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ABSTRACT

The mechanisms of myocardial oxygenation during reactive hyperemia were studied in the beating heart
using continuous near infrared (NIR) spectroscopy. In open chest dogs, NIR spectroscopy was used to moni-
tor brief occlusions of the left anterior descending artery. These occlusions produced a precipitous drop in
tissue oxygen stores (tHbO,+MbO,), tissue blood volume, and the oxidation level of mitochondrial cyto-
chrome a,a;. Reperfusion produced a rapid increase in the NIR signals to supranormal levels, followed by
gradual return to baseline. When the duration of occlusion was increased from 20 to 120 s, an essentially
linear increase was produced in the overshoot areas defined by the NIR signals. Near infrared spectroscopy
(NIRS) separated reactive hyperemia into two phases according to the tissue level of deoxyhemoglobin and
deoxymyoglobin (tHb+Mb): (1) an early phase during which the tHb+Mb level was supranormal, reflecting
enhanced O, extraction; and (2) a late phase during which the tHb+Mb level was below baseline, reflecting
decreased O, extraction and increased tissue O, availability. During reactive hyperemia, when O, availability
was maximal by NIR spectroscopy, O, consumption was elevated but submaximal, indicating that MVO, was
not limited by O, availability. Cytochrome a,a; oxidation state also was restored fully. Thus, myocardial
oxygenation is highly regulated during reactive hyperemia. Cellular O, supply and mitochondrial oxidation
state are restored early during reactive hyperemia by increased O, delivery, increases in tissue blood volume
and enhanced O, extraction. © 1998 Society of Photo-Optical Instrumentation Engineers. [S1083-3668(98)00502-4]

Keywords cytochrome oxidase; myocardial oxygenation; myocardial oxygen consumption; reactive hyper-

emia; adenosine; near infrared spectroscopy; radiolabeled microspheres.

1 INTRODUCTION

Reperfusion after coronary artery occlusion tran-
siently increases myocardial blood flow to supran-
ormal levels. This response, termed ““reactive hype-
remia” is also accompanied by a transient increase
in oxygen consumption and contractile activity to
supranormal levels.! Increasing the duration of is-
chemia increases in the magnitude of hyperemia as
well as the oxygen consumption, suggesting a
highly regulated recovery from the crisis in myo-
cardial energy provision.”>! Myocardial respiration
during reperfusion does not appear to be limited by
blood flow (or oxygen delivery) since reactive hy-
peremia is associated with a transient decrease in
tissue oxygen extraction to below control levels.*?
The mechanisms controlling myocardial respiration
during reactive hyperemia remain incompletely
understood.®

Transmural changes in myocardial oxygen avail-
ability in vivo can be assessed continuously using
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near infrared (NIR) spectroscopy.”” This nonde-
structive approach permits rapid, concommitant
measurement of changes in tissue blood volume
and oxygenation of tissue hemoglobin and myoglo-
bin. In addition, information about the oxidation-
reduction state of mitochondrial cytochrome a,a;
can be obtained by monitoring changes in the oxi-
dation state of the copper center (Cu,). However,
this signal is weak and subject to error compared to
hemoglobin.

In the present study, qualitative NIR optical re-
sponses were monitored along with regional myo-
cardial oxygen delivery and oxygen consumption
during (1) reactive hyperemia and (2) adenosine-
induced hyperemia in the beating canine heart. We
hypothesized that the mitochondrial oxidation state
is regulated at near normal levels after brief is-
chemia despite excessive oxygen availability during
reactive hyperemia. We found fundamental differ-
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ences in tissue oxygen availability under the two
study conditions which suggest preservation of
normal relationships between myocardial oxygen-
ation and reactive hyperemia after brief ischemia.

2 METHODS
2.1 PREPARATION OF ANIMALS

The experimental preparation has been described
previously, with modifications as indicated
below.”® Adult mongrel dogs weighing 25-35 kg
were anesthetized with intramuscular morphine
sulfate 1.5 mg/kg, and « chloralose (160 mg/kg
over 10 min followed by 10 mg/kg/hr intrave-
nously), endotracheally intubated, and ventilated
on room air. Arterial blood gases were acquired pe-
riodically to ensure adequate systemic oxygenation
and acid-base balance. The heart was exposed via a
left thoracotomy at the sixth intercostal space, and a
pericardial cradle was formed. Heparin-filled poly-
vinyl chloride catheters (3 mmOD) were inserted in
the carotid artery for systemic blood pressure mea-
surements and withdrawal of microsphere refer-
ence samples, and in the left atrium for micro-
sphere injections. A segment of the left anterior
descending coronary artery of approximately 1.0
cm in length was isolated proximal to the first di-
agonal branch and a pneumatic cuff occlude was
positioned around the vessel to allow total occlu-
sion. A Howell-ST electromagnetic flow probe, pre-
viously calibrated using an in vitro system, was po-
sitioned just proximal to the pneumatic cuff
occluder. Two separate fiberoptic bundles (op-
todes), one to deliver near infrared light and one to
receive reflected light, were positioned 2 cm apart
on the epicardial surface within the region to be
rendered ischemic. In some experiments, a heparin-
ized 24 gauge catheter was placed in the great car-
diac vein to acquire samples of venous effluent
from the region of illumination. Lead II of the elec-
trocardiogram, systemic blood pressure, and phasic
coronary blood flow were recorded on a Gould
Model 412 oscillograph. Near infrared data were re-
corded simultaneously using a computer and
printer. The signals were synchronized using a
marker connected to the two recorders.

2.2 EXPERIMENTAL PROTOCOLS

Approximately 30 min were allowed for stabiliza-
tion of the preparation, during and after which the
above parameters were recorded continuously. To
assess the effect of the duration of ischemia on
myocardial oxygenation during reactive hyper-
emia, one group of dogs (group A) underwent total
left anterior descending (LAD) coronary artery oc-
clusion for 20-120 s, in 20 s increments. The recov-
ery period between occlusions was 10-20 min, de-
pending on the duration of the occlusion.
Radiolabeled microspheres were injected into the
left atrium and arterial blood samples were col-
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lected for measurement of tissue blood flow prior to
ischemia (baseline), during the 120 s occlusion (be-
ginning 30 s after occlusion), and during hyperemia
(beginning 30 s after release of occlusion). Sampling
of arterial blood required ~80 s.

To assess myocardial oxygenation during reactive
hyperemia and during adenosine-mediated hyper-
emia, a different protocol was employed in another
group of dogs (group B). Radiolabeled micro-
spheres were injected into the left atrium and arte-
rial blood samples were collected for measurement
of tissue blood flow and O, content under basal
conditions. Mixed venous blood was withdrawn si-
multaneously from the great cardiac vein at a rate
of 0.1 ml/s, collected in a heparinized syringe and
placed on ice for immediate measurements. Hemo-
globin saturation and concentration were measured
on a Co-oximeter (IL Model 413) using a canine al-
gorithm to determine the O, content of venous and
arterial blood samples. LAD coronary artery flow
was reduced progressively by 5%-19% at 20 s inter-
vals by graded inflation of the pneumatic snare as
NIR optical responses were monitored.> When the
cytochrome a,a; oxidation level had decreased by
20%—40%, the pneumatic snare was clamped to
maintain inflation, and radiolabeled microspheres
again were injected. Blood samples were acquired,
as above, for microsphere reference levels and for
arterial and venous O, content determinations. The
coronary occlude was released ~100 s after the sec-
ond microsphere injection for a recovery period of
~20 min. The LAD coronary artery then was
abruptly and completely occluded for 2 min. At 30 s
into occlusion, microspheres were injected for a
third time, and blood samples again were acquired
for microsphere reference and for arterial and
venous O, content measurements. The coronary
snare was then released, and 30 s into reperfusion,
when the cytochrome a,a; oxidation level was
maximal, a fourth set of tissue blood flow and O,
content measurements were acquired. Following a
recovery period of 20 min, adenosine was infused
intravenously at a rate of 0.5 mg/kg/min. After the
NIR optical responses had stabilized (~10 min),
tissue blood flow and O, content measurements
were acquired for a fifth time. The adenosine infu-
sion rate was then increased to 1.0 mg/kg/min,
and, after an equilibration period of ~10 min, a fi-
nal set of tissue blood flow and O, content mea-
surements were acquired.

2.3 IN VIVO OPTICAL MONITORING

We used a method for NIR spectroscopy in the in
situ canine heart which has been published
previously.”® This method is used only for trend
monitoring of changes in absorption of the oxidized
copper moiety (Cuy,) of cytochrome a,a;, and the
iron-porphyrin centers of oxygenated and de-
oxygenated hemoglobin and myoglobin
(tHbO,+MbO,,tHb+Mb). The sum of the tHbO,



and tHb+Mb signals cancels the effects of changes
in myoglobin saturation, permitting the measure-
ment of changes in tissue blood (hemoglobin) vol-
ume ({BV).

Near infrared spectroscopy exploits the ready
propagation of light through tissue (photon migra-
tion) in the 700900 nm wavelength 1‘ange.10 The
composite absorption data from the overlapping
spectra are deconvoluted by multiwavelength algo-
rithms, derived under the actual absorption and
light scattering conditions present in living
tissue.>!1? The algorithms used in this study were
scaled to provide signal amplitudes of approxi-
mately equal size for the HbO,, Hb, and Cu,, and
in this form, cannot be used to compare the concen-
trations of Cuy, with those of HbO, or Hb.

The NIR spectrometer delivered pulsed light at
four different wavelengths (775, 810, 870, and 904
nm) to the tissue via the fiberoptic optodes. Re-
flected light was collected by a second optical
bundle, after which the photosignals were pro-
cessed into metabolic signals as described
previously.>”#11% The geometry was kept con-
stant during an experiment by immobilizing the op-
todes with a stereotaxic device. Metabolic trends
were monitored after a baseline is established for
each optical parameter under well-defined normal
physiologic conditions.

Optical responses associated with ischemia and
reperfusion have been expressed as changes in rela-
tive optical density (AOD). For the derived signals
for Cuy, tBV, tHbO,+MbO, and tHb+Mb, the data
have been expressed as the total labile signal, or the
maximal dynamic range during each experiment.®
For hemoglobin and myoglobin, the molar occu-
pancy of heme moieties by oxygen is related lin-
early to changes in the concentration of tissue oxy-
hemoglobin plus oxymyoglobin (tHbO,+MbO,).’
The latter quantity has been termed the “tissue oxy-
gen store”” because it accounts for essentially all of
the oxygen bound to tissue hemoglobin and
myoglobin.”*”#? Changes in these signals relate lin-
early to changes in concentration, though absolute
concentration could not be determined by the
present method, since values for optical pathlength
in the heart are unknown.'® The tissue oxygen store
reflects the influx of oxyhemoglobin into the tissue
region of illumination via small arteries and arteri-
oles, the uptake of O, from hemoglobin and myo-
globin by mitochondria, and the efflux of remaining
oxyhemoglobin via venous channels. Changes in
the oxyhemoglobin component of tissue O, stores
primarily reflect changes in the capillary and
venous O, content, since most of the hemoglobin is
located in the capacitance vessels of the heart, and
since arterial O, content is relatively constant dur-
ing ischemia or hyperemia.'®!'”# Similarly, changes
in the deoxyhemoglobin component of the tHb+Mb
response relate primarily to changes in the volume
of deoxyhemoglobin in the venous blood. Under
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normoxic conditions (Sa0,~95%), if the mixed
venous O, saturation is ~35% and ~75% of the
blood volume is located in the capacitance vessels,
the mean tissue hemoglobin is (0.95+0.35X3) /4 or
~50%. Accordingly, ~50% of the hemoglobin
within the region of illumination is oxyhemoglobin
and ~50% is deoxyhemoglobin. If myoglobin oper-
ates near its Ps5y, about half of the total heme signal
in the beating dog heart under control conditions is
comprised of tHbO,+MbO, and the remainder is
tHb+Mb.'® Perturbations that produce a change in
mean tissue heme saturation (hemoglobin and/or
myoglobin) are reflected in a directionally similar
change in the tHbO,+MbO, level and a reciprocal
change in the tHb+Mb level.

2.4 QUANTITATION OF MYOCARDIAL
BLOOD FLOW

Regional myocardial blood flow was measured us-
ing 11.4%0.01 um radiolabeled microspheres as
described.'””® After the experiments, the locations
of the optodes on the epicardium were marked
with pins, and the hearts were removed and fixed
in 10% buffered formalin. Two contiguous 1 cm?
full-thickness sections of myocardium were excised
from the tissue region spanning the sites of photon
entry and photon reception. Each section was sliced
into four layers of equal thickness from epicardium
to endocardium. The remainder of the left ventricle
was sectioned similarly. All sections were weighed
and counted in a gamma spectrophotometer (Can-
berra Series 35-Plus). Blood flow was calculated
and expressed in ml/min/gm wet weight. The
product of mean transmural blood flow, at the site
of illumination, and the arterial-minus-venous O,
content difference was used to quantitate myocar-
dial oxygen consumption by the Fick equation.’

2.5 DATA ANALYSIS

Summed data were expressed as mean * standard
deviation, unless otherwise stated. Differences in
paired data were determined by paired ¢ test. To
account for multiple comparisons, p values were
adjusted according to the Bonferonni inequality. A
p value of <0.05 was considered statistically sig-
nificant. To quantitate the changes in the NIR sig-
nals during reactive hyperemia (group A), the
change in optical density (AOD) of each absorber
(tHbO,+MbO,, tHb+Mb, cytochrome a,a3) was in-
tegrated over time (seconds) using a Digi-Pad 5
(GTCO Co.) and was expressed in AOD@® second
units. The integrated areas also were measured by
an independent observer to confirm that they did
not differ significantly for any of the optical param-
eters.

3 RESULTS

The effect of the duration of ischemia on myocar-
dial oxygenation during reactive hyperemia was as-
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sessed in the dogs in group A. Complete studies
were obtained in eight animals. Baseline hemody-
namic values included a heart rate of 112
+30 beats/min, an arterial systolic blood pressure
of 1279 mmHg, and a diastolic blood pressure of
88+17 mmHg.

Baseline transmural blood flow at the site of the
optodes, assessed by radiolabeled microspheres,
averaged 0.77+ .21 ml/min/gm. During LAD coro-
nary artery occlusion, mean transmural flow de-
creased to 0.19=16 ml/min/gm (p<.001 versus
baseline levels). Upon reperfusion after 120 s of is-
chemia, the mean flow increased to 2.28
+.67 ml/min/gm (p<.001 compared to baseline
and ischemic flows).

3.1 NIR OPTICAL RESPONSES DURING
ISCHEMIA AND REPERFUSION

After onset of coronary artery occlusion, the oxida-
tion level of Cu, decreased almost immediately,
due to an imbalance between electron flux and oxy-
gen supply. Upon reperfusion, the oxidation level
of the enzyme increased to ~15% above preocclu-
sion levels followed by rapid normalization, as
shown previously.” The overshoot in cytochrome
a,a; oxidation level during reperfusion defined an
area (area “a” in Figure 1) which increased as a
near linear function of the duration of ischemia, for
occlusions of 20-120 s in duration [Figure 2(a)].

Tissue blood volume decreased abruptly upon
coronary artery occlusion, and increased to supran-
ormal levels during reperfusion, followed by
gradual normalization. The tBV signal, however,
became maximal sooner and normalized earlier in
reperfusion than did the cytochrome oxidation
level.” The area defined by the BV overshoot (area
“b” in Figure 1) increased linearly as a function of
the duration of ischemia [Figure 2(a)].

The tissue level of oxyhemoglobin and oxymyo-
globin (tHbO,+MbO,) decreased rapidly during
coronary occlusion, and increased to supranormal
levels during reperfusion in concert with the cyto-
chrome oxidation level. This signal returned to pre-
occlusion baseline more gradually than either the
tBV or the cytochrome optical responses.” Like the
tBV and cytochrome oxidation levels, the area de-
fined by the overshoot in the tHbO,+MbO, level
during reactive hyperemia (area “c” in Figure 1)
increased linearly as a function of the duration of
ischemia [Figure 2(b)].

The change in the tissue level of deoxyhemoglo-
bin and deoxymyoglobin (tHb+Mb) associated
with coronary occlusion and reperfusion is also
shown in Figure 1. Unlike the other NIR optical re-
sponses, the pattern of the tHb+Mb response dur-
ing reperfusion consisted of an initial increase fol-
lowed by a decrease to below baseline, and then by
gradual return to baseline.” The area defined by the
initial increase in tHb+Mb (overshoot area “d”’ in
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Fig. 1 Near infrared optical responses in canine myocardium dur-
ing 40, 80, and 120 s LAD artery occlusions and reperfusion.
Representative recording from one of eight dogs. TOP—The cyto-
chrome a, a3 oxidation level during reperfusion delineates an over-
shoot area (a) which increases with increasing duration of occlu-
sion. UPPER MIDDLE—The BV response during reperfusion defines
an overshoot area (b) which increases with increasing duration of
occlusion. LOWER MIDDLE—The tHbO,+MbO, responses during
reperfusion delineates the O, store overshoot area (c) which in-
creases with increasing duration of occlusion. BOTTOM—The
tHb+Mb response during reperfusion defines an early overshoot
area (d) and a late undershoot area (e). Both areas increase with
increasing duration of occlusion. Arrow indicates onset of coronary
occlusion. Solid vertical line indicates release of coronary occlu-
sion. Cyt a,a3, cytochrome a,as; 1BV, tissue blood (hemoglobin)
volume; tHbO,+MbO,, tissue oxyhemoglobin plus oxymyoglobin;
tHb+Mb, tissue deoxyhemoglobin plus deoxymyoglobin; AOD,
change in optical density.
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Fig. 2 Overshoot areas defined by NIR optical responses follow-
ing LAD occlusion of 20-120 s in canine myocardium. Data are
presented as mean +S.E.M. for eight dogs. (a) Cytochrome a, a3
overshoot area (closed squares) and tissue blood volume overshoot
area (open squares) increase with increasing duration of occlusion.
(b) tHbO,+MbO, (O, store) overshoot area (open circles),
tHb+Mb undershoot area (closed triangles), tHb+Mb overshoot
plus undershoot area (close circles), and tHb+Mb overshoot area
(open triangles) increase with increasing duration of occlusion.



MYOCARDIAL OXYGENATION DURING HYPEREMIA

Table 1 Myocardial blood flow, O, extraction, O, delivery, and O, consumption during coronary

occlusion and reperfusion.

Partial Complete

BASAL occlusion occlusion Reperfusion
Transmural blood 0.84=.23 0.41=.15* 0.23+.13*T 2.06=.94*
flow
(ml/min/gm)
CaO, 18.8+2.4 18.9+2.6 19.1x£2.5 18.8+2.4
(ml O, /dl)
CvO, 9.8x2.1 6.7x1.9* 8.0+2.2*1 11.9+x2.7
(ml O, /dl)
Ca0O,-CvO, 9.0x2.3 12.2+3.2* 11.1+£2.5% 7.1x2.0
(ml O, /dl)
O, delivery 15.8+5.1 7.7x2.7* 4.5+2.4%1 39.0x£15.6*
(ml Oy /min/100 gm)
MVO, 7.5x2.7 4.8+1.8* 2.5+1.1*T 14.0+5.6*

(ml Oy /min/100 gm)

Values are mean=S.D. for nine dogs.
* p<.05 vs BASAL (preocclusion) levels.

i p<.05 vs partial occlusion.

Abbreviations: CaOj=arterial O, content; CvO,=mixed venous O, content from great cardiac vein;

MVO,=myocardial O, consumption.

Figure 1) increased linearly with increasing dura-
tion of occlusion up to ~60s, and increased more
gradually for occlusions of 80 to 120 s [Figure 2(b)].
The area defined by the decrease in tHb+Mb below
baseline (undershoot area “e¢” in Figure 1) in-
creased linearly with increasing duration of occlu-
sion [Figure 2(b)]. Also as shown in Figure 2(b), the
sum of the tHb+Mb overshoot and undershoot ar-
eas was approximately equal to the tHbO,+mBO,
overshoot area.

3.2 O, AVAILABILITY VERSUS MVO,
DURING ISCHEMIA AND REPERFUSION

To further characterize myocardial oxygenation
during reactive hyperemia, the oxidation level of
cytochrome a,a; (Cuy) was assessed in relation to
myocardial oxygen consumption during ischemia
and reperfusion in the dogs in group B. Complete
studies were obtained in nine animals. Baseline he-
modynamic values were similar to group A, includ-
ing a heart rate of 110£31 beats/min, an arterial
systolic blood pressure of 125+ 24 mmHg, and a di-
astolic blood pressure of 94+ 14 mmHg.

As shown in Table 1, partial coronary occlusion
produced a ~51% decrease in transmural blood
flow and a ~36% decrease in MVO,, while com-
plete occlusion produced a ~73% decrease in blood
flow and a ~66% decrease in MVO,. At ~30 s into
reperfusion, there was a 145% increase in tissue
blood flow and an 87% increase in MVO, above
control levels. Although the MVO, and Cu, oxida-

tion state measurements are subject to errors re-
lated to differences in sampling volume, we corre-
lated the in vivo relationship of MVO, to Cuy
oxidation state using to a polynomial equation. The
best fit curve for these qualitative measurements is
shown in Figure 3. Cytochrome a,a; was partially
reduced (~85% oxidized) in the beating canine
heart under control conditions.” In ischemia the re-
lationship between the Cu, oxidation level and
MVO, was essentially linear, suggesting that myo-
cardial respiration was limited by O, availability
under these conditions.® Since both the Cu, oxida-
tion level and the tHbO,+MbO, level became maxi-
mal at ~30s into reperfusion (Figures 1 and 3,
Table 1), this likely represents the point of maximal
myocardial O, availability during reactive hyper-
emia. As indicated above, MVO, was only in-
creased by 87% above control levels when myocar-
dial O, availability was maximal by NIRS (Figure 3,
Table 1). Figure 3 also shows the relationship of the
NIRS signal for the O, store and Cu, during the
ischemia experiments (inset). The apparent one-to-
one relationship between tHbO,+MbO, and Cuy,
can best be explained if partial and complete is-
chemia cause drop out of entire perfusion-
metabolism units, e.g., entire groups of myocytes
are lost during ischemia wherein both the mito-
chondrial oxidase and the hemoglobin (+ myoglo-
bin) become reduced and deoxygenated simulta-
neously.
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Fig. 3 Relationship of cytochrome a, a; oxidation level to myocar-
dial oxygen consumption (MVO,) prior to coronary occlusion
(BASAL), during partial occlusion (PO), during complete occlusion
(CO), and at 30 s into reperfusion (REP) in canine myocardium.
Cytochrome oxidation level is expressed as % of total labile signal
(see Methods). Data are presented as mean =S.D.> for nine dogs.
Relationship was best fit using MacIntosh software by a fourth-
order polynomial equation: Y=1.008X+3.574X?—0.387X3
+0.012X* (r?=1.00), the curve for which is shown.

3.3 MYOCARDIAL OXYGENATION DURING
ADENOSINE-MEDIATED HYPEREMIA

Myocardial oxygenation during reactive hyperemia
was compared to during pharmacologic vasodila-
tion with adenosine in the same animals. Complete
studies were obtained in seven of the nine dogs in
group B. As shown in Table 2, the baseline param-

eters of myocardial perfusion and oxygenation in
this subgroup were similar to that of the entire
group (Table 1). During infusion of adenosine at 0.5
mg/kg/min, tissue blood flow increased by 82%
above control levels. Despite the increase in arterial
O, content, the (A-V)O, content difference de-
creased such that MVO, did not change signifi-
cantly. NIR spectroscopy detected increases from
control in (1) the tissue blood volume, reflecting
adenosine-mediated vasodilation, and (2) the tissue
level of oxyhemoglobin and oxymyoglobin
(tHbO,+MbO,), reflecting the decrease in O, ex-
traction (Figure 4). Both changes were statistically
significant during infusion of adenosine at 1.0 mg/
kg/min. There was not a statistically significant
change in the tissue level of deoxyhemoglobin and
deoxymyoglobin (tHb+Mb) during infusion. Also,
the oxidation level of Cu, did not change during
infusion, despite the adenosine-mediated increase
in myocardial O, delivery.

4 DISCUSSION

The dynamic changes in myocardial oxygenation
during reactive hyperemia have been difficult to
study due to a lack of rapid, continuous techniques
to monitor the events. Using NIR spectroscopy to
study reactive hyperemia, we found a linear rela-
tionship between the duration of coronary occlu-
sion and the magnitude of change in the tissue
blood volume, tHbO,+MbO,, and tHb+Mb levels
(Figures 1-3). Also, the Cu, signal generated
through our algorithms followed the tHbO,+MbO,
signals (see below). This relationship was apparent

Table 2 Myocardial blood flow, O, exiraction, O, delivery, and O, consumption during adenosine

infusion.

Adenosine Adenosine
BASAL 0.5 mg/kg/min 1.0 mg/kg/min

Transmural blood flow 0.88+.24 1.60+.46* 1.48+.75
(ml/min/gm)
CaO, 19.2+2.4 21.0x2.2* 21.9+2.6*
(ml/O, /dI)
CvO, 9.9+14 17.0+2.2* 17.6+1.6*
(ml/O, /dl)
Ca0,-CvO, 9.3+23 4.0+1.4* 4.3+17*
(ml O, /dl)
O, delivery 16.9+5.3 34.9+11.6* 33.1+18.5*
(ml Oy /min/100 gm)
MVO, 8.1+x2.7 6.7+3.2 6.2+3.1

(ml Oy /min/100 gm)

Values are mean =S.D. for seven dogs.

* p<.05 vs BASAL levels.

Abbreviations: CaOj=arterial O, content; CvO,=mixed venous O, content from great cardiac vein;

MVO,=myocardial O, consumption.
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over a sixfold range in occlusion duration, implying
that myocardial oxidative metabolism is highly
regulated following coronary occlusions of up to
two minutes in duration.

When interpreting the NIRS signals in this study,
it should be remembered that some confusion exists
in the literature concerning the in vivo oxidation-
reduction behavior of the Cuy center of cytochrome
oxidase. Part of this confusion relates to the meth-
ods used to develop algorithms, e.g., in vivo versus
in vitro, and part relates to the actual biochemical
behavior of Cuy in vivo in the presence of hemoglo-
bin which contributes nearly 90% of the total NIR
optical signal in the heart. These problems have
produced some debate about the validity of the
Cu, signal and whether Cu, undergoes a reduction
response during ischemia. It is important to note
that the algorithms used in this study are based on
in vivo spectra obtained in the absence of hemoglo-
bin when the oxidized NIR absorption band of Cuy
was demonstrated to disappear during ischemia.

The Cu, and hemoglobin algorithms in this
study are scaled to provide trend signals of about
the same amplitude. These algorithms cannot be
used to compare concentration changes for hemo-
globin and Cuy, (Ref. 20) because they are designed
to provide signals of approximately the same mag-
nitude full scale and not changes in absolute con-
centration. In vivo, the actual total contribution of
the Cuy absorption is only about one-eighth of the
total for HbO,+MbO,. Such trend monitoring algo-
rithms can be modified to produce signals appro-
priate for comparing actual concentrations of Cuy
and hemoglobin to each other, however, other criti-
cal factors such as optical pathlength are not known
for the intact heart.

The NIR deoxyhemoglobin plus deoxymyoglobin
(tHb+Mb) signal during reperfusion defined two
distinct phases of reactive hyperemia, which were
not discernable by analysis of the tHbO,+MbO, or
Cuy optical responses (Figure 1). During the early
phase, defined by the tHb+Mb overshoot (area “d”’
in Figure 1), the oxidation level of Cu, was below
preischemic baseline, reflecting limited mitochon-
drial oxygen availability (Figure 1). This initial
phase of reactive hyperemia was characterized by
increased cellular extraction of oxygen from hemo-
globin as it entered the ischemic tissue, resulting in
increased tHb+Mb levels.?**7 Earlier studies indi-
cate that a rapid and transient increase in MVO, to
200%-300% above preischemic levels occurs when
the level of deoxyhemoglobin in the venous effluent
is maximal, less than 10 s into reperfusion, and
MVO, remains markedly elevated for only the ini-
tial ~20 s of reactive hyperemia.** Within this brief
period, which corresponds to the period of in-
creased tHb+Mb in the present study, high energy
phosphates are replenished, suggesting that bioen-
ergetic recovery after brief ischemia occurs early
during reactive hyperemia.® The magnitude of the
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MVO, overshoot related to the duration of is-
chemia, implying that metabolic impairment dur-
ing ischemia is linked to metabolic recovery during
reperfusion.*’

Since maximal hyperemia and O, delivery occurs
after coronary occlusions of only 20 s in duration,”
the additional O, demand produced by longer oc-
clusions was met by increasing O, extraction.”’
Accordingly, the magnitude of the tHb+Mb over-
shoot area increased as the duration of ischemia
was increased from 20 to 120 s [Figures 1 and 2(b)].
The increase in tHb+Mb was not linear as a func-
tion of occlusion duration [Figure 2(b)], presumably
because MVO, (and O, demand) decline toward a
nadir level defined by the availability of collateral
blood flow as the duration of coronary occlusion
was increased from 20 to 120 s.”® Thus, the increase
in the tHb+Mb level upon entry of oxygenated
blood into the microcirculation likely reflects oxida-
tive recovery after brief ischemia. The factors in-
volved are (1) diffusion of O, down a steep gradient
from the intravascular to the intracellular compart-
ment to normalize mitochondrial pO, and replenish
myoglobin O, stores, and (2) a compensatory in-
crease in O, extraction from hemoglobin to accom-
modate an increase in cellular O, demand, the mag-
nitude of which relates to the duration of coronary
artery occlusion.

A second phase of reperfusion, which was de-
fined by the tHb+Mb undershoot (area “¢’” in Fig-
ure 1), occurred during the remainder of
hyperemia.” During this later phase, tissue pO, is
elevated®?® and hemoglobin saturation of the
venous effluent is increased (Table 1) (Refs. 4 and
3). The NIR method indicates the tissue level of
oxyhemoglobin plus oxymyoglobin
(tHbO,+MbO,) is supranormal at this time (Figure
1), suggesting increased tissue oxygen availability.
Increased mitochondrial O, availability is also sug-
gested by the concomitant increase in the Cuy, oxi-
dation level to above preocclusion levels, though
decreases in NADH or ADP availability could also
influence the redox state of the terminal
oxidase.””*? The increase in oxygen availability
during this period has been postulated to be due to
the combined effects of sustained hyperemia (and
O, delivery) and rapidly declining tissue oxygen
demand.?

Tissue blood volume increased above baseline
levels during reperfusion (Figure 1), indicating that
the intravascular space expanded transiently fol-
lowing ischemia.” Since the magnitude of the tBV
overshoot increased linearly as a function of the du-
ration of coronary occlusion (Figure 2), tissue blood
volume is clearly regulated in response to myocar-
dial ischemia. The increase in tissue blood volume
may reflect capillary recruitment to enhance oxygen
diffusion early during reactive hyperemia when O,
availability is limited.” In addition to expediting
reoxygenation, this vasodilatory response may en-
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hance the efficiency by which metabolites are
washed out during reperfusion. The mechanism(s)
regulating the overshoot in tissue blood volume are
largely unknown. While this response may be me-
diated in part by endogenous vasodilators, adenos-
ine is an unlikely candidate since it does not influ-
ence the initial increase in blood flow or maximal
hyperemia which occur when tissue blood volume
is maximal.0%73!

To further investigate myocardial oxygenation
during reactive hyperemia, we assessed mitochon-
drial oxygen availability and MVO, within the
same region of the beating dog heart during is-
chemia and reperfusion. In ischemia, oxygen con-
sumption declines because oxygen becomes limit-
ing to populations of myocytes (decreased
tHbO,+MbO,) and hence, to their mitochondria.??
If the flow of electrons ceases at cytochrome a,a3,
and the enzyme stops consuming oxygen, and the
oxidation state of Cu, decreases. The linear rela-
tionship shown in Figure 3 between MVO, and the
Cuy oxidation state when tissue blood flow was re-
stricted suggests critical dependence of myocardial
respiration on oxygen availability when oxygen de-
livery becomes limited.”® If oxygen availability lim-
ited the MVO, during reperfusion, as it does during
ischemia, the maximal (200%-300%) increase in
MVO, would be expected to occur when the Cuy
oxidation level was maximal.** Our data indicate,
however, that MVO, was only 87% above preis-
chemic levels when the Cu, oxidation level became
maximal 30 s into reperfusion (Table 1 and Figure
3). Thus, myocardial respiration does not appear to
be limited by oxygen availability during reperfu-
sion. This point is supported by the observation de-
scribed above that maximal O, consumption occurs
early during reactive hyperemia when O, availabil-
ity is below control levels, rather than later in hy-
peremia when O, availability is supranormal.*® The
precise factors regulating the rate of aerobic respi-
ration during reperfusion cannot be defined from
the present data, though limitations of NADH
or ADP may be involved.?**

The mechanisms relating hyperemia to myocar-
dial oxygenation were further studied by compar-
ing tissue oxygenation during reactive hyperemia
with pharmacologic vasodilation by adenosine in
the same animals. Adenosine-mediated vasodila-
tion increased the size of the intravascular space, as
reflected in the increase in tissue blood volume
(Figure 4). Since adenosine did not increase O, con-
sumption (Table 2), the decrease in tissue O, extrac-
tion and the increase in the tissue level of oxyhemo-
globin and oxymyoglobin were expected (Figure
4).3* The increase in the rate of oxyhemoglobin pro-
vision associated with adenosine-mediated hyper-
emia would have been expected to decrease the tis-
sue level of deoxyhemoglobin. We found, however,
that while adenosine increased blood flow and O,
delivery by 82% and 107%, respectively, there was

198 JOURNAL OF BIOMEDICAL OPTICS * APRIL 1998 ¢ VoL. 3 No. 2

Basal Ad 0.5 Ad 1.0

100
Cyt a,a3 ">
(%of TLS) [
50L
100} EE/'I
1BV
(%of TLS) [ fﬁ/ *
50L
100
tHbO5 + MbO> /I/I
(%ofTLs) | T .
501
50 | T l l
Hb + Mb
(%ofTLS) [ o —>
0 L

Fig. 4 NIR optical responses in canine myocardium prior to ad-
enosine infusion (BASAL) and during infusion at 0.5 mg/kg/min
(Ad 0.5) and 1.0 mg/kg/min (Ad 1.0). Signal levels are expressed
as % of total labile signal (TLS). Data are presented as mean +S.D.
for seven dogs. Asterisk denotes p<<.05 vs preinfusion levels. Ab-
breviations otherwise as in Figure 1.

not a significant decrease in the tHb+Mb level. Fur-
thermore, the Cu, oxidation level did not increase,
implying that the relationship of electron flux to mi-
tochondrial O, availability did not improve during
adenosine infusion (Figure 4). Taken together, these
data indicate that adenosine-mediated hyperemia
does not augment transmural oxygen availability in
vivo. Since adenosine-mediated hyperemia is
known to be heterogeneous, the lack of improve-
ment in myocardial oxygenation during adenosine
infusion was not unexpected.* Though the precise
mechanisms remain to be determined, one possibil-
ity is that pharmacologic doses of adenosine induce
microvascular shunting. If so, adenosine infusion
could alter the distribution of oxygen to metaboli-
cally heterogeneous regions, producing little or no
augmentation in transmural oxygenation despite an
increase in O, delivery.

The determinants of the magnitude and duration
of reactive hyperemia in response to transient myo-
cardial ischemia are multifactorial **® This vascular
effect is due in part to (1) filling of the vascular tree
and coronary driving pressure®®*" myogenic
relaxation®”® adenosine®**3'!? other unrecognized
factors causing vasodilation in response to myocar-
dial metabolic demand (related to the duration of
ischemia).”***'® The adenosine hypothesis of
metabolic coronary flow regulation proposes that
blood flow is adjusted to myocardial oxygen re-
quirements by the augmented formation of
adenosine.®® The data presented here indicate that
coronary blood flow and O, extraction are indeed
adjusted to myocardial oxygen requirements. The



results of this study, however, do not support the
view that adenosine, at pharmacologic doses, has a
beneficial effect on myocardial oxygenation. Fur-
thermore, our results and the results of other
studies***® indicate that metabolic recovery occurs
early during reactive hyperemia, prior to the re-
ported onset of adenosine’s vasodilatory effect in
vivo 302331

In summary, NIR spectroscopy demonstrates that
cardiac O, extraction is increased and transmural
O, availability is below preocclusion levels early
during reactive hyperemia, whereas during the re-
mainder of hyperemia, O, extraction is subnormal
and O, availability is supranormal. Increasing the
duration of coronary occlusion produces changes in
myocardial O, availability and tissue blood volume
during reperfusion which indicate that myocardial
oxygenation is highly regulated after brief is-
chemia. Since cellular oxygen supply and recovery
of oxidative metabolism probably are restored early
during reactive hyperemia, the predominant effect
of cellular metabolic demand on postischemic va-
sodilation should occur early in reperfusion. In con-
trast to during ischemia, MVO, during reactive hy-
peremia is not limited by O, delivery or cellular O,
availability. The factors mediating the early vasodi-
lator response to metabolic demand after brief is-
chemia, as well as the factors controlling the rate of
myocardial respiration during reperfusion remain
to be determined.

Acknowledgments

This work was supported in part by a Grant-in-Aid
(North Carolina Affiliate) from the American Heart
Association. Support was provided by NIH Grants
HL-18468-15 (J.C.G., J].C.R.,, R.P.B.), HL-422444-01
(C.A.P.), and the Medical Research Service of the
Veterans Administration.

The authors thank Dr. Francis G. Duhaylongsod
for his participation in some experiments, and Ben
Comfort, Mark Hall, Craig Marshall, and Lynn
Tatro for their excellent technical assistance.

REFERENCES

1. R. A. Olsson, “Myocardial reactive hyperemia,” Circ. Res.
37, 263-270 (1975).

2. M. Pagani, S. F. Vatner, H. Baig, and E. Braunwald, “Initial
myocardial adjustments to brief periods of ischemia and
reperfusion in the conscious dog,” Circ. Res. 43, 83-92
(1978).

3. J. H. Ruiter, J. A. E. Spann, and J. D. Laird, “Transient oxy-
gen uptake during myocardial reactive hyperemia in the
dog,” Am. J. Physiol. 235 (Heart Circ. Physiol. 4), H87-H94
(1978).

4. J. D. Coffman and D. E. Gregg, “Oxygen metabolism and
oxygen debt repayment after myocardial ischemia,” Am. J.
Physiol. 201, 881-887 (1961).

5. G. Cooper, “Load and length regulation of cardiac energet-
ics,”” Annu. Rev. Physiol. 52, 505-522 (1990).

6. G. G. Schwartz, S. Schaefer, J. Gober, D. J. Meyerhoff, A.
Smekal, B. Massie, and M. W. Weiner, “Myocardial high-
energy phosphates in reactive hyperemia,” Am. ]. Physiol.
259 (Heart Circ. Physiol. 28), H1190-H1196 (1990).

7. W.]. Parsons, ]. C. Rembert, R. P. Bauman, F. G. Duhaylong-

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

JOURNAL OF BIOMEDICAL OPTICS * APRIL 1998 ¢ VoL. 3 No. 2

MYOCARDIAL OXYGENATION DURING HYPEREMIA

sod, J. C. Greenfield, Jr., and C. A. Piantadosi, “Myocardial
oxygenation in dogs during partial and complete coronary
artery occlusion,” Circ. Res. 73 (3), 458-464 (1993).

W. J. Parsons, J. C. Rembert, R. P. Bauman, J. C. Greenfield,
Jr., and C. A. Piantadosi, “Dynamic mechanisms of cardiac
oxygenation during brief ischemia and reperfusion,” Am. J.
Physiol. 259 (Heart Circ. Physiol. 28), H1477-H1485 (1990).
C. A. Piantadosi, W. J. Parsons, and ]J. A. Griebel, ““Applica-
tion of NIR spectroscopy to problems of tissue oxygen-
ation,” Update in Intensive Care and Emergency Medicine, G.
Gutierrez and J. L. Vincent, Eds., Vol. 12, pp. 41-55,
Springer-Verlag, Berlin, Germany (1991).

M. Tamura, O. Hazeki, S. Nioka, and B. Chance, “In vivo
study of tissue oxygen metabolism using optical and
nuclear magnetic resonance spectroscopies,” Ann. Rev.
Physiol. 51, 813-834 (1989).

C. A. Piantadosi and B. ]J. Comfort, “Development and vali-
dation of multiwavelength algorithms for in vivo near infra-
red spectroscopy,” in Photon Migration in Tissue, B. Chance
and W. E. Blumberg, Eds., pp. 69-82, Plenum, New York,
NY (1989).

C. A. Piantadosi, “Absorption spectroscopy for assessment
of mitochondrial function in vivo,” Methods in Toxicology, D.
P. Jones and L. H. Lash, Eds., Vol. 2, pp. 107-126, Academic,
Orlando, FL (1993).

N. B. Hampson and C. A. Piantadosi, “'Near infrared moni-
toring of human skeletal muscle oxygenation during fore-
arm ischemia,” |. Appl. Physiol. 64, 2449, 2457 (1988).

C. A. Piantadosi, “Behavior of the copper band of cyto-
chrome ¢ oxidase in rat brain during FC-43-for-blood sub-
stitution,” Oxygen Transport to Tissue XI, K. Rakusan, G. P.
Biro, T. K. Goldstick, and Z. Turek, Eds., pp. 81-90, Plenum,
New York, NY (1989).

B. Chance, J. S. Leigh, H. Miyake, D. S. Smith, S. Nioka, M.
Greenfield, M. Finander, K. Kaufmann, W. Levy, M. Young,
P. Cohen, H. Yoshioka, and R. Boretsky, ““Comparison of
time-resolved and unresolved measurements of deoxyhe-
moglobin in brain,” Proc. Natl. Acad. Sci., USA 85, 4971-4975
(1988).

H. J. Granger and A. P. Shepherd, “Intrinsic microvascular
control of tissue oxygen delivery,” Microvascular Res. 5,
49-72 (1973).

R. A. Olsson and D. E. Gregg, “Myocardial reactive hyper-
emia in the unanesthetized dog,” Am. ]. Physiol. 208 (2), 224~
230 (1965).

R. F. Coburn, F. Ploegmakers, P. Gondrie, and R. Abboud,
““Myocardial myoglobin oxygen tension,” Am. ]. Physiol.
224, 870-876 (1988).

S. Brazzamano, J. M. Fedor, J. C. Rembert, and J. C. Green-
field, Jr., “Collateral conductance changes during a brief
coronary occlusion in awake dogs,” Circulation 72, 225-232
(1985).

S. J. Matcher, C. E. Elwell, C. E. Cooper, M. Cope, and D. L.
P. Delpy, “Performance comparison of several published
tissue near-infrared spectroscopy algorithms,” Anal Biochem.
227, 54-68 (1995).

D. S. Baim, M. T. Rothman, and D. C. Harrison, ““Simulta-
neous measurement of coronary venous blood flow and
oxygen saturation during transient alterations in myocardial
oxygen supply and demand,” Am. ]. Cardiol. 49, 743-752
(1982).

R. A. Olsson and D. E. Gregg, ““Metabolic responses during
myocardial reactive hyperemia in the unanesthetized dog,”
Am. . Physiol. 208 (2), 231-236 (1965).

M. L. Marcus, “Metabolic regulation of coronary blood
flow,” in The Coronary Circulation in Health and Disease, pp.
65-92, McGraw-Hill, New York, NY (1983).

P. C. Johnson, “Autoregulation of blood flow,” Circ. Res. 59,
483-495 (1986).

R. E. Klabunde and P. C. Johnson, “Capillary velocity and
tissue PO, changes during reactive hyperemia in skeletal
muscle,” Am. ]. Physiol. 233 (Heart Circ. Physiol. 2), H379-
H383 (1977).

F. W. Heineman, V. V. Kupriyanov, R. Marshall, T. A.
Fralix, and R. S. Balaban, “Myocardial oxygenation in the
isolated working rabbit heart as a function of work,” Am. J.

199



PARSONS ET AL.

27.

28.

29.

30.

31.

32.

33.

34.

200 JOURNAL OF BIOMEDICAL OPTICS ¢ APRIL 1998 ¢ VoL. 3 No. 2

Physiol. 262 (Heart Circ. Physiol. 31), H225-H267 (1992).

T. R. Snow, L. H. Kleinmann, J. C. LaManna, A. S. Wechsler,
and F. F. Jobsis, “Responsive of cyt a,a; in the in sifu canine
heart to transient ischemic episodes,” Basic Res. Cardiol. 76,
289-304 (1981).

T. R. Snow and H. L. Stone, “A study of factors affecting the
oxidation-reduction stat of cyt a,a; in the in situ canine
heart,” J. Appl. Cardiol. 3, 191-196 (1988).

W. W. Myers and C. R. Honig, “Number and distribution of
capillaries as determinants of myocardial oxygen tension,”
Am. |. Physiol. 207, 653-660 (1964).

K. A. Kirkeboen, G. Aksnes, K. Lande, and A. Ilebekk, ““Role
of adenosine for reactive hyperemia in normal and stunned
porcine myocardium,” Am. ]. Physiol. 263 (Heart Circ.
Physiol. 32), H1119-H1127 (1992).

D. Saito, C. R. Steinhar, D. G. Nison, and R. A. Ollson, “In-
tracoronary adenosine deaminase reduces canine myocar-
dial reactive hyperemia,” Circ. Res. 49, 1262-1267 (1981).

E. F. Jobsis, “Oxidative metabolism at low pO,,” Fed. Proc.
31, 1404-1413 (1972).

W. E. Jacobus, R. W. Moreadith, and K. M. Vandegear, ““Mi-
tochondrial respiratory control: Evidence against the regu-
lation of respiration by extramitochondrial phosphorylation
potentials or by [ATP]/[ADP] ratios,” J. Biol. Chem. 257,
2397-2402 (1982).

N. Sadick, G. P. Dube, P. A. McHale, and J. C. Greenfield,
Jr., “Metabolic mediation of single brief diastolic occlusion
reactive hyperemic responses,” Am. ]. Physiol. 253 (Heart
Circ. Physiol. 9), H25-H30 (1987).

35

36.

37.

38.

39.

40.

41.

42.

J. C. Rembert, L. M. Boyd, W. P. Watkinson, and J. C. Green-
field, Jr., “Effect of adenosine on transmural myocardial
blood distribution in the awake dog,” Am. ]. Physiol. 239
(Heart Circ. Physiol. 8), H7-H13 (1980).

W. P. Dole, W. J. Montville, and V. S. Bishop, ““Dependency
of myocardial reactive hyperemia on coronary artery pres-
sure in the dog,”” Am. |. Physiol. 240 (Heart Circ. Physiol. 9),
H709-H715 (1990).

P. A. McHale, G. P. Dube, and J. C. Greenfield, Jr., “Evi-
dence for myogenic vasomotor activity in the coronary cir-
culation,” Prog. Cardiovas. Dis. 30, 139-146 (1987).

R. M. Berne, ““Cardiac nucleotides in hypoxia: Possible role
in regulation of coronary blood flow,” Am. J. Physiol. 204,
317-322 (1963).

M. A. Duvelleroy, H. Mehmel, and M. B. Laver,
““Hemoglobin-oxygen equilibrium and coronary blood flow:
An analog model,” J. Appl. Physiol. 35, 480-484 (1973).

J. M. Fedor, D. M. McIntosh, J. C. Rembert, and J. C. Green-
field, Jr., “Coronary and transmural myocardial blood flow
responses in awake domestic pigs,” Am. |. Physiol. 235
(Heart Circ. Physiol. 4), H435-H444 (1978).

E. O. Feigl, “Coronary physiology,” Physiol. Rev. 63, 1-205
(1983).

R.J. Bache, F. R. Cobb, and J. C. Greenfield, “Limitations of
the coronary vascular response to ischemia in the awake
dog,” Cir. Res. 35, 527-535 (1974).



