Myocardial Metabolism in Patients Having
Aortic-valve Replacement
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Concentrations of metabolites and electrolytes
in arterial and coronary sinus blood were studied
in ten patients undergoing whole-body perfusion
for aortic valve replacement. The study contin-
ued th h three p ive days. A com-
parison was made between five patients whose
hearts were beating during perfusion and five
whose hearts fibrillated. Oxygen consumption of
the myocardium was reduced during hypothermic
coronary perfusion; the reduction was greater in
the beating hearts. Significant arterial-coronary
sinus differences in clectrolytes and osmolality
were not seen. Arterial concentrations of energy
metabolites utilized by the myocardium were
clevated throughout operation, and all except
glucose were utilized by the heart. Ketosis per-
sisted after operation in the presence of above-
normal glucose levels. Other than greater con-
sumption of oxygen during perfusion, no consis-
tent difference was seen between the perform-
ances of hearts that fibrillated and those that
continued to beat. (Key words: Myocardial
metabolism, Aortic valve replacement, Electro-
Istes, Oxygenation.)

SunvivaL after open-heart surgery depends
ultimately on the continuing ability of the
myocardium to maintain cellular function and
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to do adequate work. Documentation of the{(;
response of myocardial metabolism to the),
stresses of whole-body perfusion and the post—<
operative period may help to provide bettero
care and survival. Previous studies demon-w
strated the arterial concentrations. of metabw
lites presented to the myocardium.* The pres-B
ent study examines arterial and coronary smusg
levels of oxygen, acid-base parameters, elec—m
trolytes, and metabolites in ten patients dur-m
ing operation for aortic valve replacement and_

during the following three days. g
o

Material 3

[

PATIENTS 3

Two groups of five patients each, in whom®
Starr-Edwards aortic prostheses were msertedg
for aortic stenosis or insufficiency, underwentz
identical studies. The heart continued to beatB
during perfusion in one group and was elec-\‘
trically fibrillated in the other. The ‘beatmg
group included three women and two men,o
whose mean age was 44 vears (range 24 tog
68), mean weight 136 Ib (range 103 to 187),N
and mean surface area 1.65 sq m (range 1. 4$
to 2.0). Three patients had been taking digi-3
talis and two patients diuretics. Mean time of5
whole-body perfusion was 82 minutes (rangeS
70 to 94). The “fbrillating” group includedS
two women and three men whose mean age§
was 56 vears (46 to 65 years), mean weighti‘;
162 Ib (125 to 190), and mean surface areaS
1.83 sq m (1.54 to 2.04). Four patients had®
been given digitalis and diuretics. Mean dum-
tion of whole-body perfusion was 91 minutes®
(range 80 to 101). S

Clinically manifest low cardiac output rhdO
not develop in any patient, and no patient re->
ceived assisted ventilation or catecholamine in-=:

fusion after operation. All patients survived. §
s
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Methods
ANESTHESIA

As in the previous study,! nitrous oxide,
oxygen, and halothane were used, with halo-
thane administration continued during per-
fusion. The tracheas were extubated at the
end of operation.

PERFUSION

The priming solution consisted of diluted
acid-citrate-dextrose (ACD) blood, as noted
in a previous paper: The mean mates of
whole-body perfusion were 2.26 (beating
group) and 2.20 (fibrillating group) 1/min/sq
m at 30 C. Both coronary arteries were per-
fused by separate pumps through plastic cathe-
ters while the aorta was open. Only the left
coronary flow was considered for calculation
of left ventricular oxygen consumption, since
80 to 90 per cent of the blood appearing in
the coronary sinus drains the left ventricular
myocardium.2 The left coronary pump and
the arterial pump supplying the whole-body
perfusion were calibrated volumetrically after
each perfusion.

SAMPLING SCHEDULE

Arterial blood was taken from the patient,
or pump oxygenator (during perfusion), as
shown in table 1. Samples were drawn simul-
taneously from the coronary sinus via a small
catheter placed by the surgeon after thora-
cotomy. The catheter was brought out through
the chest wall and used for postoperative sam-
pling. Arterial samples were obtained after
operation from a left atrial catheter emerging
through the chest wall, or from a peripheral
arterv.

ANALYSES

Methods of analysis of the arterial and coro-
nary sinus blood have been reported in a pre-
vious study.! Tensions of oxygen and carbon
dioxide, as well as pH, were determined, and
temperature was corrected when lower than
36 C. Concentrations of caleium, sodium,
and potassium were measured, and osmolality
was determined by freezing-point depression
(Fiske Osmometer, Model G). The energy-
producing metabolites measured were non-
esterified fatty acids (NEFA), total ketone
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Tante 1. Schedule of Obtaining Sampl
Patients with Aortic-valve Replacement
during Open-heart Surgery

Temperature
Event Fiog of patient,
[¢]
Before perfusion®:
Patient, 0.40
Prime 0.97
5 min of left coronary perfusion | 0.98
Before rewarming 0.98
End of left coronary perfusion 0.98
30 min after perfusion 040
5 min after extubation 1.0
2 hours after operation 041
Day 2, 8:00 ax 0.4 —_
3:00 Py 041 _
Day 3, 8:00 axt 047 —_
3:00 py 0.4t _
Day 4, S:00 am 0.4f —
3:00 pat 041 —

* Arterial sample only was drawn before induction,
breathing air. Coronary sinus samples were also
drawn at all other times.

1 Approximate.

bodies, glucose, lactate, and pyruvate. Levels
of blood glucose were determined in an Auto-
Analyzer (Technicon Instruments). Ratios of
lactate to pyruvate were calculated, as were
coefficients of extraction or production ® of
oxygen, NEFA, and lactate. Oxygen content
was obtained by multiplying the values for
hemoglobin by 1.34 and by oxygen saturation
of the hemoglobin.

Statistical analyses were done by use of
Student’s ¢ test, with P <0.05 as the level
of significance. Paired data for each parame-
ter in each of the two groups were compared:
(1) arterial and coronary sinus blood levels
at each sampling time, and (2) each subse-
quent arterial level compared to preinduction
level. Analyses of unpaired data, comparing
arterial levels of the two groups at each sam-
pling time, also were done.

Results

Mean values (with the standard errors)
for all parameters in the “beating” group are
given in table 2 (during operation) and table

o ( Arterial-coronary sinus)/Arterial X 100.
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TanLe 3. Postoperative Data for Group with Beating Hearts during Open-heart
Surgery for Aortie-valve Replacement
Day1l | Day 2 Day 3 Day 4
¥ .
2 hours postop. 8§:00 axt
Po: (mm Hy) 199 =37 20 T3
2 25
O: content 18.0 183
(ml,/100 ml) 82 8.8
Pco: (mm Hi) a4 £ 2
15
pH
Buffer base 47 = 45 = 1
(mEaq. 1) 50 50
K+ (mEa/h : 0.09 39 = 0.03
i 10
Na* (mEq, 1) = 0.4 135 & 0.2
136
Ca** (/100 ml) 104 = 0.1
105
Ozmolality
(mOsimn kg
=0)
Glucose
(10527100 ml)
NEFAS (WEq/D)
Total ketone

bodies (uz/ml) :
i 0.06 j

Lactate 0.15
(muoles ) !

Pyruvate = 0.03% 0.03
(mmoles,

Ratio of lactate
to pyruvate i

158

* Mean SE for arterial blood (top Iine in each block).

+Value for coronary sinus blood (bottom line in each block).

$ Nonesterified fatty acids.

(after operation). Significant differences
of arterial levels and arterio-coronary sinus
concentrations between the beating and fibril-
Inting groups were few and did not follow
any consistent patterns; therefore detailed
data for the fbrillating group are not pre-
sented. Table 4 shows the details of left coro-
nary flow and left ventricular oxygen consump-
tion during direct coronmary perfusion in the
beating and fibrillating groups. Only statis-
tically significant differences will be discussed
specifically.

Acip-Base Baraxce (Fic. 1}

Buffer base did not change across the heart
or in arterial levels except in a few instances.
Arterial pH was higher than before induction
at each sample time, except for the period

1-Z2¥50000/66.882/0L£/¥/1£/4pd-010118/AB0|0ISOUISBUE/WOD IIEUYDIDA|IS ZESE//:A}}Y WOI) papeojumoq

from the end of perfusion through two hours ©
after operation. Coronary sinus pH was Q
lower than arterial pH, and Pgo, increased S
across the heart, except during perfusion. ©
Respiratory alkalosis was present throughout &
operation and for the three postoperative days. §

q jpd-

ErLectroLyTEs (FIc. 2)

No differences in levels of potassium, cal-g
cium, or osmolality were found across the§
heart. Coronary sinus levels of sodium were 2

o
higher than arterial levels in the “beating”2
group on the third postoperative day. Ar-3
terial sodium levels were lower than before-ic?
induction throughout operation, and this hypo-
natremia recurred after operation in the “beat- Q
ing” group. Arterial potassium levels were
clevated during perfusion, and decreased to
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o
TapLe 4. Myocardial Oxygen C ption during C ary Perfusion in Patients %
Uudergoing Open-heart Surgery for Aortic-valve RReplacement %
Beating beart Fibrillating heart g
Mean levels f 5]

Bef . s Befo: >
Eaxrls | Rewarming | B9 By | ewarming | 504 3
=
Left coronary flow, ml,/min | 219 203 197 192 192 2
Difference® in Oz content, ml/100 ml 0.8 3.3 27 4.5 6.8 §
O: consumption, ml/min 1.8 6.7 54 S5 128 o
Body temperature, C 315 34.3 313 30.1 344 y
* Arterial and coronary sinus blood. %
o0
o
below preinduction levels in the “beating” perfusion. Extraction by the myocardium

group on the fourth operative day. Caleium
levels were elevated above preinduction levels
from the beginning of perfusion through two
hours after operation.

MerasoLITEs (Fi16s. 3 AND 4)

Total ketone body levels were above normal
before induction of anesthesia. Arterial levels
were elevated sporadically throughout the
study except at midperfusion and shortly after

Acid-bose — Aorhic Group

was seen at most sample times when arten:ﬁ'
concentration was high. oy

Glucose levels did not show any :Lrtenq‘;,"
venous differences at any time. The Inrg@'
amount in the priming fluid resulted i%
higher-than-preinduction concentrations in ar
terial blood throughout the day of surgerys
Similarly elevated levels of blood glucose were:
seen for all patients at all times except on the’
Iast postoperative day.
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Myocardial Electrciytes — Aortic Groups g
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Levels of NEFA were highest before perfu- group. Extraction of pyruvate by the heart
sion but did not decrease to preinduction lev- was significant for several hours after per- g
els until after perfusion. Postoperative arterial  fusion. 2
levels were generally not above those before Mean levels of oxygen tension in the coro-§

anesthesia, but extraction by the myocardium
was more consistent.

Arterial lactate levels increased before per-
fusion, rose steadily during perfusion, and
were highest shortly after perfusion. Levels
on the subsequent postoperative days were
not different from preinduction levels. Myo-
cardial extraction of lactate was evident when
arterial Jevels were high for several hours
after perfusion.

In the “beating” group, pyruvate values in-
creased over preinduction levels, before perfu-
sion and throughout operation. This increase
was seen from midperfusion through two
hours after operation in the “fibrillating”

nary sinus were less than 30 mm Hg in both @
groups at all times except during perfusion §
(fig. 4). Arterial mean levels were above 90 @
mm Hg at all times, although individual read- §
ings after operation were as low as 68 mm Hg &
during breathing of 40 per cent oxygen. Osy- o
gen extraction by the myocardium was signifi-
cant at all times.

Mean coefficients-of-extraction values, along 2
with individual values for NEFA, oxygen, and ©
lactate are shown in figure 5. NEFA de-
creased during hypothermic perfusion and in-
creased gradually after operation toward the S
nomal mean.t Oxvgen extraction was below
the normal ranges * before perfusion, very low

0 Uo jsen|

2



316
during hypothermic perfusion, and remained
below normal after operation.

Extraction of lactate of less than 10 per
cent or frank production is considered abnor-
mal or evidence of anuaerobic metabolism.®
Mean lactate extraction remained in this zone
throughout perfusion and sporadically after
operation. The greatest extraction occurred
while arterial levels were highest after per-
fusion.

Discussion

We have reported the arterial levels
throughout operation * and the arteriovenous
differences of metabolites and electrolytes
across the heart during perfusion.® The pres-
ent study examined cardiac metabolism
throughout the operative day and for three
postoperative days after aortic-valve replace-

MOFFITT, ROSEVEAR, TOWNSEND, AND McGOON

ment.  An additional aim was to find out
whether the beating or the fibrillating hear
had different responses during the direct coroS
nary perfusion and afterward.

OXYGENATION

01} papeoju

Oxygen tension and content in the com3
nary sinus increased during hypothermic coroZ
nary perfusion, compared with before perfuz
cion, indicating that extraction of oxygen b\m
the heart was reduced. Reduced e.\tmcnod(\n’
was more striking in the hearts that continueds’
to beat, the oxygen consumption being a thir
that of the fibrillating heart. On re\v.xrmmgg
oxygen consumption of the beating heart \vn}u
half that of the fibrillating heart. Howeveri
it is also true that the patients whose hearts3
were fibrillated were probably more severelyh
ill, had larger hearts, and underwent mord
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Myocardial  Metabolites — Aortic Groups
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prolonged coronary perfusion. Oxygen con-
sumption by the myocardium increased in
both groups as perfusion continued. Oxygen
consumption of the dog (left ventricle) per-
fused at 38 C has been reported as 3.4 ml
/100 gm/min in the empty beating heart,
and 3.8 ml in fibrillation. In the present
study, the arterial oxygen content decreased
late in the postoperative period, as hemoglobin
values decreased, probably owing to hemo-
dilution and destruction of erythrocytes.
Coronary sinus content also decreased after
operation, more so in the fibrillating group
(larger patient, larger heart).

The “fibrillating” group had a higher per-
centage of oxygen extraction throughout the
entire study, and only the fibrillating hearts
reached the normal range of oxygen extrac-
tion® for several hours after operation.
Messer and coauthors * found that the coeffi-
cient of oxygen extraction was 70 per cent & 6

(SD) for normal subjects; 66 per cent =8
for patients with coronary insufficiency, and
73 per cent=35 for patients in congestive
heart failure. They found increased oxygen
extraction in the group with congestive heart
failure in the presence of low cardiac output.
The lower-than-normal myocardial oxygen ex-
traction in our patients after operation could
result from (1) coronary flow in excess of
need, because coronary arteriolar regulation
had not adjusted to the lower requirements
for work permitted by the competent aortic
valve, or arteriolar control was influenced by
some other effect of coronary perfusion; (2)
coronary arteriovenous shunting, which is
either anatomic or physiologic (that is, trans-
port of oxygen from capillary to mitochon-
drion is impaired); and (3) reduced mito-
chondrial utilization of available oxygen.
Frank production of lactate occurred in some
hearts after operation, suggesting anaerobic

20z Iudy 60 uo 3sanb Aq jpd'$0000-00001696 |-Z¥S0000/66.2882/0L£/Y/1 £/4Pd-01o1n1e/ABO0|0ISOUISBUE/WOD IIEUYDIDA|IS ZESE//:d}}Y WOI) papeojumoq



Anesthesiology

Ee] \J J] J
318 MOFFITT, ROSEVEAR, TOWNSEND, AND McGOON \nesthesiology
. N . . |w]
Coefficients Of Extraction -~ Myocardiel Metabolites g
o +60 ° x %
§7°T » 2
S +40- x Tox x5 = @
25 spop bt Ml L I 57 &
S35 v20f IR ATI —qeag = == w7 g
i | _—_ - sk I < .
=50 B e 2
= — x ©
E -20- ° x 'm:.
s -40 L ° Fic. 5. Coeflicien!
of extraction of NEF.
oxygen, and lactate fék
® § B\& the myocardium. ig
o & . < B9 dividual values and thg
32 N x & ° means for both groug§
ST x x > °
N§Hor ° x are shown. Extraction
SR C of each of these metnbcs
5 200 lites was below norm:
C for most of the period
o Poct hi studied. References fi
r rostoperaive normal means an
o +60} ranges are given in thg
S - text. Herman and assd&g.
S 40 ciates3 consider a la&
2 o tate extraction of lesy
X 420 than 10 per cent indi
® I tive of deficient aerobit.
T [ metabolism. e
3 0l <
S -20 a
~ S - =
S )
3 =
3 r &
T -0 ; @
< s ; ° ‘I» o
-80 - ! N
o ‘ uuil 1§ :
100" RN L 28 0 R i il | ]
~—Perfusion— 2hr  om pm am pm am pm g
Doy 1 ——  —3—  —4— S
1S3
o
o
S
»

energy production, which does not support
the hypothesis that excessive coronary flow
was the cause of the decreased oxygen ex-
traction. Mueller and his co-workers? simi-
larly found a decrease in oxygen extraction
after operation, along with reduction of car-
diac output, mean arterial pressure, and left
ventricular work. They suggested reduced
oxygen requirements as the major cause.

Aci>-Base BaLance

The respiratory alkalosis that occurred dur-
ing operation was produced purposely by hy-
perventilation. The only other deviation from
normal was mild respiratory alkalosis in the
days subsequent to operation. As expected,
pH decreased and carbon dioxide increased
across the myocardium.

All the electrolytes measured in this studyg
as well as the osmolality, were significantl®
altered by the nature of the priming solutiond
The value for sodium was reduced, wherea®
values for calcium, potassium, and osmolaht@
were increased. Homeostatic mechanisms re’D
sulted in the return of concentration to preg
operative ranges by the end of operation, exz
cept for calcium, which returned to norng
by the next day.

Osmolality was measured to study the de‘*
gree of dilution of the blood.’* The hyp03
osmolality that developed after operation und
doubtedly was due to increased extracellulaﬁ
water volume, both intravascular and interg;
stitial 1t The significance of this abnormalxtﬁ
and its relationship to disturbances of cardia¢
rhythm and cerebral aberrations warrant fur-
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ther study. It has been demonstrated that
the kidneys retain sodium and excrete potas-
sium after open-heart surgery.’? It is likely
that earlier promotion of diuresis by drugs
may prevent hypo-osmolality of the serum
and its probable adverse effects.

The significantly-higher levels of calcium,
owing to recalcification of the ACD blood
used in the priming solution, returned to nor-
mal by the next moming. Although most of
the extra serum calcium seen on the day of
surgery is probably bound to citrate or pro-
tein, if the level of the jonized calcium com-
ponent is elevated, positive inotropic effects
on the heart are likely. Characteristically, the
cardiac output of our patients remained good
during hypercalcemia.

We were unable to detect significant gains
or losses of electrolytes by the heart. Ex-
changes at the cell membrane possibly were
too small to be detected by the methods used.

METABOLITES

Continued utilization by the myocardium of
the usual fuels was demonstrated: fatty acids,
ketone bodies, pyruvate, and lactate. Extrac-
tion of glucose was not detected, perhaps be-
cause the normal arteriovenous difference is
only about 3 mg/100 mls It appeared that
extraction of NEFA and lactate was slightly
impaired to approximately the same degree
that oxvgen estraction was impaired, possibly
for the same reasons.

A common alteration was the elevated con-
centration of all the metabolites in arterial
blood. The high concentration of glucose
came primarily from the priming solution and,
later, from intravenous therapy. The contin-
uved mobilization of fat in the body is a
known effect of elevated endogenous cate-
cholamines,’ as is hyperglycemia and hyper-
lactatemia.

Another effect of catecholamines is to in-
hibit the release of insulin,!® causing de-
creased utilization of glucose and increased
formation of ketone bodies.?* The normal
balance between catecholamines and insulin
seemed tipped toward inhibition of insulin ac-
tivity throughout this entire period of stress.

Levels of arterial lactate increased before

MYOCARDIAL METABOLISM AND AORTIC VALVE REPLACEMENT
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perfusion, as seen previously, when cardiac
output was low,*> probably indicating whole-
body production of lactate. Other possible
causes are respiratotry alkalosis and hyper-
glvcemia. But the progressive steep rise dur-
ing perfusion and afterward was probably the
combined effect of THAM converting glucose
to lactate 2¢ and of glucose itself, as observed
after ingestion of glucose.™ Elevated levels
of lactate have a glucose-sparing effect as
well38  Levels of arterial pyruvate were ele-
vated for several hours after perfusion, as
glucose was converted to it and then to lac-
tate. Significant usage of pyruvate by the
heart was seen at this time. Whether there
exists a decreased ability of pyruvate to enter
the Krebs cycle or a greatly increased produc-
tion is not known. Ratios of lactate to pyru-
vate increased across the heart at almost all
sampling times. Anaerobic metabolism in
the myocardium would be indicated by
higher levels of lactate in the coronary sinus
than in arterial blood. This was seen in both
beating and fibrillating hearts having coronary
perfusion after reversal of hypothermia.

None of the metabolic aspects were dif-
ferent in the hearts that fibrillated and those
that continued to beat other than a greater
consumption of oxygen during perfusion in
the fibrillating hearts.

The findings in this study that have contrib-
uted to better care and survival are several
(1) A priming solution that includes the or-
ganic buffer THAM results in metabolic al-
kalosis during and after open-heart surgery, §
which is preferable to acidosis. (2) Although g
some degree of hemodilution is used by most
groups and has many advantages, intravascu- g
lar and extravascular water retention occurs.
Early administration of diuretics after opera-
tion should eliminate this accumulation. (3) &
The possible beneficial effects of an increased €
level of serum calcium on cardiac output for%
several hours after surgery suggest that cal-%
cium may be an effective drug for treating low S
cardiac output at any time. (4) The predomi-©
nance of lipid metabolism with resultingTE
ketosis raises the possible desirability of giv-g
ing extra glucose plus insulin after operation®
to increase utilization of carbohydrate.
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