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Quantitation of infarct size in man by means of
plasma enzyme levels'
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A method is described in which the extent of myocardial infarction in man is assessed by mathematical
analysis of the rise in plasma enzyme levels after infarction. Five enzymes are used in this study: lactate
dehydrogenase (LDH); alpha-hydroxybutyrate dehydrogenase (a-HBDH); aspartate aminotransferase
(GOT); creatine phosphokinase (CPK); and phosphohexoseisomerase (PHI).

It is shown that a reasonable assessment of the total enzyme release, reflecting the extent of the infarcted
area, can be made when a sufficient number of blood samples are taken after infarction. This could provide a

method by which tojudge therapeutic effects of intervention in the course ofa myocardial infarction, as demon-
strated in this study by the assessment of the effect of urokinase on the enzyme release after an infarct.

The importance of the determination of serum
enzyme levels in patients suspected of an acute
myocardial infarction has been well established.
Extensive studies have been reported on the clin-
ical usefulness of estimation of serum levels of
several enzymes among which GOT, LDH,
a-HBDH, and, somewhat more recently, CPK,
are used most widely (Dreyfus et al., I960; Elliott
and Wilkinson, I96I; Konttinen and Halonen,
I962; LaDue, Wroblewski, and Karmen, I954;
Wroblewski, I957; Agress et al., I955).
However, these studies were mainly of a quali-

tative nature, used for confirming a diagnosis or for
differentiation from other diseases. With the intro-
duction of coronary care units death from myo-
cardial infarction caused by arrhythmias has de-
creased but power failure still remains an important
complication of myocardial infarction. It has been
shown that cardiogenic shock after infarction is
correlated with large infarcted areas (Harnarayan
et al., 1970).
As more studies become available which show

that the extent of the infarcted area in experimental
animals can be modified by certain interventions
(Ginks et al., I972; Libby et al., I973; Maroko
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et al., I971 1972; Roberts, I974; Sybers et al.,
I973), a quantitative assessment of myocardial
infarction in man becomes more and more
important as it provides a tool with which the effect
of therapeutic regimens in man can be judged.
The concept of using the plasma enzyme in-

creases for quantitative analysis in acute myocardial
infarction, as was introduced by our group some
years ago (Witteveen, Hermens, and Hemker, I970;
Witteveen et al., 197i), has been developed further
and is applied in this study to a group of I5 patients.
The clinical usefulness of the method is shown

by comparing a group of 5 patients, who received
urokinase, a thrombolytic agent, with a control
group of I0 patients.

Subjects and methods
Patients
Plasma enzyme levels were measured, and used as a
basis for further calculations, in 15 patients with proven
myocardial infarction. The diagnosis of acute myo-
cardial infarction was considered certain when the
clinical picture was typical and the electrocardiogram
showed definite development of an infarction pattern.
The group comprised 12 men and 3 women with ages
ranging from 41 to 76 years. Details are given in Table I.
The electrocardiogram was monitored as the clinical
situation required. The standard treatment consisted of
bedrest, oxygen (usually 4 I/min by nasal catheter) and
salt and fluid restriction during the first few days. Pain
was suppressed by opiates, usually 5 mg nicomorphine,
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796 Witteveen, Hemker, Hollaar, and Hermens

TABLE I Data on the patients in the present series

Case Age Sex Site of infarction Admission time Max. temperature Major complications
No. (yr) after first severe in initial period

symptoms (hr) after infarction (°C)

I 43 M Anterior wall I 38.6 Adams-Stokes attacks and short
episodes of complete atrioventri-
cular block 36 hours after admis-
sion

2 73 F Inferior wall 34 38.9 Ventricular fibrillation

3 4I M Inferior wall 8 38.i None
4 42 M Anterior wall ij 39.2 None
5 72 F Inferior wall I3 38.8 Urinary tract infection
6 76 M Inferior wall I0 39.0 Pulmonary congestion requiring

diuretics
7 69 M Inferior and 6 38.9 Paroxysmal atrial fibrillation

lateral walls (after 44 hr) starting 4 days after admission;
39.6 slight mitral regurgitation
(after 70 hr)

8 48 M Inferior wall 6 38.o None
9 55 M Anterior wall Ii 38.8 None
I0 57 M Anterior wall 4 38.4 None

II 54 M Inferior and
lateral walls 2 38.5 None

12 59 M Inferior wall Ii 37.8 None

13 47 M Anteroseptal 2 38.5 None
14 50 F Subendocardial,

anteroseptal 5 38.3 None
15 59 M Anteroseptal Ii 38.2 None

combined with 0.25 mg atropine, injected intravenously.
All patients were sedated with diazepam, 5 mg given
three times daily. If ventricular premature beats de-
veloped with a frequency of more than 5 per minute,
lignocaine was given in a dosage of 2 mg per minute.
If signs of pulmonary congestion were found on x-ray
or physical examination the diuretic frusemide was
given. Patients with cardiogenic shock or severe heart
failure were not included in the investigation.

Anticoagulant therapy was applied in all cases. All
patients were given phenprocoumon in the required
dosage except Cases I, 2, I0, II, and I2, who received
warfarin sodium. The latter group was also given
urokinase,' a thrombolytic agent. This drug was ad-
ministered as soon after admission as possible in an
initial loading dose of 7200 CTA units/kg body weight,
given over an interval of I0 minutes, after which an
infusion of 3600 CTA units/kg body weight per hour
was given for i8 hours.

Enzyme determinations
When a patient was admitted to the hospital with a myo-
cardial infarct blood was drawn as soon as possible and
thereafter every 4 hours for 2 or 3 days. After that pro-
gressively fewer samples were taken until plasma
enzyme levels had returned to normal. Each sample con-
' Kindly supplied by Hoffman-La Roche, Basle, Switzerland.

sisted of I0 ml venous blood collected into tubes con-
taining 0.2 ml 20 per cent sodium citrate solution to
prevent clotting. After careful mixing of the blood with
the citrate, centrifugation was done at goo g for I0
minutes to remove erythrocytes and leucocytes and
subsequently at 40 ooo g for 20 minutes to remove
thrombocytes. Thereafter the sample was stored at
-200C until determinations were carried out.
Heart tissue was obtained at thoracic surgery on other

patients for determination of the enzyme activity in the
normal myocardium. Immediately after removal the
tissue was placed in isotonic saline at o0C, weighed, and
homogenized in a Turrax homogenizer as soon as
possible, usually within I0 to I5 minutes. After sedi-
mentation of any remaining particles the enzyme activity
in the supematant fluid was determined.
The enzymes determined in this study were aspartate

aminotransferase (GOT, E.C.1 2.6.I.I.), lactate de-
hydrogenase (LDH, E.C. I.I.I.27.), alpha-hydroxy-
butyrate dehydrogenase (a-HBDH, E.C. I.I.I.27),
creatine phosphokinase (CPK E.C. 2.7.3.2.), and phos-
phohexoseisomerase (PHI, E.C. 5.3.I.9.). All enzyme
determinations were done spectrophotometrically, at
250C, measuring either the appearance or disappearance
of NADH or NADPH. For GOT, LDH, and a-
HBDH, commercially available test kits (Boehringer,

'Enzyme Code (Dixon and Webb).
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Quantitation of infarct size in man by means of plasma enzyme levels 797

Duration Special treatment Comments Weight Haemato- Calculated
in hosp. (kg) crit plasma vol.
(wk) (%) (I)
3 External pacemaker on

demand; urokinase started
54 hr after infarction None 75 46 2.8

5 Urokinase started 8 hr after
infarction None 6o 37 2.6

44 None Diabetes mellitus for I5 yr 70 45 2.7
4 None Hypertension known for 6 yr go 43 3.6
4 None None 55 42 2.2
4 None Anterior inf. at age 7I, cerebrovasc.

episode at age 74 70 51 2.4
6 Digoxin, diuretics Long period of pyrexia; high E.S.R.

(IO5 mm); cardiac enlargement;
pleural effusion; no antibodies
against myocardium found 75 44 2.9

4 None 74 48 2.7
34 None 68 46 2.6
34 Urokinase started 5 hr after

infarction None 74 44 2.9
4 Urokinase started 31 hr after High blood pressure for several yr 69 41 2.6

infarction
34 Urokinase started 5i hr after

infarction None 62 44 2.4
4 - None 64.3 43 2.6
4 None 7I 45 2.7

4 - Gastric ulcer in 1955; 3 wk before
admission anginal pain (not severe) 63 44 2.5

type TC-A-I, TC-G-I and TC-HD) were used.
CPK was determined according to Rosalki (I967) and
PHI according to Weber and Wegmann (I968). Enzyme
activities were expressed in IU/litre, in which one IU of
enzyme catalyses the change of one micromole substrate
per minute.

Mathematical analysis of data

Principle After the cessation of blood flow to an area
of the myocardium, the tissue in this area dies and re-
leases its enzymes. This release results in a sudden in-
crease in plasma enzyme levels, followed by a gradual
decrease to normal values because of diffusion and
elimination. If no diffusion occurred from the plasma to
an extravascular space, i.e. if the distribution volume
equalled the plasma volume, the change in the total
amount of enzyme in the plasma at each moment would
be a function of influx from the infarcted tissue and of
elimination caused by normal biological degradation:

VdCt'= F(t)-k. VIC, (I)

in which Vi is the plasma volume, C, the concentration
of enzyme in the plasma, F(t) a function, describing the
rate of appearance of enzyme in the plasma, and k the
disappearance constant of the enzyme from the plasma.

Once the enzyme
stopped, F(t)=0 an

release from the infarcted area has
id the formula becomes

St -k. CI(t) (2)At

This equation has as its solution:
C1= CO. ek.t (3)

showing an exponential decay of enzyme.
Theoretically, by plotting the measured enzyme levels

against time on a semilogarithmic scale, starting at a
point at which one can be sure that the release of enzyme
has stopped (approximately 40 hours after the in-
farction), it should be possible to determine the elimina-
tion constant k. From the curve in which C1 is plotted
against time, dCd/dt could be obtained for the period of
enzyme release and with k known, the release F(t)
could be derived from formula (i).
Another factor - diffusion into an extravascular space -

has to be taken into account. It is known for enzymes as
well as for other proteins (Dunn, Martins, and
Reissmann, I958; Schultze and Heremans, I966) that
the protein is not confined to the plasma but that diffu-
sion takes place over a larger volume, representing the
plasma volume V1 plus at least one extravascular volume
V.. Together these can be viewed as the real distribution
volume. The rate of diffusion is proportional to the
difference in concentration between the intra- and extra-
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798 Witteveen, Hemker, Hollaar, and Hermens

FIG. I Model representing V1=intravascular vol-
ume; V.,=extravascular volume; Ci=intravascular
enzyme activity in IU/I; C.=extravascular enzyme
activity in IU/I; F(t) = amount of enzyme (IU)
entering the intravascular volume per hour; k=rate
constant of elimination of the enzyme from the plasma
(hours) - ';and P=permeability constant.

TABLE 2 Human heart tissue enzyme activity;
means of I5 experiments'

LDH a-HBDH GOT CPK PHI

Mean I28 IOI 96 370 I43
SD (%) I2 II I9 IO IO

1Enzyme activity expressed in IU/g wet tissue.

known that anoxic human heart tissue only loses 8o per
cent of its LDH content into the circulation. This means
that (Q x V1) has to be multiplied by a factor I.25 to obtain
the minimal amount of heart tissue that is infarcted.
When (Q xV1 x I.25) is divided by 128 which is the
enzyme content in IU per g normal heart tissue
(Table 2), the equivalent amount in grams of infarcted
heart tissue is obtained. For the other enzymes in the
study the corresponding value of Q was first trans-
formed into the equivalent value of QLDH, using best fit
equations (Fig. 2), after which an analogous procedure
was followed. LDH was chosen as reference enzyme
because it is eliminated slowly and is less sensitive to
irregularities in the release.

vascular volumes and to a permeability constant P
(Fig. I).
The balance equations for the exchange of enzyme in

this dual compartment model are given by the following
equations:

Vi dC -k V1Ci + P(CG-C1) + F(t) (4)dt-

VeCdC8 = P(C1-C.) (5)

Using these formulae one can in any given patient cal-
culate F(t), the amount of enzyme released per hour. To
make this possible, however, V. and P have to be known.
By more elaborate mathematical analysis of the data
(Witteveen, 1972; Hermens et al., I975) we obtained
the following values for P/V1 and V./V,:

P/V1 =o.o6 ± 0.04 (hours) -

Ve/Vi = 0.3 ± 0.2 (6)
As indicated, there is a considerable variation in these
values. However, a ioo per cent variation in P/V1 has
hardly any effect on the calculated amount of total
enzyme release, whereas a IoO per cent variation in
V./V, changes this calculated amount by approximately
20 per cent.
To calculate the values in each individual patien;t a

computer programme was written in which the above-
mentioned formulae and values were used. In this way
the amount of enzyme released from the infarcted area
into the circulation could be obtained. After multiplica-
tion of this quantity of enzyme released per litre(Q) by
the plasma volume (V1), obtained from body weight and
haematocrit, an equivalent amount of infarcted heart
tissue (A) is calculated as follows. From in vitro experi-
ments (Witteveen, 1972; Hermens, to be published), it is

Results

Table 2 gives the values for the enzyme activity
measured in human myocardial tissue, obtained at
cardiac surgery. Table 3 gives the characteristics of
enzyme levels measured in patients: maximal value,

GOT IU
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JL PHI IU/U

1600

1000

400

0

CPK lU/L * aHBDH IU/L
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0 400 1000 1600 IU/L 0 400 1000 IbOOIU/L
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FIG. 2 Correlations between LDH and the other
enzymes. Best fit straight line through the origin for
a-HBDH; y=o.74x; GOT: y=0.22x; CPK:
y = I.50x; PHI: y = o.89x.
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Quantitation of infarct size in man by means ofplasma enzyme levels 799

TABLE 3 Maximal plasma activity, time of maximal activity, and half-life time in plasma of 5
enzymes under study

Case LDH a-HBDH GOT CPK PHI
No. a b c a b c a b c a b c a b c

I* 1785 23.0 5I I259 23.0 6i 267 I7.2 I9 I290 I3.2 I3 763 I3.2 7
2* I430 34.5 48 I043 34.5 45 270 20.0 21 I485 20.0 20 833 20.0 21
3 io87 47.0 39 839 52.5 39 I29 33.2 20 I007 33.2 I8 3II 28.8 I4
4 875 30.0 44 620 35.0 42 97 I8.I i9 838 I8. I5 254 I5.0 8
5 1265 45.o 68 955 45.o 6o I28 33.2 29 I009 28.9 21 306 28.9 24
6 984 38.5 70 693 42.7 66 174 30.5 26 576 22.5 20 315 26.5 20
7 780 414 48 626 4I.4 47 I23 28.0 22 690 24.0 I4 249 20.0 I7
8 940 35.7 48 672 35.7 5I 12I 27.2 I7 759 23-1 I5 256 23.I I I
9 822 32.4 66 7I0 32.4 55 II5 28.I 17 975 20.2 I8 IgI 20.2 I3
l0* 837 I9.8 38 655 Ig.8 43 I33 i9.8 I5 994 i6.5 I5 4I8 i6.5 9
II* 959 2I-3 77 664 2I-3 85 I50 15.0 22 I265 I5.0 I3 428 I5.0 9
I2* 756 30.I 62 498 30.I 67 94 26.2 22 74I 22.0 I3 2I5 I9.2 I2
I3 536 31.7 42 419 31-7 42 71 24.0 I8 529 20.0 I3 I74 20.0 I7
I4 554 43.7 53 395 43.7 53 70 3I.0 I9 468 25.3 I8 139 25.3 I5
15 I30 3I.3 72 3I.3 - I5 22.3 - I50 14.0 - 42 I4.0 -

a=maximal plasma enzyme activity in IU/litre.
b =time of maximal plasma activity in hours after infarction.
c=overall half-life time measured from the time of maximal plasma activity, mean ±SD for LDH 54±I2;

a-HBDH 54±I3; GOT 20±4; CPK I6 ±3; PHI I4±5 hours.
* Patients received urokinase.

time of maximal value in hours after the infarction, heart tissue in grams (A) is obtained as described
and the time in which half maximal levels were in the methods. For a-HBDH, GOT, CPK, and
reached calculated from plasma enzyme activity. PHI the correction factors as derived from Fig. 2

Table 4 shows the amounts of enzyme released were used.
into one litre of plasma (Q) and the elimination Fig. 3 to 7 give representative curves for
constants k; from this, the equivalent amount of one of the patients (Case 8). In these figures, curve

TABLE 4 Elimination constant, enzyme release, and calculated infarct size

Case No. LDH a-HBDH GOT CPK PHI
k Q A k Q A k Q A k Q A k Q A

I* O.OI26 2II3 58 O.OI25 I533 55 0.0576 485 60 o.o849 2205 40 O.I803 I624 50
2* O.OI34 2042 52 0.01I3 1483 50 0.0576 523 60 0.0705 3473 59 0.0759 2I37 6i
3 O.OI57 I699 45 O.OI64 I240 43 0.05I3 334 40 0.0736 3123 55 o.i652 I463 43
4 O.09I4 1253 44 0.0202 957 44 0.0742 204 33 0.0602 I559 36 0.2903 948 37
5 O.OI3I I8I9 39 O.OI33 I423 40 0.0546 334 33 o.o66i 2562 37 0.1536 1548 37
6 O.OI39 1469 34 O.OI67 I145 35 0.0405 353 38 o.o684 I402 22 0.1577 I630 43
7 O.OI82 II3I 32 O.OI8I 917 34 o.o670 315 41 0.07II 1468 28 0.1714 I050 33
8 0.OI57 1355 36 O.O08g 1038 36 0.07I5 280 34 0.I037 2217 39 0.2436 I236 37
9 O.OI29 I090 38 0.0134 906 30 0.0478 22I 26 0.06I5 I998 34 O.I625 748 2I
I0* O.OI02 969 27 O.OI30 785 29 0.I32I 335 43 0.1127 2505 47 0.I7I4 I095 35
II* 0.0082 II34 29 o.oo86 855 29 o.o428 225 26 0.0558 I895 32 0.I054 730 2I
12* 0.0135 928 22 0.0122 634 20 0.0580 207 22 o.o662 1498 23 O.I6ii 697 I8
13 0.0274 664 17 0.0243 535 i8 0.078I 176 20 0.0692 I396 24 O.I675 648 i8
14 O.OI24 639 17 O.OI2I 442 15 0.0439 127 I5 0.0754 II93 21 O.I890 665 20
I5 0.0413 255 4- - -

Mean + SD 0.0148 + 0.0046 0.0 I 5 I ± 0.0042 o.o626 + 0.0232 0.0720+0-0177 0.17111 + 0.05 I I

Q =total enzyme release in IU per litre vascular volume.
k = elimination constant.
A= equivalent amount of heart tissue in grams (see text).
* Patients treated with urokinase.
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800 Witteveen, Hemker, Hollaar, and Hermens

IU/L

| ~~~LDH
Z ~~~~Case 8

1000

500

O 100 200 300
Hours

FIG. 3 LDH values for Case 8. i =measured
plasma enzyme activity; 2= calculated extravascular
enzyme activity; 3-calculated enzyme release in
IUll per hr; 4= calculated total enzyme release.

i represents the plasma enzyme activity measured
in these patients at regular intervals after the in-
farction. Curve 2 gives the calculated extravascular
activity C. in IU per litre extravascular volume.
The calculations were based on the estimations of
extravascular volumes and of diffusion constants

o'HBDH
Case 8

0 100 200
Hours

FIG. 4 Same values as in Fig. 3 for a-HBDH.

1oo

GOT
Case 8

FIG. 5 Same values as in Fig. 3 for GOT.

TABLE 5 Time of maximal plasma enzyme activity

LDH a-HBDH GOT CPK PHI

a 37.7 39.I 27.6 22.9 22.2
(SD = 6.3) (SD = 7.o) (SD =49) (SD = 5.4) (SD=5.3)

b 25.7 25.7 ig.6 I7.3 I6.8
(SD = 6.3) (SD = 6.3) (SD = 4.2) (SD = 3.6) (SD = 2.8)

a = mean value for control patients (n= io).
b = mean value for patients treated with urokinase (n = 5).

CPK
Case 8

0 50 1OO
Hours

FIG. 6 Same values in Fig. 3 for CPK.
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Quantitation of infarct size in man by means of plasma enzyme levels 8oI

PHI
Case 8

0 50 100
Hours

FIG. 7 Same values as in Fig. 3for PHI.

as described in the methods. Curve 3 shows the rate
at which the enzymes were released into the circu-
lation from the necrotic tissue, expressed in IU/litre
per hour. Curve 4 shows the total amount of en-

zyme released into one litre of plasma. The final
value in this curve (obtained at 48 hours) is given in
Table 4 under column Q.

'0

IC

8

6

L-

-j 4

2

)O rKeiease o0 LuL

\ A: Patients treated with urokinase
o i ~~~~~~(n=5)10- / \ B: Control patients (n=9)

II \ \t
)o I;\ X

//\ \
10~~~~~~~~\~

u// 2.~~~~~~~~1\

4 b1 28
Hours

40

FIG. 8 Average release function F(t) for LDH,
showing shortening of enzyme release phase in uro-

kinase-treated patients. The curve represents averages
obtainedfrom infarcts ranging in size from I7 to 58 g
destroyed tissue (see Table 4).

Discussion

As can be seen from Table 3, a wide range of plasma
enzyme maxima was found. A maximal plasma level
is obtained when enzyme breakdown equals enzyme
release. This explains the fact that the time needed
to reach a maximal plasma level is proportional to
the height of the maximum.
LDH and a-HBDH reach the maximal value

later than GOT, PHI, and CPK, i.e. about 36 and
24 hours after the infarction, respectively. This is
mainly because of the much higher rate at which
GOT, PHI, and CPK disappear from the circula-
tion, as indicated by the disappearance constants
which were up to I0 times higher than the values
for LDH and a-HBDH. For the latter enzymes,
definite rises were often found for more than 2
weeks after the acute attack.

It is clear from our findings that the leakage of
enzymes from the cells starts early after the infarc-
tion. All patients admitted soon after the onset of
acute symptoms already showed some enzyme
release 5 hours after the infarction. This holds for
all enzymes investigated in this study. From that
time on, the amount of enzyme coming into the
circulation rose rapidly to reach a maximum be-
tween I0 and 20 hours after the moment of infarc-
tion (Fig. 8).
The fact that the rate of release (curve 3, Fig. 3

to 7) rises progressively after the initial period and
reaches a maximum after I0 to 20 hours reflects the
increase in cell membrane permeability resulting
from the loss of normal membrane function. As
time goes on, the loss of normal membrane struc-
ture permits a more rapid diffusion of larger
molecules like those forming the enzymes.

Another factor that might explain the low rate of
release in the initial phase and the finding of a later
maximum is probably that not all cells die and disin-
tegrate at the same moment. Present research in our
laboratory (Hermens et al., 1975) indicates that the
necrotic process is self-generating in its initial
phase. This can be explained by the hypothesis that
the cell contents of a disintegrating cell enhance the
lysis of neighbouring cells. The decline in the release
rate and the finding that no further loss of enzymes
occurs after about 48 hours implies that by then the
cells have lost their enzymes more or less com-
pletely. A remarkable phenomenon was found in
patients treated with the thrombolytic agent uro-
kinase. As a group, these patients had an earlier
maximal plasma enzyme level, as is shown in Table
5. The earlier maximum found for the urokinase-
treated patients might be explained in two ways.
First, the breakdown of the enzymes in the circu-
lation could be much more rapid under the

o_1 nus
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So2 Witteveen, Hemker, Hollaar, and Hermens

influence of the thrombolytic agent. That this is not
the case is shown by the disappearance constants
(Table 4) which have a wide range but are not
obviously different in the urokinase-treated group.
A second possibility is a more rapid washout of the
enzymes from the infarcted area under the influence
of urokinase. If we consider the time at which the
plasma level is maxmal (Table 6) and allocate
patients in two treatment groups (with and without
urokinase), there is a very clear difference which is
statistically significant at a o.oi level for LDH,
a-HBDH, and GOT and at a o.o5 level for CPK
and PHI (Wilcoxon, one-sided).
For LDH, for example, the maximum lies at

37.5 hours (mean) for the I0 untreated patients and
at 25.7 hours for the urokinase-treated patients,
which is consistent with a more rapid loss of the
contents of necrotic cells. The same phenomenon is
shown in Fig. 8, in which the release rate of LDH
in IU/l per hr is compared for the two groups. The
more rapid release of enzymes in the urokinase-
treated group might be explained by a thrombolytic
effect of urokinase: it restores patency or prevents
further occlusion in vessels, for example collaterals
supplying the peripheral zone of the infarcted area.

It is conceivable, too, that a primary thrombus
responsible for the infarction is also dissolved to
some extent by the same process. From our data we
cannot conclude that the total amount of necrotic
tissue is diminished. Clinical trials of thrombolytic
agents did not show any significant difference in
mortality between treated and untreated groups
(Brogden, Speight, and Avery, I973; Burkart et al.,
I973).
An unknown factor in the calculations of infarct

size from plasma enzyme levels in humans is the
quantity of enzymes that is destroyed or inactivated
locally and thus cannot be released into the circula-
tion. We account for the amount of enzyme that is
not released in in vitro experiments (20% for LDH,
Witteveen, I972), but an overall underestimation
might be possible because of local in vivo break-
down.

Shell, Kjekshus, and Sobel (I97i) and Shell et al.
(I973) developed a model for infarct quantitation
based upon experiments with dogs. Their model
assumes that the distribution space for CPK forms
11.4 per cent of body weight, which implies a ratio
V./Vt = 2.5. Such a large extravascular pool is not in
accordance with our results (cf (6)). Though their
underlying model does not seem realistic to us,

their calculated infarct sizes are probably not over-

estimated, as use was made of an experimentally
tested correlation in dogs.
The fact that there is still considerable uncer-

tainty about the human values for the parameters

V./V, and P/Vi is because a clear-cut biphasic dis-
appearance of enzyme activity from the plasma (as
predicted by equations (4) and (5)) would only be
observed with instantaneous injection of activity
at t = o. In that case the fast and the slow phase of
the disappearance could be measured with more pre-
cision, and the uncertainty in the parameters V./Vi
and P/Vi would be correspondingly reduced. Such
experiments with injections of enzyme activity have
been done with dogs (Dunn et al., I958; Shell et al.,
I97i) but, as discussed in tbis paper, those results
cannot be extrapolated to man.
One obvious difference between experimental

material obtained from animal experiments and
data obtained from humans is the value of the meta-
bolic clearance constant for CPK which in the ex-
periments of Shell et al. is very high and remarkably
constant (0.0048± o.o003 min- 1; mean ± SD),
while as can be seen from Table 4, the k value for
CPK as well as for the other enzymes shows much
more variation in patients. This implies that in
human studies the clearance constant k has to be
determined from the data obtained and used for
further calculations in each particular case obvi-
ating spuriously high or low estimate of infarct
size that would ensue if some average fixed value
for k had been used.

Taking these limitations in mind, however, and
accounting for the distribution volumes, reasonable
estimates of infarct size can be made in humans,
which can be correlated for example with cardiac
function (Mathey et al., I974). This also makes it
possible to evaluate the effect of certain therapeutic
interventions, like the treatment with urokinase in
this study.

References
Agress, C. M., Jacobs, H. I., Glassner, H. F., Lederer, M. A.,

Clerk, W. G., Wroblewski, F., Karmen, A., and LaDue,
J. S. (1955). Serum transaminase levels in experimental
myocardial infarction. Circulation, II, 71.

Brogden, R. N., Speight, T. M., and Avery, G. S. (I973).
Streptokinase: a review of its clinical pharmacology,
mechanism of action and therapeutic uses. Drugs, 5, 357.

Burkart, F., Duckert, F., Stranb, P. W., Frick, P. G., Schir-
eizer, W., and Kolier, F. (I973). Die Fibrinolytische
Therapie beim akuten Myokardinfarkt. Schweizerische
Medizinische Wochenschrift, 103, I8I4.

Dreyfus, J. C., Schapira, G., Scebat, L., and Lenegre, R. J.
(I960). Les enzymes seriques dans le diagnostic des l6sions
myocardiques d'origine coronarienne. Revue de l'Ather-
osclerose, 2, I87. (Suppl. to Archives des Maladies du
Coeur et des Vaisseaux.)

Dunn, M., Martin, J., and Reissmann, K. R. (I958). The dis-
appearance rate of glutamic oxaloacetic transaminase from
the circulation and its distribution in the body's fluid
compartments and secretions. Journal of Laboratory and
Clinical Medicine, 51, 259.

Elliott, B. A., and Wilkinson, J. H. (I96I). Serum 'a-hydroxy-

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://heart.bm

j.com
/

B
r H

eart J: first published as 10.1136/hrt.37.8.795 on 1 A
ugust 1975. D

ow
nloaded from

 

http://heart.bmj.com/


Quantitation of infarct size in man by means ofplasma enzyme levels 803

butyric dehydrogenase' in myocardial infarction and in
liver disease. Lancet, I, 698.

Ginks, W. R., Sybers, H. D., Maroko, P. R., Covell, J. W.,
Sobel, B. E., and Ross, J. (I972). Coronary artery reper-
fusion. II. Reduction of myocardial infarct size at one
week after the coronary occlusion. Journal of Clinical
Investigation, 51, 27I7.

Harnarayan, C., Bennett, M. A., Pentecost, B. L., and Brewer,
D. B. (I970). Quantitative study of infarcted myocardium
in cardiogenic shock. British Heart Journal, 32, 728.

Hermens, W. Th. Study of myocardial necrosis after acute
myocardial infarction in man by means of plasma enzyme
levels (to be published).

Hermens, W. Th., Witteveen, S. A. G. J., Hollaar, L., and
Hemker, H. C. (I975). Effect of a thrombolytic agent
(urokinase) on necrosis after acute myocardial infarction
(AMI). In Proceedings of the Congress of the International
Study Group for Research in Cardiac Metabolism. Quebec,
Canada, 1974. In the press.

Konttinen, A., and Halonen, P. I. (I962). Serum a-hydroxy-
butyric dehydrogenase (HBD) in myocardial infarction;
comparison with glutamic oxaloacetic transaminase (GOT)
and lactic dehydrogenase (LDH). American J'ournal of
Cardiology, 10, 525.

LaDue, J. S., Wroblewski, F., and Karmen, A. (I954). Serum
glutamic oxaloacetic transaminase activity in human
acute transmural myocardial infarction. Science, 120, 497.

Libby, P., Maroko, P. R., Covell, J. W., Malloch, C. I., Ross,
J., and Braunwald, E. (I973). Effect of practolol on the
extent of myocardial ischaemic injury after experimental
coronary occlusion and its effects on ventricular function
in the normal and ischaemic heart. Cardiovascular Research,
7, I67.

Maroko, P. R., Kjekshus, J. K., Watanabe, T., Covell,
J. W., Ross, J., and Braunwald, E. (I97I). Factors
influencing infarct size following experimental coronary
artery occlusions. Circulation, 43, 67.

Maroko, P. R., Libby, P., Ginks, W. R., Bloor, C. M., Shell,
W. E., Sobel, B. E., and Ross, J. (I972). Coronary artery
reperfusion. I. Early effects on local myocardial function
and the extent of myocardial necrosis. J'ournal of Clinical
Investigation, S, 27I0.

Mathey, D., Bleifeld, W., Hanrath, P., and Effert, S. (1974).
Attempt to quantitate relation between cardiac function
and infarct size in acute myocardial infarction. British
Heart_Journal, 36, 271.

Roberts, R. (I974). Deleterious effects due to hemorrhage
after myocardial reperfusion. American Journal of Car-
diology, 33, 82.

RosaLki, S. B. (I967). An improved procedure for serum
creatine phosphokinase determination. Journal of Lab-
oratory and Clinical Medicine, 69, 696.

Schultze, H. E., and Heremans, J. F. (I966). Molecular
Biology of Human Proteins. Vol. r. Nature and Metabolism
of Extracellular Proteins. Elsevier, Amsterdam.

Shell, W. E., Kjekshus, J. K., and Sobel, B. E. (I97I). Quanti-
tative assessment of the extent of myocardial infarction in
the conscious dog by means of analysis of serial changes
in serum creatine phosphokinase activity. Journal of
Clinical Investigation, 50, 2614.

Shell, W. E., Lavelle, J. F., Covell, J. W., and Sobel, B. E.
(I973). Early estimation of myocardial damage in con-
scious dogs and patients with evolving acute myocardial
infarction. Journal of Clinical Investigation, 52, 2579.

Sybers, H. D., Maroko, P. R., Ashrof, M., Libby, P., and
Braunwald, E. (I973). The effect of glucose-insulin-
potassium on cardiac ultrastructure following acute ex-
perimental coronary occlusion. American Journal of
Pathology, 70, 40I.

Weber, H., and Wegmann, T. (I968). Atlas der klinischen
Enzymologie (Methoden). Thieme, Stuttgart.

Witteveen, S. A. G. J. (I972). Assessment of the extent of a
myocardial infarction on the basis of plasma enzyme levels.
Thesis, Leiden.

Witteveen, S. A. G. J., Hermens, W. Th., and Hemker, H. C.
(I970). Quantitation of myocardial infarction in man by
evaluation of plasma enzyme levels (abstract). VIth World
Congress of Cardiology. Cardiovascular Research, 4, 326.

Witteveen, S. A. G. J., Hermens, W. Th., Hemker, H. C.,
and Hollaar, L. (I97I). Quantitation of enzyme release
from infarcted heart muscle. In Ischaemic Heart Disease,
Proceedings of a Boerhaave Symposium, p. 36. Ed. by J. M.
de Haas, H. C. Hemker, and H. A. Snellen. University
Press, Leiden.

Wroblewski, F. (I957). Clinical significance of serum enzyme
alterations associated with myocardial infarction. American
HeartJournal, 54, 2I9.

Requests for reprints to Dr. S. A. G. J. Witteveen,
Laboratory of Cardiobiochemistry, Academic Hospital,
Leiden, The Netherlands.

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://heart.bm

j.com
/

B
r H

eart J: first published as 10.1136/hrt.37.8.795 on 1 A
ugust 1975. D

ow
nloaded from

 

http://heart.bmj.com/

