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The measurement of serum cholesterol, with
which the major part of the clinical literature on
cholesterol is concerned, represents only one
facet of the body metabolism of cholesterol.
Hence, methods of measuring the metabolism of
cholesterol in the body tissues of man would un-
doubtedly be useful. Over the past few years,
techniques utilizing labeled isotopes have been de-
veloped to measure the body miscible pool of a va-
riety of substances, including sodium, potassium,
water, and uric acid (1, 2). But the ability to
measure a miscible pool of cholesterol by isotope
dilution principles has been questioned as a re-
sult of studies indicating that the disappearance
of labeled cholesterol from the plasma proceeds at
a series of decreasing exponential rates (rather
than a single rate) for periods of as long as 50
days (3). However, when the curve for disap-
pearance from plasma of C'*-cholesterol specific
radioactivity is followed for periods ranging from
4 to 7 months, as has been done in this investiga-
tion as well as in another recently reported study
(4), it is evident that the plasma cholesterol spe-
cific activity eventually does decline at an ex-
ponential rate, suggesting that a body cholesterol
miscible pool and turnover rate may be determined
from these curves. Furthermore, post-mortem
tissue studies in patients who have died at vary-
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ing intervals after receiving C!¢-cholesterol have
indicated that a miscible tissue pool of cholesterol
that is exchangeable with the serum cholesterol
does exist in man (5). These observations have
been utilized to measure and compare the body
cholesterol miscible pools and turnover rates in a
group of normal and hypercholesterolemic indi-
viduals by following the rate of disappearance of
labeled cholesterol from the plasma for 4 to 7
months after its -intravenous administration.

MATERIAL AND METHODS

Five normal ambulatory subjects with serum choles-
terol levels less than 250 mg per 100 ml and seven ambu-
latory patients with hypercholesterolemia were included
in the study. The hypercholesterolemia in two of the
patients was associated with the nephrotic syndrome.
One hypercholesterolemic patient had clinical and labora-
tory signs of myxedema which had been induced by
propylthiouracil therapy for severe angina pectoris, and
one other patient had familial hypercholesterolemia with
xanthomatoses and coronary heart disease. The remain-
ing three patients with hypercholesterolemia also had co-
existent essential hypertension. All patients selected for
the study had relatively stable serum cholesterol levels
with variations from the mean not greater than 10 per
cent during the course of these studies. The dietary in-
take was unrestricted throughout the period of investiga-
tion.

Tracer doses of 5 to 30 uc of 4-C*-cholesterol with a
specific activity of 37.7 uc per mg were administered in-
travenously to all subjects according to methods previ-
ously described (5). Samples of venous blood were
collected at 1- to 10-day intervals over a total period of
125 to 212 days after administration of the labeled cho-
lesterol. The plasma was separated from the red blood
cells and analyzed for free and total cholesterol content
and radioactivity as previously described (5). The free
and ester cholesterol specific activities were calculated
from these values. In two of the subjects these stud-
ies were repeated 12 and 14 months after the initial in-
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TABLE 1
Experimental results*

. Echol
Paétéent Se 7 Bod Daily
X rum g/m? y wt  turnover
Age Weight BSA Diagnosis chol. t3 chol. g BSA % Eechol

ke m? mg % days g/day

AT. & 26 75.4 1.99 Normal 186 59 134 67 0.18 1.57

PS. & 29 731 1.89 Normal 213 58 154 82 0.21 1.84

R.L. 9 45 56.8 1.60 Normal 231 74 148 93 0.26 1.39

AC. Q2 56 85.0 1.98 Normal 239 61 213 108 0.25 2.42

H.S. & 59 124.1 2.54 Normal 249 75 349 137 0.28 3.22

H.L. Q 48t 65.8 1.67 Essent. hyp., angina pect. 285 62 201 120 0.31 2.25

R.M. Q 54t 64.1 1.69 Essent. hyp. 306 82 208 123 0.32 1.76

L.D. Q 56 73.8 1.74 Essent. hyp. 331 76 221 127 0.30 2.01

E.C. 2 73 55.6 1.51 Myxedema, 2° propylthiouracil, 364 100 152 101 0.27 1.05
angina pectoris

E.D. & 41 73.3 1.85 Famil. hypercholest., xanthel- 381 67 256 138 0.35 2.65

asmata, angina pect.

C.M. 9226 66.9 1.68 Nephrotic synd., chronic 428 69 125 74 0.19 1.26
glomeruloneph.

AM. 335 74.2 1.79 Nephrotic synd., chronic 534 76 201 112 0.27 1.83
glomeruloneph.

Mean 312 71.6 197 107 0.27 1.68

SD +101 +11.8 +62 +23.8 +0.05 +0.98

SE + 29.2 =+ 3.43 +18 +7.2 =+0.01 =+0.28

* BSA = body surface area, t} = half-time disappearance of cholesterol, Echo1 = miscible or exchangeable cholesterol, and daily turnover

= (0.693/t}) Echol.
1 Values are the means of two determinations.

jection of C*-cholesterol. In the patient with familial
hypercholesterolemia and xanthomatoses, xanthelasmata
were surgically removed 62 days after administration of
C*-cholesterol and the C*-cholesterol specific activity of
the xanthelasmata was determined.

In two of the subjects, complete stool collections were
made over periods of 65 and 72 days, respectively, and
complete urine collections over 15 days. The urine col-
lections were terminated after 15 days, since no C*
radioactivity was measurable in the urine after the first
week of study. All stools were collected in cardboard
containers, weighed, and then frozen. Pooled samples
representing 3- to 5-day collection periods were ho-
mogenized in ethanol in a Waring Blendor and duplicate
aliquots of the homogenate were extracted three times
with ethanol; 1- to 2-ml aliquots of the extract were
layered in planchets which were then dried and weighed.
The total C* content of the stool samples was deter-
mined in a windowless gas-flow counter with apptopriate
corrections for absorption.

Duplicate 5-ml aliquots of each 24-hour urine collec-
tion were decolorized with activated charcoal and ana-
lyzed for total C* radioactivity in a Tri-Carb liquid scin-
tillation spectrometer after addition of 15 ml of scintil-
lation solution.l

RESULTS

A summary and statistical analysis of the re-
sults are tabulated in Tables I and II,

1. Rate of disappearance of C**-cholesterol from
the serum. The plasma disappearance curve of
free and ester C'¢-cholesterol specific activity of a
representative subject is illustrated in Figure 1.

1 Prepared as follows: 4.0 g of 2,5-diphenyloxazole
(PPO), 025 g of 1,4-di-2-(5-phenyloxazolyl)-benzene
(POPOP), and 50.0 g naphthalene were made up to 1 L
with p-dioxane.

TABLE II
Statistical correlation *

Serum chol. Serum chol. t} chol. t3 chol.

and Echol and Echol Serum chol. and Echol and Eehol

(% body wt) (/m? BSA) and t§ chol. (% body wt) (/m? BSA)
r +0.23 +0.20 +0.38 +0.32 +0.24
p 0.47 0.54 0.23 0.31 0.45

*r = Correlation coefficient; p = probability.
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F16. 1. THE DISAPPEARANCE OF PLASMA CHOLESTEROL SPECIFIC ACTIVITY

AND THE CUMULATIVE STOOL AND URINARY EXCRETION OF C™ RADIOACTIVITY
AFTER THE INTRAVENOUS ADMINISTRATION OF C™-CHOLESTEROL.

In the group studied, the plasma free cholesterol
specific activity reached a peak between 3 and 24
hours after labeled cholesterol administration
whereas the ester cholesterol specific activity was
maximal between the second and fourth days.
The rate at which both free and ester cholesterol
specific activities decreased was relatively rapid
at first, with cholesterol specific activities at the
end of 2 weeks generally less than 25 per cent of
the peak plasma specific activities. From the third
week to between the sixth and eighth weeks of
the study, there was a gradually diminishing rate
of decrease of cholesterol specific activity from the
plasma. After the eighth week, until the termina-
tion of the study at 18 to 32 weeks, the decay
curve of plasma cholesterol specific activity fell
at a slow rate which remained exponential
throughout the remainder of the study. The half-
time disappearance (t;) of cholesterol was ob-
tained graphically from the linear plot on a semi-
logarithmic scale of the slow component of the
plasma free cholesterol specific activity curve.
The miscible or exchangeable cholesterol (Eeno1)
was calculated by isotope dilution principles after
extrapolation of this linear plot of the slow com-
ponent of the specific activity curve to zero time
(the time at which the labeled cholesterol was in-
fused). In two patients the exchangeable cho-
lesterol was also calculated from the plasma spe-

cific activity and the retained dose of cholesterol
(corrected for stool and urinary excretion but not
for insensible skin loss) at a time when the rate
of disappearance of plasma cholesterol specific ac-
tivity was exponential. The amount of choles-
terol turned over per day was calculated from the
equation :

0.693

daily cholesterol turnover = T—
3

X Ecnol

The free and ester cholesterol specific activities
were generally similar from the fifth day of the
study until its end, although the ester cholesterol
specific activity was usually slightly greater than
the free specific activity.

2. Cholesterol miscible pool. The cholesterol
miscible pool values of all individuals studied av-
eraged 0.27 per cent and ranged from 0.18 to 0.35
per cent of body weight. In the hypercholestero-
lemic patients the E.uq averaged 0.29 per cent and
ranged from 0.19 to 0.35 per cent body weight as
compared with a mean of 0.24 and a range of 0.18
to 0.28 per cent in the normal group. No signifi-
cant correlation was present between the serum
cholesterol and miscible pool of cholesterol. Both
of the patients with the nephrotic syndrome and
the one patient with myxedema had E., values
which were in the normal range despite markedly
elevated serum cholesterol levels. The patient
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with familial hypercholesterolemia had the great-
est Ecpq level in the group.

In Patient R.L. the E.no as calculated from the
retained dose and plasma specific activity of cho-
lesterol on day 60 was 154 g, compared with
148 g as calculated by extrapolating the expo-
nential portion of the plasma specific activity curve.
In Patient H.L. Ecpq values of 202 and 193 g, re-
spectively, were obtained by the two methods of
calculation.

The xanthelasmata of the patient with familial
hypercholesterolemia had a specific activity that
was 96 per cent of the plasma cholesterol specific
activity 62 days after labeled cholesterol admini-
stration. The skin overlying the xanthelasmata
in this patient had a cholesterol specific activity
that was 102 per cent of the plasma cholesterol
specific activity, indicating that complete equili-
bration between skin and plasma cholesterol was
present at 62 days.

3. Cholesterol turnover rate. The half-time
disappearance of cholesterol averaged 72 days and
ranged from 58 to 100 days in the 12 patients
studied. The calculated amount of exchangeable
cholesterol turned over per day averaged 1.9 and
ranged from 1.0 to 3.2 g. The t; of the normal
subjects averaged 65 days and ranged from 58 to
75 days, as compared with a mean t; of 76 days
and range of 63 to 100 days in the hypercholes-
terolemic group. The patient with myxedema had
the slowest turnover rate of cholesterol, with a t;
of 100 days. The remaining t; values of the hy-
percholesterolemic subjects were comparable to
the values observed in the normal group. No sig-
nificant correlation was present between the con-
centration of serum cholesterol and the turnover
rate of cholesterol or between the size of the mis-
cible pool and the turnover rate of cholesterol.

4. Stool and urinary excretion of C* radioac-
tivity. The stool excretion of total C'* radioac-
tivity was greatest during the first week of the
study and gradually decreased with time. In
Patient R.L. (Figure 1), 43 per cent of the total
injected C** radioactivity was recovered in the
stools during the first 72 days after labeled cho-
lesterol administration. In the first 15 days the
total urinary excretion of C* radioactivity was
0.2 per cent of the injected dose with no measur-
able radioactivity present after the fifth day of
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study. The combined stool and urinary excre-
tion of C'* radioactivity accounted for approxi-
mately 88 per cent of the labeled cholesterol turned
over per day as calculated from the t; value of 74
days which was measured from the plasma specific
activity decay curve.

In Patient H.L. 45 per cent of the injected C'*
radioactivity was present in the stools over the
first 65 days after cholesterol administration while
0.1 per cent of the total dose was recovered in the
urine over the first 15 days. The total stool and
urinary excretion of radioactivity represented ap-
proximately 82 per cent of the total labeled cho-
lesterol turned over as calculated from the t; value
of 59 days.

5. Reproducibility of studies. Repeat measure-
ments of cholesterol turnover rate and miscible
pool in Subjects H.L. and R.M. after 12 and 14
months, respectively, gave results similar to those
obtained in the original studies of these patients.
In Subject H.L. (see Figure 2), the half-time
disappearance of cholesterol was 59 and 65 days
and in R.M. 78 and 85 days, respectively. The
Ea in H.L. was 193 g in the first and 208 g in
the second study, and in Subject R.M. values of
201 and 215 g, respectively, were obtained.

DISCUSSION

The rate of disappearance from the plasma of
C*t-labeled cholesterol has been studied extensively
over varying intervals (3-7). However, greatly
differing turnover times for cholesterol have been
reported, ranging from t; values of 5 to 110 days,
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"depending upon the length of time the studies
were carried out and the portion of the plasma
specific activity curve used to calculate the turn-
over rates. To explain the varying turnover rates
which have been reported, Hellman, Rosenfeld
and Gallagher have pointed out that, over periods
of as long as 50 days, the cholesterol may disap-
pear from the plasma at a series of exponential
rates rather than at a single one so that no true
body turnover rate could be expressed from the
plasma disappearance curves during this period
(3). Their studies have been confirmed by Kur-
land, Lucas and Freedberg (4) and by the pres-
ent investigation. Both of these latter studies
have also demonstrated that if the plasma cho-
lesterol specific activity is followed over longer
periods, its curve of disappearance eventually does
decline at an exponential rate. An explanation of
why a prolonged period of study is necessary for
measurement of a true body turnover rate of cho-
lesterol is obtained from the post-mortem studies
concerning the equilibration of cholesterol be-
tween the plasma and tissues (5). These studies
have shown that this equilibration is generally a
slow process and does not approach completion for
periods of a month or more in some of the ex-
changing tissue compartments. Thus, the de-
crease of C'%-cholesterol from the plasma prior to
the time when complete equilibration with the tis-
sues was attained would reflect the continuing dis-
tribution of cholesterol between the blood and tis-
sues as well as the metabolic turnover of choles-
terol within the miscible pool. In view of the
similar cholesterol specific activities in the plasma
and tissues from 1 to 7 months after labeled cho-
lesterol administration and the exponential rate
of decay of plasma cholesterol specific activity
during this same interval, it appears that an equi-
librium state between the plasma and tissue cho-
lesterol persists during this period. For these
reasons, a portion of the plasma decay curve ex-
tending from the period beginning 6 to 8 weeks
after labeled cholesterol administration to the end
of the study at approximately 18 to 32 weeks was
used to calculate the body turnover rate and mis-
cible pool of cholesterol. '

The cholesterol turnover rates varied from t,
values of 58 to 100 days. In this heterogeneous
group of patients with hypercholesterolemia, the
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mean t; was somewhat greater than that in the
normal individuals. The slowest turnover rate
of cholesterol was found in the myxedematous pa-
tient. However, with the exception of this pa-
tient, the t, values of the hypercholesterolemic
individuals were generally within the normal
range. A slow turnover rate of cholesterol in myx-
edema has been described previously (4) and may
reflect a decrease in the rate of biliary and stool
excretion of cholesterol and its degradation prod-
ucts (8).

The cholesterol miscible pool ranged from 125
to 349 g or 0.18 to 0.35 per cent of body weight.
These values are comparable to those reported
from actual carcass analysis in other mammals in-
cluding the mouse, rat, cat, and dog (9-12). No
significant correlation between the serum choles-
terol and the exchangeable cholesterol was ap-
parent from this study, although the hypercholes-
terolemic group did have a greater mean Eq
level than had the normal subjects. The differ-
ences in Eo values in the hypercholesterolemic
group might be a reflection of different etiological
factors causing elevations in serum cholesterol in
these individuals. The patients with myxedema
and the nephrotic syndrome had values for Epg
which were in the normal range despite marked
elevations in serum cholesterol, suggesting perhaps
that the hypercholesterolemia in these conditions
is associated with a shift of cholesterol from ex-
travascular to intravascular compartments. On
the other hand, the remaining hypercholesterole-
mic subjects did have Ecua values which were
generally greater than those observed in the nor-
mal group, indicating that in some individuals
elevations in serum cholesterol level may reflect
an elevated body cholesterol content. The num-
ber of patients studied to date has been limited
so'that further observations will be necessary be-
fore other conclusions regarding the relationship
of serum and body cholesterol can be established.

It is interesting that the greatest miscible pool
of cholesterol was observed in the patient with
familial hypercholesterolemia and xanthelasmata.
The cholesterol in the xanthelasmata appears to
be a part of the miscible pool of cholesterol, and
the presence of these subcutaneous deposits of cho-
lesterol may be a reflection of a high E.q level.

The total amount of exchangeable cholesterol
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that was turned over per day in these subjects
ranged from 1.0 to 3.2 g daily. Stool and urinary
excretion of C* radioactivity accounted for 82
and 88 per cent of the calculated daily turnover
of cholesterol in the two patients in whom these
collections were made. Skin secretion of cho-
lesterol, which represents one other significant
source of sterol loss from the body was not meas-
ured in these patients, but it is estimated that 50
to 100 mg of cholesterol is secreted by the skin
per day (13, 14). This would represent approxi-
mately 3 to 7 per cent of the calculated daily turn-
over of exchangeable cholesterol in these two in-
dividuals, and if this estimated skin loss were
added to the measured stool and urinary losses,
the total would appear to account for approxi-
mately 90 per cent of the cholesterol turned over
per day as calculated from the plasma cholesterol
specific activity curves. These findings lend fur-
ther support to the hypothesis that a body turn-
over rate of cholesterol is measured by these
plasma disappearance curves.

As has been reported previously, the C** radio-
activity that is administered in the form of labeled
cholesterol appears to remain in the body mainly
as a part of the cholesterol molecule (4, 15). In
the stool, however, most of this cholesterol is ex-
creted in the form of bile acids (16).

The miscible pool of cholesterol that has been
measured in this study appears to include the cho-
lesterol in all the body tissues outside of the cen-
tral nervous system. It had been shown previ-
ously that only negligible degrees of equilibration
occur between the plasma and brain cholesterol
during the interval used in these studies (4).
Since about 20 per cent of the total body sterol is
estimated to be in the nervous system (17), it ap-
pears that the miscible pool of cholesterol would
constitute approximately 80 per cent of total body
cholesterol.

SUMMARY AND CONCLUSIONS

1. Measurements of body cholesterol miscible
pool and turnover rate have been carried out in
normal and hypercholesterolemic subjects by
studying the rate of disappearance of C'*-choles-
terol specific activity from the plasma over periods

1743

of 4 to 7 months after the intravenous administra-
tion of labeled cholesterol.

2. The miscible pool of cholesterol measured by
these methods ranged from 0.18 to 0.35 per cent
of body weight in 12 human subjects. The level
of the cholesterol miscible pool did not correlate
significantly with the serum cholesterol level.

3. The body turnover rate of cholesterol ranged
from half-time values of 58 to values of 101 days,
and the total amount of exchangeable cholesterol
turned over per day ranged from 1.0 to 3.2 g.

4. Patients with idiopathic and familial hyper-
cholesterolemia had exchangeable cholesterol val-
ues above the normal range.

5. Most hypercholesterolemic patients had half-
time values for cholesterol within the normal
range, but a patient with myxedema appeared to
have a markedly reduced body cholesterol turn-

over rate.
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