore NMR spectrometer (Philips Medi-
cal Systems, Shelton, CT) operating at 2.0 T. To maintain body temper-
ature, the pig was wrapped in towels and placed on a pad heated by
recirculating water. The lower body was enclosed in a heavy plastic bag.
In a previous series of experiments, it was determined that these mea-
sures maintained core body temperature at an average of 34°C (range
32-37°C) during prolonged, open-chest experiments. Heparin (3,000
IU, i.v.) was administered hourly to maintain catheter patency.

Control measurements of blood pressures and segment shortening
were made at paced heart rates of 100, 120, 135, and 150 beats/min.
Measurements were obtained at these rates so that in the event of a
subsequent increase in the intrinsic heart rate, segment shortening
could be compared at the same heart rate throughout the experiment.
During control measurements of myocardial blood flow and 3'P spec-
troscopy, the hearts were paced at either 100 or 120 beats/min.

A control measurement of myocardial blood flow was made by
injecting ~ 3 million well-mixed 15-um-diam spheres labeled with
SICr, S’Co, $5Zn, ¥Sr, **Nb, ''3Sn, “™In, or '*3Gd (3M, Inc., St. Paul,
MN) into the left atrium over 30 s. A reference arterial blood sample
was simultaneously withdrawn from the carotid artery with a cali-
brated pump.

The magnet was shimmed on cardiac water protons to an average
linewidth of 44 Hz. The radiofrequency pulse length for phosphorus
spectroscopy was chosen to maximize the spectral intensity of phos-
phocreatine (PCr). A control >'P NMR spectrum was obtained without
electrocardiographic gating, using 800 acquisitions and a repetition
time of 1.8 s (total acquisition time 24 min).

To assess RV coronary blood flow reserve, another injection of
radioactive microspheres was performed during intravenous infusion
of adenosine in 10 pigs. The infusion rate was adjusted to administer
the maximal dose that did not decrease systemic arterial pressure
(0.16+0.01 mg/kg-min). After the microsphere injection, the infusion
was stopped and 15 min were allowed to elapse before proceeding with
the experimental protocol.

Next, the hydraulic pulmonary artery constrictor was inflated grad-
ually to produce moderate RV pressure overload (a 50% increase in RV
systolic pressure, to 45+1 mm Hg). Under these conditions, measure-
ments of hemodynamics and segment shortening were repeated with
atrial pacing at the same heart rates employed during control measure-
ments. Radioactive microspheres were injected and a 3'P spectrum was
obtained in an identical manner to the control measurements. In the
subgroup of 10 pigs, the adenosine infusion was restarted at the same
dose and another injection of microspheres was made to assess RV
coronary reserve during moderate pressure overload. In six pigs, a 3'P
spectrum was also obtained under these conditions to determine if the
adenosine-induced increase in RV blood flow affected levels of phos-
phorus metabolites during moderate RV pressure overload. 15 min
were allowed to elapse after stopping the adenosine infusion before
proceeding to a higher level of pressure overload.

The pulmonary artery was then constricted to produce the maximal
attainable RV systolic pressure (60+1 mm Hg). Attempts to produce
further pulmonary artery constriction resulted in overt RV failure,
manifest by a fall in aortic blood pressure, large increases in right atrial
and/or RV diastolic pressure, or significant arrhythmias. Thus, at the
level of maximal pressure overload, the RV was poised on the brink of
overt failure. However, systemic arterial pressure (and hence, coronary
perfusion pressure) was maintained near control levels.

With maximal RV pressure overload, the measurements of hemo-
dynamics, segment shortening, myocardial blood flow, and *'P spec-
troscopy were repeated. Myocardial blood flow measurement and spec-
troscopy were also repeated during adenosine infusion in the same
subgroup of pigs.

In order to increase coronary perfusion pressure and RV blood flow
during maximal RV pressure overload, the proximal ascending aorta
was constricted simultaneously with the pulmonary artery in four pigs.
The hydraulic aortic constrictor was gradually inflated to produce a
60-100 mm Hg peak gradient between left ventricular and aortic sys-
tolic pressures. Under these conditions, repeat measurements of hemo-
dynamics, myocardial blood flow, and 3'P spectroscopy were per-
formed.

Finally the pulmonary (and aortic) constrictors were fully released.
Two sequential >'P spectra with accompanying hemodynamic measure-
ments were performed 15-40 and 40-65 min after release.

At the conclusion of the experiment, the pig was killed with an
overdose of sodium pentobarbital. The heart was excised and the thick-
ness of the RV free wall in the region of the coil was measured. In
studies utilizing microspheres, the heart was fixed in 10% formalin for
72 h, and then sectioned as follows. Three portions of the RV free wall
were excised: at the location of the surface coil, in the apical region, and
at the outflow tract. Each of these sections was divided into two equal
transmural layers. Sections were also excised from the interventricular
septum and the lateral left ventricular free wall. These sections were
divided into three transmural layers. The tissue and reference blood
samples underwent scintillation counting for calculation of regional
transmural myocardial blood flow (21).

Data analysis. End-diastolic and end-systolic segment lengths and
fractional systolic segment shortening were computed according to the
method of Theroux et al. (22). NMR acquisitions were processed using
an exponential multiplication of 15 Hz, convolution difference of 200
Hz, fast Fourier transformation, and manual phasing with zero and
first order correction. Baseline flattening was performed by fitting a
sixth order polynomial function to four operator-defined segments of
the baseline: downfield of the phosphomonoester resonance, between
the v and a-ATP and the a- and B-ATP resonances, and upfield of
B-ATP. The resulting polynomial function was subtracted from the
original spectrum. This procedure makes no assumptions regarding
baseline characteristics between the PME and y-ATP resonances,
where broad components and overlapping peaks may hinder baseline
definition.

From the resulting spectra, peak height, linewidth, and position
were determined for PCr, the three phosphates of ATP, and the com-
bined inorganic phosphate (P;)/phosphomonoester peak. Because of
the large overlapping resonance of 2,3-diphosphoglycerate (DPG) from
cavity blood, independent quantification of the intensity and chemical
shift of the P; resonance was not possible in these spectra. Spectra were
further analyzed using NMR 1 software (New Methods Research, Syra-
cuse, NY) to fit Gaussian peaks for the P;/phosphomonoester, phos-
phodiester, PCr, and ATP resonances. The integrated area of each of
these fitted peaks was determined. NMR data are reported as the ratio
of the PCr intensity to the average intensity of the a- and 8-ATP reso-
nances. Use of this ratio minimized any potential effect of wall thin-
ning during RV pressure overload on the intensities of individual me-
tabolites (see Discussion).

Data are reported as mean+SEM. A repeated measures analysis of
variance was used to detect significant changes in hemodynamic or
metabolic parameters between control, moderate, and maximal RV
pressure overload, and recovery. If a significant change (P < 0.05) was
detected by the F test, individual contrast analyses were performed
between control, pressure overload states, and recovery (CSS software,
StatSoft, Inc., Tulsa, OK). The resulting P values were corrected for
multiple comparisons using the Bonferroni method (23). Differences in
myocardial blood flow with and without adenosine at a given level of
RYV pressure were determined by a paired Student’s ¢ test.
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Table 1. Hemodynamics during Graded Right Ventricular Pressure Overload and Recovery

RVP Aortic pressure
Fractional
Condition Systolic Diastolic RAP Syst Dias Mean HR EDL ESL segment short
mm Hg min~! mm
Control 31+l 5+1 3+1 1055 713 85+3 1113 11.8+0.5 9.2+0.5 0.21+0.02
Moderate RV
pressure overload 45+1* 6+1 4+1 1065 713 85+4 114+3 11.9+0.6 9.2+0.5 0.23+0.02
Maximal RV
pressure overload ~ 60x1* 9+1* TE1* 106+5 65+£3*  79+3* 128+7* 12.4+0.5* 10.0+0.5* 0.19+0.01
Recovery
15-40 min 31x1 6+1 3+1 102+4 58+4* 73+4* 1S1£11* 13.1£0.3* 10.9+0.3* 0.17+0.02
Recovery
40-65 min 30+1 6+1 4+1 106+4  62+5*  76+5* 139+9* 12.7+£0.4* 10.2+0.4* 0.20+0.02

All data are mean+SEM. Abbreviations: RVP, right ventricular pressure; RAP, mean right atrial pressure; HR, heart rate; EDL, end diastolic
segment length; ESL, end systolic segment length. Whereas spontaneous heart rate varied as shown, segment lengths were determined at a
constant, paced heart rate in each pig. * Significant difference from control (P < 0.05), determined by analysis of variance for repeated measures
followed by individual contrast analyses corrected for multiple comparisons.

Results

Hemodynamic data are shown in Table I and Figs. 3 and 4.
Under control conditions, RV pressure (systolic/end diastolic)
was 31+1/5+1 mm Hg, mean right atrial pressure was 3+1 mm
Hg, and mean systemic arterial pressure was 85+3 mm Hg at a
heart rate of 111+3 beats/min. With moderate pressure over-
load, RV pressure was 45+1/6+1 mm Hg, with no significant
change in aortic pressure or heart rate. With maximal pressure
overload, RV pressure increased to 60+1/9+1 mm Hg and
mean right atrial pressure to 7+1 mm Hg. These increases in
right ventricular end diastolic and right atrial pressures were
statistically significant (P < 0.001). Systolic aortic pressure re-
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Figure 3. Right atrial and ventricular pressures during and after
graded constriction of the pulmonary artery in 20 pigs. Standard
errors for the data are shown in Table I. Mod and Max RV HTN:
moderate and maximal RV pressure overload, as defined in text. Re-
covl and Recov2: 15-40 and 40-65 min after release of pulmonary
artery constriction. *Significant change from control (P < 0.05, see
text for statistical methods). () RV systolic pressure; (0) RV diastolic
pressure; (a) right atrial pressure.
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mained unchanged at 106+5 mm Hg, whereas diastolic and
mean aortic pressures each declined by an average of 6 mm Hg
(to 65+3 and 79+3 mm Hg, respectively, P = 0.01 vs. control).
Heart rate increased to 128+7 beats/min (P = 0.01 vs. control).
With release of the pulmonary artery constriction, RV pres-
sures recovered promptly, but heart rate remained elevated
with mildly reduced aortic pressure (Table I).
Sonomicrometry data are illustrated in Fig. 5 and Table L.
Under control conditions, fractional RV segment shortening
([end diastolic — end systolic length]/end diastolic length) was
0.21%0.02. Despite a 50% increase in RV systolic pressure to
45+1 mm Hg with moderate pressure overload, end-systolic
segment length remained constant at the average control value
of 9.2 mm, with an increase in fractional segment shortening to
0.23%0.02. A constant end-systolic segment length in the face
of increased afterload indicates an upward shift in the end-sys-
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Figure 4. Systemic hemodynamics during and after graded constric-
tion of the pulmonary artery in 20 pigs. Mod and Max RV HTN:
moderate and maximal RV pressure overload. Recovl and Recov2:
15-40 min and 40-65 min after release of pulmonary artery con-
striction. *Significant change from control (P < 0.05). (Shaded bars)
mean arterial pressure; (m) heart rate.
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Figure 5. End-diastolic and end-systolic RV segment length measured
by sonomicrometry during and after graded pulmonary artery con-
striction in 14 pigs. Data are mean+SEM. Mod and Max RV HTN:
moderate and maximal RV pressure overload. Recovl and Recov2:
15-40 and 40-65 min after release of pulmonary artery constriction.
*Significant change from control (P < 0.05). Note that contractile
function is preserved despite moderate RV pressure overload.

tolic pressure/segment length relationship and, therefore, an
increase in RV contractility with moderate pressure overload.
This response is analogous to the Anrep effect previously de-
scribed in the left ventricle (24). Maximal pressure overload
(601 mm Hg) produced significant increases in both end-
diastolic and end-systolic lengths (to means of 12.4 and 10.0
mm, respectively), with a decline in fractional segment shorten-
ing to 0.19+0.01. In the initial recovery period after release of
the pulmonary artery constrictor (15-40 min), there were fur-
ther increases in both end-diastolic and end-systolic segment
lengths. In the second recovery period (40-65 min), both dia-
stolic and systolic segment lengths returned partially toward
their control values.

Representative *'P NMR spectra obtained under control
conditions and with moderate and maximal RV pressure over-
load are shown in Fig. 6. PCr/ATP intensity ratios from the
group of 20 pigs are shown in Fig. 7. Under control conditions,
signal-to-noise ratios for PCr and 8-ATP were 11.8+1.8 and
6.0x0.8, respectively. The PCr/ATP ratio was 1.44+0.06, un-
corrected for partial saturation effects. The PCr/ATP ratio de-
clined significantly (P < 0.001) with progressive right ventricu-
lar pressure overload. Even at the moderately elevated RV sys-
tolic pressure of 45+1 mm Hg, PCr/ATP was significantly
reduced to 1.28+0.06 (P = 0.01 vs. control). At the maximal
RYV systolic pressure of 60+1 mm Hg, the PCr/ATP ratio de-
clined further to 1.17+0.04 (P = 0.004 vs. control, P = 0.02 vs.
moderate pressure overload). With release of the pulmonary
artery constriction, the PCr/ATP ratio returned fully to con-
trol, indicating the absence of any persistent metabolic abnor-
mality resulting from prolonged pressure overload. Therefore,
graded RV pressure overload produced a graded, reversible dec-
rement in the myocardial PCr/ATP ratio, implying a graded
increment in free ADP.

Myocardial blood flow in the inner (subendocardial) and
outer (subepicardial) halves of the RV free wall are shown in
Fig. 8. There were no discernible differences in blood flow to
the regions of the RV directly beneath versus distant from the
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Figure 6. Representative *'P spectra obtained during (4) Control
conditions (RV systolic pressure = 28 mm Hg), (B) moderate RV
pressure overload (RV systolic pressure = 45 mm Hg), and (C) maxi-
mal RV pressure overload (RV systolic pressure = 63 mm Hg).

surface coil, indicating that the coil itself did not produce isch-
emia. Under control conditions, flow to the RV subendocar-
dium and subepicardium were 1.04+0.09 and 1.37+0.11 (ml/
g)/min. Flows to the right, middle, and left thirds of the septum
were 1.18+0.09, 1.12+0.07, and 1.18+0.09 (ml/g)/min, respec-
tively. Flows to the subendocardial, middle, and subepicardial
thirds of the left ventricular free wall were 1.35+0.13,
1.33+0.12, and 1.11+0.08 (ml/g)/min, respectively. With mod-
erate RV pressure overload, RV free wall blood flow increased
transmurally (P = 0.009) to 1.89+0.27 (ml/g)/min in the sub-
endocardium and 2.10+0.30 (ml/g)/min in the subepicardium.
Flow in the right third of the septum increased to 1.89+0.37
(ml/g)/min. With maximal pressure overload, RV blood flow
did not increase further in the RV subendocardium [1.72+0.14
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Figure 7. PCr/ATP intensity ratio calculated from 3'P NMR spectra
during and after graded constriction of the pulmonary artery in 20
pigs. Data are mean+SEM. Mod and Max RV HTN: moderate and
maximal RV pressure overload. Recovl and Recov2: 15-40 and 40-
65 min after release of pulmonary artery constriction. *Significant
change from control (P < 0.05). Note that progressive RV pressure
overload is associated with a progressive but reversible decline in
PCr/ATP.

(ml/g)/min], the RV subepicardium [1.82+0.12 (ml/g)/min},

or the right third of the septum [1.89+0.24 (ml/g)/min].
Measurements of RV blood flow were made during adeno-

sine to assess RV coronary reserve. Adenosine infusion had no
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Figure 8. Myocardial blood flow to the inner (subendocardial) and
outer (subepicardial) halves of the RV free wall during graded con-
striction of the pulmonary artery in 20 pigs. *Significant change from
control (P < 0.05). Note that blood flow increases between control
and moderate pressure overload, but does not increase further with
maximal pressure overload. NS, not statistically different.
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Figure 9. Incremental RV blood flow produced by intravenous aden-
osine infusion during graded constriction of the pulmonary artery in
10 pigs. *Significant change from control (P < 0.05). Note that aden-
osine produced significant increments in RV blood flow during mod-
erate, but not maximal pressure overload. NS, not statistically differ-
ent.

significant effect on systemic arterial pressure, heart rate, or
segment shortening at any level of RV pressure. Under control
conditions, adenosine increased RV subendocardial and sub-
epicardial flows to 2.47+0.52 and 3.58+0.61 (ml/g)/min, re-
spectively (Fig. 9). Left ventricular blood flow increased to an
average of 2.32, 2.63, and 2.66 (ml/g)/min in the subendocar-
dial, middle, and subepicardial layers. As noted before, the
average adenosine dose of 0.16 (mg/kg)/min was the maxi-
mum which could be administered without a fall in systemic
(coronary perfusion) pressure. This dose most likely produced
submaximal coronary vasodilation, since this laboratory has
obtained a 350% increase in left anterior descending coronary
artery blood flow with intracoronary adenosine in a similar
anesthetized pig model (25), and other investigators have
found that intravenous doses closer to 1 mg/kg-min are re-
quired to produce maximal coronary vasodilation (26).
During moderate RV pressure overload, adenosine signifi-
cantly incremented RV blood flow in both transmural layers,
indicating persistence of pharmacologically recruitable vasodi-
lator reserve (Fig. 9). RV subendocardial flow rose to
2.59+0.39 (ml/g)/min and subepicardial blood flow rose to
3.04+0.46 (ml/g)/min. However, when spectroscopy was re-
peated in a subset of six pigs during moderate pressure overload
with adenosine, there was no improvement in the PCr/ATP



Table I1. Effect of Aortic Constriction on Right Ventricular Blood Flow, Hemodynamics, and Energy Metabolism

during Maximal Right Ventricular Pressure Overload

PCr/ATP
RVSP HR Subendo MBF Subepi MBF (control = 1.4120.06)
mm Hg min~! (ml/g)/min
Without aortic constriction 69+4 97+7 1.43+0.21 1.44+0.17 1.25+0.09
With aortic constriction 67+4 110x11 1.87+0.38 2.09+0.31 1.16+0.06

All data are mean+SEM (n = 4 pigs). Abbreviations: RVSP, right ventricular systolic pressure; Subendo, Subepi MBF, right ventricular.
myocardial blood flows; PCr/ATP, phosphocreatine/ATP spectral intensity ratio. Note that aortic constriction caused no improvement in PCr/
ATP during maximal RV pressure overload despite an increase in perfusion.

ratio (mean value of 1.18 with and without adenosine). With
maximal pressure overload, adenosine produced no significant
changes in RV blood flow to either the subendocardium
[2.16+0.29 (ml/g)/min] or the subepicardium [2.24+0.23 (ml/
g)/min, Fig. 9]. Thus, with moderate RV pressure overload,
PCr/ATP was reduced despite significant residual coronary va-
sodilator reserve, and PCr/ATP did not improve when RV per-
fusion was augmented with adenosine. However, at maximal
RV pressure, RV coronary reserve was exhausted with no fur-
ther increase in RV blood flow, even during adenosine infu-
sion.

Data from the four pigs subjected to aortic constriction dur-
ing maximal RV pressure overload are shown in Table II. With
aortic constriction, RV subendocardial and subepicardial
blood flows increased by an average of 31% and 45%. RV sys-
tolic pressure declined slightly while heart rate increased. These
four pigs demonstrated no improvement in the mean PCr/
ATP ratio (1.16 with aortic constriction vs. 1.25 without). Thus
a modest increase in RV blood flow failed to increase the PCr/
ATP ratio during maximal RV pressure overload.

Discussion

This study demonstrates for the first time that with an appro-
priate surface coil, in vivo 3'P NMR spectroscopy can provide
repetitive, nondestructive measurements of high energy phos-
phates in the free wall of the RV.

Relationship between workload and high-energy
Dphosphates in the right ventricle

Using this technique, the current study demonstrates that the
PCr/ATP ratio varies reciprocally with afterload during graded
constriction of the pulmonary artery. There are two potential
explanations for this finding. A fall in PCr/ATP (implying a
rise in ADP) with increasing RV workload could be a normal
physiologic response through which increased concentrations
of ATP hydrolysis products exert positive feedback on the rate
of mitochondrial oxidative phosphorylation. Alternatively, the
finding could indicate progressive ischemia of the RV free wall
with pressure overload. Several pieces of evidence support the
former interpretation. If ischemia caused the depression of
PCr/ATP, then increased RV blood flow should have raised the
ratio toward control. However, during moderate RV pressure
overload, a 40% increase in RV blood flow with adenosine
failed to improve the PCr/ATP ratio. It is possible that some of
the decrease in PCr/ATP at maximal pressure overload was

due to ischemia. However, when RV blood flow was increased
by an average of 40% with aortic constriction during maximal
RV pressure overload, PCr/ATP also did not increase. This
finding suggests that ischemia was not solely responsible for the
decline in the PCr/ATP ratio from its control level, even at
maximal RV pressure overload.

The sonomicrometry data at moderate pressure overload
provide further evidence against ischemia as the cause of de-
creased PCr/ATP. End-systolic segment length was unchanged
from control, despite the increase in RV systolic pressure. A
constant end-systolic segment length in the face of increased
systolic pressure indicates an increase in RV contractility
which would not be expected in the presence of significant
ischemia.

In 1956, Chance and Williams proposed the theory of “re-
spiratory control” of oxidative phosphorylation in studies of
isolated mitochondria (27). According to this theory, an aug-
mentation of cardiac work increases the rate of ATP hydroly-
sis, and raises the concentrations of ATP hydrolysis products
(ADP and inorganic phosphate). ADP and inorganic phos-
phate then exert positive feedback on the rate of oxidative
phosphorylation until the rates of ATP utilization and synthe-
sis are matched at a higher steady-state level. Through the cre-
atine kinase equilibrium, the PCr/ATP ratio is inversely related
to the free ADP concentration (11). In addition, inorganic phos-
phate varies reciprocally with PCr/ATP when the latter
changes with increased workload (12). Thus, the current find-
ing of a reciprocal relationship between RV workload and PCr/
ATP indicates a direct relationship between workload and ATP
hydrolysis products, consistent with the theory of “respiratory
control.” Respiratory control of myocardial oxidative phos-
phorylation has been suggested by previous studies in the left
ventricle of rats (13), cats (14), and neonatal lambs (12), but not
in the left ventricle of large animals such as dogs (11, 15), ma-
ture sheep (12), or pigs (16). The hypothesis has not been tested
heretofore in the RV.

There are several potential explanations for a difference in
the metabolic responses of the right and left ventricles to in-
creased workload. One is that intrinsic biochemical differences
limit the efficiency of the RV in the generation, transfer, and/or
utilization of chemical energy at high workloads. Previously
reported differences in ventricular metabolism include a lower
mitochondrial density in the porcine RV (3), lower capacity to
oxidize substrates in rat RV (4), lower activities of lactate dehy-
drogenase in human RV (5), lower creatine kinase activity in
the rat RV (6), and a higher a/8 myosin heavy chain isoform
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ratio in the RV of humans (7) and rats (8). Since the a isoform
has a greater ATPase activity and a lower energetic efficiency
than the g isoform, the RV might be expected to utilize ATP
less efficiently than the left ventricle as workload is increased.

A limitation in the generation of chemical energy could
have occurred in these experiments if the maximal achievable
rate of RV oxygen consumption in vivo (MVO,,,.) was
reached at an RV workload even less than moderate pressure
overload. If so, further increases in RV workload would be met
by an increase in glycolytic ATP production and/or phospho-
creatine hydrolysis, with a consequent fall in PCr/ATP at both
moderate and maximal levels of RV pressure overload. Kusa-
chi et al. (28), studying open-chest dogs, found that regional
RV oxygen consumption increased from a control value of 4
ml/100 g-min (mean RV systolic pressure 27 mm Hg) to 5
ml/100 g-min with mild pulmonary artery constriction (mean
RY systolic pressure 35 mm Hg). With isoproterenol infusion,
RV MVO, could be increased much further to 11 ml/100 g-
min. While the species and experimental conditions of the two
studies are not exactly comparable, the results of Kusachi et al.
indicate the unlikelihood that MVO, .. for the RV was
reached with pulmonary artery constriction less severe than the
moderate level of the current study.

Mechanism of right ventricular failure in acute pressure
overload

There have been several previous studies of acute RV pressure
overload in intact animals. In open-chest dogs, Vlahakes et al.
(17) examined RV transmural blood flow and levels of PCr and
ATP in RV biopsy specimens obtained under control condi-
tions, with RV hypertension (a doubling of RV systolic pres-
sure to a mean of 55 mm Hg with a minimal decrease in aortic
pressure), and with severe pulmonary artery constriction pro-
ducing overt RV failure and marked systemic hypotension.
The RV and systemic pressures at the intermediate stage of
Vlahakes et al. (17) correspond to those at maximal pressure
overload in the current study. At this level of pulmonary con-
striction, Vlahakes et al. found a 50% increase in transmural
RYV blood flow, similar to the current data. However, unlike
the current data there remained significant coronary reserve,
manifest by reactive hyperemia, and levels of high energy phos-
phates were unchanged from control. With the most severe
pulmonary artery constriction, RV blood flow, PCr, and ATP
demonstrated significant decreases, which were then reversed
by normalizing systemic arterial pressure with phenylephrine.
The disparity between the current results and those of Vlahakes
et al. (17) may be due to a species difference in the sensitivity of
RV high energy phosphates to changes in workload. Alterna-
tively, the differences may be due to greater RV coronary re-
serve in the dog, in that right coronary reactive hyperemia was
preserved in the dog at an RV systolic pressure of 55 mm Hg,
whereas the current results with adenosine suggest depletion of
RV coronary reserve in the pig at similar RV systolic pressures.
Finally, a decline in RV high-energy phosphates in the absence
of systemic hypotension in the current study may have resulted
from a longer period of pressure overload (=1 h) than in the
work of Vlahakes et al. (17).

Gold and Bache (18) measured transmural RV blood flow
in conscious dogs during graded pulmonary artery constric-
tion. As in the study of Vlahakes et al. (17), there was no evi-
dence of RV ischemia or failure as long as systemic arterial
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pressure was maintained. With severe pulmonary artery con-
striction and systemic hypotension, RV subendocardial isch-
emia accompanied RV failure. However, pharmacologically
recruitable coronary vasodilator reserve persisted. In a subse-
quent study (29), these investigators concluded that reflex
adrenergic vasoconstriction was responsible for much of the
RV ischemia in acute pressure overload, and could be partially
reversed by a-adrenergic blockers or coronary vasodilators.

Thus, these canine studies indicated that RV ischemia
could contribute to RV failure in acute pressure overload, but
only when RV afterload was increased to the point of falling
cardiac output, profound systemic hypotension, and reduced
coronary perfusion pressure, possibly coupled with reflex coro-
nary vasoconstriction. As long as coronary perfusion pressure
was maintained at or near normal, there was no evidence of
ischemia, nor of altered energy metabolism. Neither of these
studies utilized a direct assessment of RV contractile function.

The results of the current study indicate that RV contractile
function is maintained, or even augmented, during moderate
pressure overload, despite a decline in the PCr/ATP ratio.
Therefore, it is unlikely that a reduction in high-energy phos-
phates per se is the initiating factor in RV contractile dysfunc-
tion at the point of maximal pressure overload. Also support-
ing this conclusion is the observation that release of the pulmo-
nary artery constriction resulted in prompt and complete
recovery of PCr/ATP, while contractile function remained de-
pressed (Figs. 5 and 7). Rather, the current data indicate that
the onset of RV failure coincides with exhaustion of RV coro-
nary vasodilator reserve. An important difference between the
current results and those of Vlahakes et al. (17) and Gold and
Bache (18) is that the current study demonstrates exhaustion of
RV coronary reserve with minimal reduction in coronary per-
fusion pressure. These findings indicate that a doubling of RV
systolic pressure, with the accompanying increase in wall ten-
sion, is a sufficient condition to limit RV blood flow in the
open-chest pig with open pericardium. While the dose of adeno-
sine employed in this study was submaximal, the lack of any
incremental RV blood flow with the drug during maximal
pressure overload argues against a mechanism of reflex coro-
nary vasoconstriction. The present results do not preclude the
possibility that the mechanism of RV failure in acute pressure
overload is primarily mechanical (i.e., excessive tension borne
by individual contractile elements limits their ability to
shorten), and that exhaustion of coronary reserve is a simulta-
neous, but not causative event.

Limitations

Estimation of RV inorganic phosphate and pH. Because of the
thinness of the RV free wall, even a coil whose sensitivity drops
steeply with depth includes some chamber blood within its sen-
sitive volume. The resulting large, broad resonance of 2,3-DPG
precludes estimation of changes in RV P; or pH in this study.
However, changes in P; are generally reciprocal to those of PCr
and PCr/ATP in other interventions which perturb phospho-
rus metabolites.

Potential effects of RV wall thinning. The RV was visibly
dilated during maximal RV pressure overload. Although a di-
rect measurement of RV wall thickness could not be obtained
in this study, it is reasonable to assume that such dilatation was
accompanied by thinning of the RV free wall, with consequent
reduction in the relative amount of myocardium versus



chamber blood contained within the sensitive volume of the
coil. This would result in a decrease in PCr and ATP intensities
and a rise in intensity in the Pi + PME region due to increased
signal from 2,3-DPG in red blood cells. The use of the PCr/
ATP ratio largely corrects for apparent changes in the intensity
of the individual metabolites. However, because blood con-
tains some ATP but no PCr, an increased signal from blood at
the expense of myocardium would reduce ATP intensity less
than PCr. Thus, the apparent myocardial PCr/ATP ratio could
be spuriously reduced. The potential magnitude of this effect
was estimated as follows. In spectra of fresh heparinized pig
blood in vitro, the average ratio of ATP to Pi + PME intensity
was found to be 0.12. In RV spectra, intensity in the Pi + PME
region increased by an average of 11% and 19% during moder-
ate and maximal RV pressure overload, compared to control.
If it is assumed that all of the increase in Pi + PME was due to
2,3-DPG in blood and none to Pi in myocardium, then the
additional blood ATP signal due to wall thinning would
amount to ~ 2-3% of the total ATP signal. Thus, even in this
worst-case calculation, increased blood ATP signal cannot ac-
count for the 11% and 19% declines in PCr/ATP observed dur-
ing moderate and maximal RV pressure overload.

Potential heterogeneity of RV blood flow. In this study, RV
blood flow was measured in relatively large myocardial tissue
samples (=1 g). The lack of metabolic improvement when RV
blood flow was increased with adenosine or aortic constriction
does not preclude the possibility that heterogeneity of blood
flow existed on a smaller scale (30). If so, small areas of relative
underperfusion could have coexisted in contiguity with areas of
higher perfusion. Accordingly, the decline in PCr/ATP with
pressure overload could have arisen from patchy ischemia in
small underperfused regions, while the increased perfusion
with adenosine or aortic constriction was preferentially di-
rected to other, nonischemic areas. However, this explanation
is less likely in view of data from canine left ventricle indicating
that adenosine, while not eliminating heterogeneity of flow,
increases flow to some extent in all regions (30). If this were the
case in the RV as well, one would predict some increment in
flow with adenosine, even in relatively underperfused regions,
with a consequent increase in the PCr/ATP ratio. However, no
change in PCr/ATP was observed when adenosine was given
during moderate pressure overload in this study.

An open pericardium. This was required to secure the sur-
face coil to the RV free wall and to insert the ultrasonic dimen-
sion gauges. It is likely that at a given level of RV systolic
pressure overload, RV dilatation was more pronounced be-
cause of the lack of pericardial restraint. Accordingly, RV wall
tension and MVO, were also likely higher than if the pericar-
dium had been closed. Surprisingly, however, Vlahakes et al.
(17) found no differences in right or left heart hemodynamics,
cardiac output, RV myocardial blood flow, or right coronary
reactive hyperemia in dogs subjected to graded pulmonary ar-
tery constriction with either an open or closed pericardium.

Implications

The finding that PCr/ATP in the RV decreased with increasing
workload indicates that there may be energetic differences in
the response of the two ventricles to increased work. Further
investigation is needed to confirm that RV high energy phos-
phates vary reciprocally with workload when interventions
other than acute pressure overload are employed. The present

results are consistent with the hypothesis that exhaustion of RV
coronary reserve is responsible for RV failure in acute pressure
overload. However, unlike previous canine studies, the current
data indicate that this may occur in the absence of a diminished
coronary perfusion pressure and with elevation of the RV sys-
tolic pressure to only 60 mm Hg. Future studies of RV ener-
getics will be aided by the repetitive, nondestructive biochemi-
cal information provided by in vivo NMR spectroscopy.
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