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Parameters of the Three-Pool Model of the Turnover of

Plasma Cholesterol in Normal and Hyperlipidemic Humans

FRANKREEs SMrm, RALPHB. DELL, ROBERTP. NOBLE, and DEWrrT S. GOODMAN

From the Departments of Medicine and Pediatrics, Columbia University College
of Physicians and Surgeons, NewYork, 10032, and The Sharon Research
Institute, Sharon Hospital, Sharon, Connecticut 06069

A B S T R A C T Long-term studies (32-49 wk) of the
turnover of plasma cholesterol were conducted in 24
subjects. Eight subjects were normolipidemic, six had
hypercholesterolemia, eight had hypercholesterolemia
and hypertriglyceridemia, and two had hypertriglyceri-
demia alone. 10 of the hyperlipidemic patients had a
definite familial disorder. In all subjects (except one
for whom complete data were not available), the same
three-pool model previously described gave the best fit
for the data. The parameters of the three-pool model
observed in the normal subjects were compared with
the model parameters found in the patients with the
different kinds of hyperlipidemia. In addition, single
and multiple regression analyses were conducted to ex-
plore the relationships between the model parameters
and various physiological variables, including age, body
size, and serum lipid concentrations.

Using this approach, significant differences between
groups, or correlations with serum lipid levels were
seen for several parameters of the three-pool model: the
production rate (PR); the size of the rapidly exchang-
ing pool 1 (M1) ; all estimates of the size of the most
slowly equilibrating pool 3 (Ms); and the rate constant
km. The PR in normal subjects (1.14±0.19 g/day,
mean±SD) was not significantly different from that
found in patients with hypercholesterolemia, with or
without hypertriglyceridemia. The major determinant of
cholesterol PR was overall body size, expressed either
as total body weight or as surface area. The correlations
between PR and indices of adiposity (percent ideal
weight and excess weight), although statistically sig-
nificant, were much weaker in this nonobese population.
After adjustment for body size variation, cholesterol
PR was not correlated with the serum cholesterol con-
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centration but was probably (P < 0.05) correlated
with the triglyceride concentration. When the two pa-
tients with very high triglyceride concentrations were
excluded, however, no correlation was observed be-
tween adjusted PR and triglyceride level. It is probable
that hypertriglyceridemic patients represent a hetero-
geneous population, in which the majority do not show
increased cholesterol PR.

Ml was correlated with all body size variables, but
most strongly with excess weight. After adjusting for
the effects of body size, M1 was also correlated with
the serum concentrations of both cholesterol and tri-
glyceride. Major differences were found in the relation-
ships between the physiological variables and the sizes
of pools 2 and 3. M2 was correlated neither with any
of the indices of body size or adiposity, nor with the
serum levels of either cholesterol or triglyceride. In
contrast, all estimates of M3 were correlated with in-
dices of adiposity (but not of overall body size) and
with the serum cholesterol concentration. Thus, the
amount of cholesterol in slowly equilibrating tissue sites
appears to particularly increase with elevations of the
serum cholesterol level. The results also confirm previ-
ous data that adipose tissue cholesterol is an important
part of pool 3.

INTRODUCTION
The turnover of plasma cholesterol has been studied in
recent years to provide information about the metabo-
lism of cholesterol in normal subjects and in patients
with hyperlipidemia and with obesity (1-7). In 1968
two of us reported (1) that the plasma cholesterol spe-
cific radioactivity-time curves obtained in experiments
of about 10 wk duration could be resolved into two ex-

ponential functions and, hence, that the turnover of
plasma cholesterol conformed to a simple two-pool
model. In 1970, Samuel and Perl (5) reported that in
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some patients the slow slope of the plasma decay curve
deviated from monoexponential behavior after approxi-
mately 20-25 wk. This suggested that a multicom-
partmental model of more than two pools was necessary
to describe the long-term turnover of plasma choles-
terol in man. The turnover of plasma cholesterol was
subsequently studied by us for periods of 32-41 wk in
six subjects and, in each subject, the best description
of the turnover curve was found to be provided by a
three-pool rather than a two-pool model (6).

We now report the results of long-term studies of
the turnover of plasma cholesterol in 24 subjects. The
parameters of the three-pool model of cholesterol turn-
over observed in eight normal subjects have been com-
pared with the parameters found in six patients with
hypercholesterolemia and in eight patients with both
hypercholesterolemia and hypertriglyceridemia (mixed
hyperlipidemia). In addition, relationships between the
model parameters of cholesterol turnover and the physi-
ological variables of age, body size, serum cholesterol,
and serum triglyceride concentrations have been ex-
plored, using simple linear correlations and multiple
linear regression analyses.

METHODS

24 volunteer subjects participated in these studies. Written
informed consent was obtained from each. The character-
istics of the subjects studied are shown in Table I. Eight
subjects were normal controls; six had elevated serum
cholesterol con.centrations with normal triglyceride con-
centrations; eight had elevations of both serum cholesterol
and triglyceride concentrations; and two had elevations of
serum triglyceride concentrations alone. The diagnosis of
hyperlipidemia was based on an arbitrary working defini-
tion of levels of cholesterol (at the time of the study) in
excess of 275 mg/dl, and/or levels of triglyceride in excess
of 160 mg/dl in serum obtained after a 12-h fast. In
analyzing the data, patients were classified as having hyper-
cholesterolemia, hypertriglyceridemia, or both (mixed hy-
perlipidemia).

Table I also shows the lipoprotein phenotype (8, 9) as
determined by the lipoprotein pattern seen after electro-
phoresis in agarose gel (10). The patients with hypercho-
lesterolemia or hypertriglyceridemia alone were judged to
have the type Ha or type IV patterns, respectively. Seven
of the eight patients with mixed hyperlipidemia had the
type IIb pattern. One patient, D. F., had a "broad beta
band" on electrophoresis; the diagnosis of type III was
confirmed by ultracentrifugation (8, 9). Four of the hyper-
cholesterolemic patients had clinical ischemic heart disease,
as indicated by previously documented myocardial infarc-
tions (J. Z., R. K., and J. R., at ages 45, 55, and 32 yr,
respectively), or by the presence of angina pectoris (A. A.).

A genetic classification of each hyperlipidemic patient was
attempted, following the approach of Goldstein et al. (11).
Only first-degree relatives were used in the genetic analysis.
Cholesterol and triglyceride concentrations were measured,
in sera obtained after a 12-h fast, in 56 (of 69 potentially
available) first-degree relatives. The goal, for diagnosis, was
to test serum from as many as possible, but with a minimum
of three first-degree relatives in each kindred. To make a

positive designation of familial disease (familial disease
present), one relative was required to have serum choles-
terol or triglyceride level greater than or equal to the 99th
percentile, or if under 20 yr of age, greater than the 95th
percentile value. The regression equations reported by
Goldstein et al. (11, 12) were used to correct cholesterol
and triglyceride concentrations in members of the kindreds
for age. The 95th and 99th percentile cutoff values estab-
lished in the Seattle study (12) were used. 10 of the
hyperlipidemic subjects were found to have familial disease
by this criterion. For 7 of these 10 subjects, 3 or more
first-degree relatives were tested; only 2 first-degree rela-
tives were tested for each of the other 3 hyperlipidemic
subjects with familial disease (see Table I). Familial dis-
ease was considered to be absent if at least three first-
degree relatives in the kindred were tested, and no relative
had hyperlipidemia as defined above. None of the three
hyperlipidemic subjects in whom familial disease was absent
(see Table I) had a tested first-degree relative with a
lipid level greater than the 95th percentile cutoff value.
If less than three first-degree relatives were available or
were tested in a kindred, and if unequivocal hyperlipidemia
was not found in those relatives tested, the possible presence
of a familial disorder was considered to be "indeterminate"
(three hyperlipidemic subjects, see Table I). In several
kindreds, where a familial disorder was definitely present,
the lipid levels and distribution conformed to the genetic
classification of either familial hypercholesterolemia, or of
familial "combined hyperlipidemia," as defined by Gold-
stein et al. (11). If the genetic classification was not clear,
it was labeled as "not definite" (see Table I).

All subjects were studied as outpatients. Before the study,
all patients had been instructed in a diet containing less
than 300 mg of cholesterol per day with less than 35% of
calories as total fat and less than 10%o as saturated fat.
All patients had been stabilized on the diet for at least
several weeks before the study was begun, and were speci-
fically asked not to modify their diets during the course
of the study. The normal control subjects ate their usual
diets. None of the subjects had significant weight change
during the study. Serum cholesterol and triglyceride con-
centrations were reasonably stable during the study (note
the small standard error values for lipid levels in Table I).

[4-"C] Cholesterol (specific radioactivity 58 usCi/,mol,
New England Nuclear, Boston, Mass.) complexed with
serum lipoprotein was injected intravenously, and the spe-
cific radioactivity of serum total cholesterol was determined
on samples collected serially thereafter. The methods used
have been described in detail previously (1, 6). In each ex-
periment the [1'C] cholesterol was checked for radiopurity,
by thin-layer chromatography, just before use. The amounts
of radioactivity injected (from 22 to 25 /ACi per subject)
were measured precisely, and the data were later adjusted
to an injected dose of 25 ,ACi for each subject. Samples of
venous blood were collected before breakfast on days 1,
3, 6, 8, 10, and 14 after injection, and thereafter at fre-
quencies decreasing from every week to every 3 wk for a
total of 3440 samples during study periods of from 32 to
49 wk. The specific radioactivity of the cholesterol in each
sample was determined by analysis of the nonsaponifiable
lipid extract obtained from the sample as described in
detail previously (6). The serum was also used for mea-
surement of the concentrations of cholesterol and triglyce-
ride with a Technicon AutoAnalyzer I (Technicon Instru-
ments Corp., Tarrytown, N. Y.) using the method N-24a
for cholesterol (13), and a modification (14) of the Kess-
ler and Lederer technique (15) for triglycerides.
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TABLE I
Characteristics of Subjects Studied

Ideal Serum
body Xan- LP Genetic

Study wt Choles- Triglyc- Classifi- tho- pattern Familial classifi-
Subject duration Sex Age Height Weight (18) terol* eride* cation$ matal (type) disorders cationhl

wk yr cm kg % mg/dl

F.C.¶ 41 M 51 175 76.2 112 220±2 85±4 NL - NL
R.M.¶ 32 M 53 183 76.2 102 231±3 10243 NL - NL
R.N.¶ 39 M 54 183 79.4 108 211±2 69±3 NL - NL
B. B. 46 M 23 183 75.0 99 178±42 110±5 NL - NL
R.F. 46 M 24 187 81.4 101 212 ±3 112±4 NL - NL
R. H. 46 M 29 179 73.7 101 167±2 91±3 NL - NL
A. R. 35 M 37 170 68.2 100 208±43 137±7 NL - NL
G.W. 37 M 44 187 79.5 99 203±2 106±6 NL - NL

J. Z. 40 M 56 165 63.2 98 480±6 93 ±2 H-Chol - Ila + FH
V.M. 42 F 62 156 52.7 100 280 ±3 103±4 H-Chol - Ila + ND
R. K. 38 F 57 152 50.0 99 420±4-4 1574±8 H-Chol - Ia -
A.A. 40 F 74 162 66.8 118 484±4 127±45 H-Chol + Ila IND
A. N. 49 M 44 183 102.3 124 428±5 135±8 H-Chol - Iha + FH
J. R. 46 M 34 170 64.1 100 277±43 104±43 H-Chol - Ia -

E.M. 42 M 52 175 62.7 93 283±7 162±9 Mixed - Ilb + Comb
C.S. 40 M 52 185 85.9 101 318±44 233 412 Mixed - JIb -
J.P. 41 F 54 165 56.4 96 551±7 230±8 Mixed + Ilb +t4 FH
N. D. 41 M 53 173 86.4 117 335±3 177±7 Mixed - lIb +Tf ND
D. F. 46 M 41 173 75.5 106 418±11 691±35 Mixed + III + ND
J. F. 46 M 47 171 84.1 113 424±8 464±20 Mixed + Ilb + ND§§
C. G. 49 F 67 173 60.0 94 34545 215±7 Mixed - Jib + Comb
H. L. 37 M 40 173 79.4 115 295±5 280424 Mixed - lIb +U$ ND

G. F. 41 M 54 180 73.9 104 24042 216±11 H-TG - IV IND
J. B.¶ 36 M 61 145 63.5 100 223±3 294± 13 H-TG - IV IND

* Mean±SEMduring the period of the study (34-40 samples per subject).
t Classifications: NL, normal; H-Chol, hypercholesterolemia; H-TG, hypertriglyceridemia; Mixed, mixed hyperlipidemia (see
text).
§ (+) = present; (-) = absent; IND = indeterminate.
11 Classifications: FH, familial hypercholesterolemia; Comb, familial combined hyperlipidemia; ND, not definite; No notation
is made in this column for subjects where a familial disorder was absent or was "indeterminate."
¶ Subject previously reported (6).
** Although three first-degree relatives were tested and were all normolipidemic by history, three brothers of this patient had
died in their fifth decade of myocardial infarction.
tt Only two first-degree relatives tested. For J. P., both relatives (mother and daughter) had hypercholesterolemia. For N. D.,
one relative (son, age 18 yr) had hypercholesterolemia (306) and hypertriglyceridemia (257), and one relative (sister) was
normal. For H. L., both relatives (one brother and one sister) had hypertriglyceridemia, and both had acute myocardial infarc-
tions in the mid-50's (age 56 and 55 yr, respectively).
§§ 6 of 11 first-degree relatives tested had hypertriglyceridemia (type IV pattern).

The data for each subject were analyzed by digital com-
puter, using a weighted, least-squares, nonlinear regression
technique as described elsewhere (6, 16), to determine the
parameters of a three-pool mammillary model which would
provide the best fit. The model used is illustrated in Fig. 1.
The notation is identical with that described previously (6).
The pools are denoted by arabic numbers (pools 1, 2, and
3); rate constants are noted by k;' the rate of transfer of

cholesterol mass (in grams/day) into or out of a pool is
denoted by R; cholesterol production rate (PR) is given
by Ro; pool sizes are designated M1, M2, and Ms. For this
model, the equation for the specific activity of pool 1 is:

sp act = Age-old + A2e-at + A 3eC39.
Equations relating the constants (A and a) in this equa-
tion to the model parameters have been reported (6).

1 Abbreviations used in this paper: k,,, kft, kha, km, rate sizes; PR, production rate; R, rate of transfer of cholesterol
constants; LDL, low density lipoprotein; M1, M2, Ms, pool mass.
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FIGURE 1 Three-pool model of cholesterol turnover in man

(see text for definition and discussion of symbols).

Analysis of the turnover data in terms of this three-pool
model provides unique values for each of the rate constants
for transfer between pools (km, k2, k31, and k13); for PR;
and for M1 (the size of the rapidly turning over pool).
Although unique values cannot be obtained for the sizes
of the more slowly turning over pools 2 and 3, upper and
lower limiting values for M2 and M3 can be calculated, as

described previously (6), by making assumptions about the
amount and distribution of synthesis of cholesterol outside
of pool 1. Thus, minimum values of M2 and Ms are ob-
tained by assuming that all of cholesterol production enters
pool 1 (i.e. PR= R1o, where PR represents the sum of
endogenously synthesized cholesterol plus absorbed choles-
terol which is derived from the diet). Upper limiting values
for M2 or M3 are obtained by assuming that all of choles-
terol synthesis (i.e. PR-0.2, assuming Ro =0.2; [6])
occurs in either pool 2 or 3, respectively. In addition, in the
present study 'intermediate' values of M2 and M3 were cal-
culated by assuming that R1o = 0.2 and that the rest of PR
was evenly divided between Rw and Ro.

The data were analyzed statistically by examining, for
each subject, 23 physiologic variables or model parameters.
The 23 variables were: age; five variables related to body
size: height, weight, surface area (defined as W4 X H07o'
X 0.007184 (17), where Wis body weight in kilograms, H
is height in centimeters, and surface area is given in square

meters), percent of ideal body weight (defined as the actual
weight divided by the mean desirable weight for the pa-

tient's frame as determined from actuarial data [18]), and
excess weight (defined as total body weight minus ideal
body weight); serum cholesterol and triglyceride concen-

trations; six uniquely determined model parameters (see
above); two transfer rates, R2 and R3 (defined as MLkt
and Mik3,, respectively); and seven estimates of M2 and
Ms (minimum, maximum, and intermediate values, plus the
sum of intermediate M2+ M3).

Initially, the patients were divided into groups according
to the kind of lipid elevation present (see Table I), and
mean and standard deviation values were calculated for each
variable. A one-way analysis of variance was then per-

formed (19) for each of the model parameters. When the
variation between groups was found to be significant, the
parameter values for each hyperlipidemic group were com-

pared with those of the normal group using the Dunnett
procedure for comparing several means with a control
mean (19); and the significance of differences at the 5 and
1% level was assessed using Dunnett's table (reference 19,
Table A9, p. 4.46).

Analyses were next conducted to determine whether there
was a simple, linear correlation between any of the model
parameters and any of the physiological variables. Based
on the results of these correlation analyses, a multiple linear

regression analysis was performed using the equation
n

y = a + E bixi (20).
im=

The dependent variables (y values) were each of the model
parameters in turn. The independent variable (xs) was
first the best body size correlate (from the linear regres-
sion analysis described above), and then the serum choles-
terol and triglyceride concentrations. The significance of
each term (bixt) in explaining the variation in the de-
pendent variable was assessed by testing the significance of
the decrease in the residual error about the regression plane.

RESULTS
Appropriate model. As described above, the data for

each subject were analyzed to determine the parameters
which would provide the best fit obtainable with a three-
pool mammillary model. The data were also analyzed to
determine the parameters which would provide the best
fit obtainable with a two-pool model, and with models
containing more than three pools. Residual error test-
ing was used, as described previously (6), to find the
number of pools needed to describe best the specific
radioactivity-time curves.

In each of the 23 subjects in whom complete data
were available, the three-pool model provided a sig-
nificantly better fit (P <0.01 in 18 subjects and P
< 0.05 in 5 subjects) to the data than did a two-pool
model. In one subject ([A. A.] because of a period
when she was absent from this country), samples were
not collected between weeks 14 and 25 of her 40 wk
study. As a consequence, although the parameters of
the three-pool model could be estimated satisfactorily
in this patient, the fit obtained with this model was
not significantly better than that obtained with a two-
pool model. No further improvement in fit was obtained
for any subject with a four-compartment model. Thus,
the same three-pool model (Fig. 1) provided the best
description of the long-term turnover curves for both
the normal controls and the different kinds of hyper-
lipidemic subjects.

Between group comparisons. The means and stan-
dard deviations are presented for each variable and
model parameter, by group and for the total population
studied, in Tables II-IV.' To test for the presence of
significant differences between the groups, a one-way
analysis of variance was performed for each physiologi-
cal variable and each model parameter. For each param-

'Additional values for the model parameters for each of
the 24 long-term studies in Table II have been deposited
with Microfiche Publications. See NAPS document 02695
for 1 page of the supplementary material. Order from
ASIS/NAPS, c/o Microfiche Publications, 440 Park Ave-
nue South, New York 10016. Remit with order for each
NAPS document number $3.00 for microfiche and $5.00
for photocopies. Make checks payable to Microfiche Pub-
lications.
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TABLE II
Subjects Studied by Groups: Physiological Variables (mean 4SD)

Serum
Group Ideal

(no. of subjects) Age Height Weight Surface area body wt Excess weight Cholesterol Triglyceride

yr cm kg m2 % kg mg/dl
Normal (8) 39.4413.0 18146 7644 1.9640.09 10245 1.94±3.29 204±21 101420
Hypercholesterolemia (6) 54.5414.0 1654111 66±19 1.73±0.28 107±11 4.6948.53 395494 120424
Mixed hyperlipidemia (8) 50.84 8.5 17446 74±12 1.8740.16 104410 3.3546.85 371±89 306±182
Hypertriglyceridemia (2) 57.5± 5.0 163±25* 69±t7 1.74±0.27 102±3 1.4242.01 232±12 255455
All subjects (24) 48.5±12.8 173411 72+12 1.85±0.20 104±8 3.05±5.91 310±110 187±140

Probability that value differs from normal by one-way analysis of variance and use of the Dunnett procedure (see Methods):
P < 0.05; P < 0.01.

eter, the pooled standard deviation was calculated and
the significance of the variation between groups was
tested with an F-test. If the overall F was significant,
we tested between group differences by comparing each
hyperlipidemic group to the normal group by the Dun-
nett procedure (see Methods).

In each of the groups studied, the mean value for per-
cent of ideal body weight did not differ significantly from
100%, nor were there significant differences in mean per-
cent of ideal body weight values between groups (Table
II). The only significant difference in physiological vari-
ables (Table II) (other than in serum lipid levels, which
were the criteria on which the groups were classified)
was found in height. Thus, the hypercholesterolemic
and hypertriglyceridemic groups were both shorter than
the normal group. The normal subjects differed from
the hyperlipidemic groups in having a lower mean age,
but this difference was not significant statistically.
Furthermore, the normal controls were all males,
whereas three of the six hypercholesterolemic subjects,
and two of the eight subjects with mixed hyperlipi-
demia were females. No differences related to sex were
apparent in any of the data, so that this was felt not
to represent a confounding variable. In addition, it
should be noted that the hyperlipidemic subjects were
all on a fat-controlled diet (see Methods), whereas the

normal controls ate their usual diets which were some-
what higher in cholesterol and saturated fat content.

For the unique model parameters (Table III), signifi-
cant variation between groups was found only for ku
and kw1. The PR values for the patients with hypercho-
lesterolemia (0.98±0.25), and for those with mixed
hyperlipidemia (1.19±0.28), did not differ significantly
from the PR of normal control subjects (1.14±0.19).
Although the mean values for M1 were higher in the
hypercholesterolemic group (30.9±8.6) and in the
mixed hyperlipidemia group (28.4±4.4) compared with
normals (25.9±2.8), the differences with these fairly
small sized groups did not attain statistical significance.

As shown in Table IV, the values for M3 (minimum,
maximum, and intermediate values) were significantly
increased above normal in the mixed hyperlipidemia and
hypercholesterolemia groups. In contrast, no difference
between groups were seen with any of the estimates of
M2.

Relationships between model parameters and physio-
logical variables. A simple linear correlation analysis
was used to explore relationships between the param-
eters of the three-pool model and the various physio-
logical variables. The correlations between cholesterol
PR and four variables of body size were examined.
Two of these variables (total body weight and surface

TABLE I I I
Subjects Studied by Groups: Unique Model Parameters (mean ±SD)

Group (no. of subjects) PR Ml ki2 k2i kis kal R2 Rs

giday g day-1 day-' day-' day-1 g/day giday
Normal (8) 1.140.19 25.9±2.8 0.071-0.019 0.06140.015 0.018±0.008 0.019±0.014 1.5740.40 0.49±0.35
Hypercholesterolemia (6) 0.9840.25 30.948.6 0.079±0.059 0.037±0.013* 0.01640.005 0.0214±0.011 1.14±0.59 0.6840.42
Mixed hyperlipidemia (8) 1.19±0.28 28.4±4.4 0.07340.037 0.044±0.0141 0.01740.007 0.026±0.014 1.23±0.39 0.7340.34
Hypertriglyceridemia (2) 1.014±0.28 20.14±0.6 0.19340.022t 0.07540.018 0.026±0.002 0.048±0.005 1.5140.31 0.97±0.07
All subjects (24) 1.11±0.25 27.5±5.8 0.08440.050 0.050±0.018 0.018±0.007 0.025±0.015 1.3540.46 0.6640.36

Probability that value differs from normal by one way analysis of variance and use of the Dunnett procedure (see Methods): * P < 0.05; * P < 0.01;
1 0.05 <P <0.06.
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TABLE IV
Subjects Studied by Groups: M2and M3 under Various Assumptions (mean -SD)

Minimum Intermediate Maximum Intermediate

Group (no. of subjects) M2 Ms M2 Ms M2 Ma M2 + Ms

g g g g

Normal (8) 24.8411.2 24.1± 9.4 31.9413.3 45.3±11.1 38.9+15.6 66.4+17.8 77.1±10.2
Hypercholesterolemia (6) 19.8i10.1 40.5+15.4§ 30.1± 5.8 67.8414.01 40.5± 8.3 95.2±19.4* 97.9±18.4
Mixed hyperlipidemia (8) 19.7± 9.5 41.8±13.3* 27.3±11.6 70.2±11.5t 34.9414.0 98.5±18.4* 97.4±18.1
Hypertriglyceridemia (2) 7.8± 0.7 36.9±4 5.5 9.8±i 1.2 52.0±12.1 11.9± 1.6 67.2±18.6 61.8±13.2
All subjects (24) 20.4±10.4 35.24±14.1 28.1i11.7 59.8±16.1 35.7 ±14.4 84.4±23.1 87.8±19.2

Probability that value differs from normal by one way analysis of variance and use of the Dunnett procedure (see Methods):
*P < 0.05; tP < 0.01; § 0.05 < P < 0.06.

area) were used as indices of overall body size; the
other two variables (percent of ideal body weight and
excess weight) were used as indices of adiposity. PR
was highly significantly correlated (P < 0.01) with
all four body size variables. The correlations were much
stronger, however, with the indices of overall body size
than with those of adiposity. Thus, a correlation co-
efficient (r) of 0.80 was observed for the correlation of
PR with either surface area or total body weight,
whereas r values of 0.42 and 0.45 were observed for
the correlation, respectively, of PR with percent of ideal
weight or with excess weight. In these subjects with
nearly ideal body weights, approximately 64% (0.80W
X 100) of the observed differences in cholesterol PR,
in the range of from 0.71 to 1.47 g/day, could be ac-
counted for by differences in total body size. Correla-
tions between PR and adiposity disappeared after cor-
recting for body size.

TABLE V
Analysis for Simple Linear Correlations between Model

Parameters and Selected Variables in 24 Subjects

Model Serum
param- Surface Excess
etersl Age area weight Cholesterol Triglyceride

yr m2 kg mg/dl
PR -0.4073§ 0.7984t 0.4525* -0.1291 0.3072
Ml 0.0817 0.4309* 0.6117$ 0.5326t -0.0831
ki2 0.3265 -0.0625 0.2044 0.0277 0.3212
k2s -0.5612t 0.2608 -0.1255 -0.6209t 0.1139
kis 0.0080 0.1851 0.2625 -0.2711 0.1443
kga 0.3232 -0.0068 0.2520 0.0243 0.3627
M2min -0.4838* 0.2808 -0.0777 -0.1737 -0.1646
Ma min 0.5388t -0.0451 0.4814* 0.7037t 0.2819
Me inter -0.3467 0.2978 0.0520 -0.0275 -0.2127
Ma inter 0.3879 0.0263 0.5419t 0.7471? 0.3722
Ma max -0.2143 0.2814 0.1409 0.0808 -0.2270
Mamax 0.2117 0.0643 0.4616* 0.6118t 0.3467

The correlation coefficients are listed, with statistically significant values
shown as: *P < 0.05; tP < 0.01, 0.05 < P < 0.06.
Imin = minimum; inter = intermediate; max = maximum.

Table V presents the correlations found between
the parameters of the three-pool model and the major
physiological variables; in this table, surface area is
used as an index of total body size, and excess weight
as an index of adiposity. The PR was not correlated
with either the serum cholesterol or triglyceride con-
centration, but was almost significantly correlated nega-
tively with age (P < 0.06). For the four rate constants
of transfer between pools, significant correlations
(negatively with age and with serum cholesterol level)
were only found for km. Ml was correlated both with
indices of adiposity and of body size, but most strongly
with excess weight. M1 was also correlated with the
serum cholesterol level. All three estimates of Ma
(minimum, intermediate, and maximum) were signifi-
cantly correlated with excess weight (but not with
surface area), and with the serum cholesterol level. The
minimum Ma was also significantly correlated with age.

To explore further the relationships between the
physiological variables and the parameters of the three-
pool model, a multiple linear regression analysis was
performed. The necessity for such analysis is evident
from consideration of the results obtained with the PR.
Thus, since body size is the major determinant of PR,
it is clear that PR values must be adjusted for body
size differences before looking for other correlations.
For each model parameter, the body size variable show-
ing the best correlation with that parameter in the
linear correlation analysis was used as an independent
variable, together with the serum concentrations of
cholesterol and triglyceride.

The results of this analysis are shown in Table VI.
After adjusting for the effects of body size, the serum
cholesterol level was found to be significantly corre-
lated with the same model parameters (M1, all estimates
of M5, intermediate M2+ Ms. ksn) with which it had
been found correlated in the simple linear regression
analysis (Table V). On multiple regression analysis,
however, the serum triglyceride level was found to be
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TABLE VI
Multiple Regression Analysis Relating Parameters of the

Three-Pool Model to Body Size and Serum Lipid
Levels in 24 Subjects

Serum

Body size Tn-
Choles- glyc-

Dependent Van- terol enide
vaniablei ablell F (F) (F)

PR SA 38.71$ 0.03 7.45*
M1J SA 21.84$ 8.71$ 12.15$
k12 EW 0.64 0.38 0.64
k2l EW 0.00 13.80$ 5.69*
k13 EW 2.84 1.75 1.54
k31 EW 1.08 0.61 3.33
M2 min SA 1.89 0.04 0.63
M3 min EW 5.84* 21.58$ 0.01
M2 inter SA 2.15 0.52 1.09
M3 inter EW 10.48$ 27.78$ 0.55
M2 max SA 1.90 1.85 1.24
M3 max EW 4.50* 13.16$ 0.54
M2 + M3 inter EW 5.35* 12.96$ 0.15

The table presents the F-test values for each correlation, with
significant values identified as: * P < 0.05, $ P < 0.01.
§ min = minimum; inter = intermediate; max = maximum.
11 SA = surface area; EW= excess weight. In general, each
dependent variable was analyzed with the body size variable
with which it was best correlated (see text). For consistency,
all intercompartmental rate constants (k) used excess weight
as the variable, and all estimates of M2 used surface area.
¶ For Ml, when excess weight was used as the body size vari-
able the F-test values for excess weight, cholesterol, and
triglyceride were 13.15t, 7.47*, and 5.88*, respectively.

significantly correlated with three model parameters
(PR, MI, and ksi), whereas no significant correlations
with triglyceride had been found by simple linear re-
gression analysis.

Fig. 2 shows the relationships between the residual
PR (that portion of the PR not accounted for after
adjustment of the total PR for the effects of body size
variation) and the concentration of serum triglyceride.
22 of the 24 triglyceride concentrations fell between 80
and 300 mg/dl, while two patients had much higher
concentrations, of 464 and 691 mg/dl. When the entire
population was analyzed as if homogeneous, the r was
0.55 (P < 0.05) (solid regression line in Fig. 2).
When the population of 22 subjects with triglyceride
levels from 80 to 300 was considered as a group, how-
ever, no significant correlation was found between the
residual PR and the serum triglyceride level. Neither
the slope of the regression line for this population
(dashed line in Fig. 2) nor its r value (0.19) were

significant.
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FIGURE 2 Relationships between the residual PR of cho-
lesterol (that portion of the PR not accounted for after
adjustment for the effects of body size variation) and the
concentration of serum triglyceride.

Fig. 3 shows the relationship between the minimum
value of the size of pool 3 (minimum Ms) and the con-
centration of serum cholesterol. The values of Ms shown
in this figure were adjusted for the effects of excess
weight (i.e. adjusted to the equivalent of zero excess
weight) by multiple regression analysis. The partial
correlation coefficient for the data shown in Fig. 3 is
0.70. The multiple regression equation relating minimum
Ms to excess weight (EW) and serum cholesterol level
(CL) is:

minimum Ms = 7.80 + 0.8122- EW+ 0.08036. CL.

Since the values of kma and of minimum Ms were
significantly correlated with age with P <0.01 (Table
V), an additional multiple regression analysis was
carried out for these model parameters (and for the
other estimates of Ms as well) in which four independent
variables (excess weight, age, cholesterol, and triglyce-
ride levels) were tested. The results of this analysis
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FIGuRE 3 Relationship between minimum Ms, adjusted for
the effects of excess weight, and the concentration of serum
cholesterol.
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confirmed the results shown in Table VI. In this addi-
tional analysis (with age included as another inde-
pendent variable) all three estimates of Ms were still
found significantly correlated with the serum choles-
terol level (P < 0.01) and with excess weight (P <
0.01 for intermediate Ma and P < 0.05 for minimum
and maximum M3). Only minimum M3 was correlated
(P < 0.05) with age. k2i was still found significantly
correlated with both serum cholesterol (P < 0.01) and
triglyceride (P < 0.05) levels, but not with age or with
excess weight.

Relationship between PR values from long-term and
shorter studies. Calculations were carried out to com-
pare the values for PR obtained by three-pool model
analysis of these long-term studies with the values of
PR which would have been obtained in short-term
studies. Each of the 24 sets of long-term data was
truncated at 12 wk, and the PR calculated by two-pool
model analysis of the resulting data (1, 2, 7). As has
been reported previously (6) for only six subjects, the
short-term studies underestimate the area under the
plasma turnover curve, and thus overestimate the PR.
The mean PR from the 12 wk of data was 1.213+0.256
(SD), whereas the PR from the full long-term data
was 1.105+0.245 g/day. The difference between the PR
as calculated from the long-term data and from the 12-
wk data was 9.0+2.9% (mean+SD) (of the 12-wk
value), with a range in percent differences of 3.9-
14.6%. The relationship between the PR from long-
term data (PRLT) and the PR from 12 wk data (PR12)
was:

PRLT = - 0.043 + 0.9467 PR12; r = 0.989.

The slope of this regression line is significant (P <
0.01), but the intercept is not. In contrast to PR, as
reported previously M1 calculated from the truncated
data was not significantly different from M1 calculated
with the full long-term data, since with either short-
term or long-term data the zero time intercept is well
determined.

DISCUSSION

The aim of these studies was to determine first whether
the same compartmental model would be appropriate
for the description of the long-term turnover of plasma
cholesterol in both normal subjects and in patients
with different kinds of hyperlipidemia. If the same
model were appropriate, the studies then aimed to com-
pare normal and hyperlipidemic persons with regard
to each of the parameters of the model.

We have previously reported (6) that, in each of
three normal and three hypertriglyceridemic subjects, a
three-pool model provided a significantly better de-
scription of the long-term turnover curve than did a

two-pool model. The results reported here extend this
series to a total of 24 subjects, including 8 normal con-
trols, 14 patients with hypercholesterolemia (8 with
concurrent hypertriglyceridemia), and 2 patients with
hypertriglyceridemia alone. Many of the hyperlipidemic
patients had a definite familial disorder; in some of
the patients familial disease was not present. Despite
the heterogeneous characteristics of the hyperlipidemic
population studied, however, the same three-compart-
ment model provided the best fit to the long-term turn-
over data in each of the 23 subjects in whom complete
data were collected. Although the population studied is
still not large, these findings suggest that the three-
pool model may well be generally valid for the study of
cholesterol turnover in humans.

This conclusion is somewhat at variance with that
of Samuel and Lieberman (21), who conducted plasma
cholesterol turnover studies on 17 patients for intervals
longer than 50 wk, and reported that in 12 patients a
three-exponential curve fit was better, whereas in 5
patients two-exponential fits were better. The data were,
accordingly, analyzed by "input-output analysis" (3, 5),
which is independent of the number of exponentials, but
which limits the amount of information which can be
derived from the data as compared with that obtain-
able by multicompartmental analysis. We believe that
there are significant differences between the methods of
curve fitting and data analysis employed by Samuel and
Lieberman and by ourselves, and that these differences
could in part account for the finding of a two-expo-
nential, rather than a three-exponential fit in five
patients by these investigators. Additional studies will
be required to fully resolve this question.

The data reported here were analyzed first by dividing
the patients into groups according to the kind of lipid
elevation present, and comparing the values for the
model parameters between groups. Single and multiple
regression analyses were then conducted to explore
possible correlations between the model parameters and
various physiological variables.

Using this approach, significant differences between
groups, or correlations with serum lipid levels were seen
for several parameters of the three-pool model: PR, kin,
M1, and all estimates of M3. Many of the model param-
eters, however, showed no differences between hyper-
lipidemic and normal subjects, and no correlations with
serum lipid concentrations. These model parameters,
which were unaffected by hyperlipidemia or lipid levels,
included k13, k81, and all estimates of M2. In addition,
although k12 was elevated in the two hypertriglyceri-
demic patients studied, the absence of a significant cor-
relation between kn2 and either serum cholesterol or tri-
glyceride concentration, by single or multiple regression
analysis, suggests that when a larger number of hyper-
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triglyceridemic patients are studied this parameter may
well be found to be unrelated to serum lipid levels.

The studies reported here also permitted us to ex-
tend and make more firm the relationship between the
PR as calculated from a 12-wk study (with the two-
pool model) and that calculated from a long-term study
(with the three-pool model). In these 24 studies, the
difference between the PR as calculated from the long-
term data and from 12 wk of data was 9.0+2.9%
(mean+SD). This confirms our conclusion (6) that
previous estimates of the PR obtained from medium-
term studies can be considered as quantitatively valid if
corrected by a reduction of 9%. With such a correction,
the PR as calculated from medium-term kinetic studies
agrees extremely closely with the total body turnover
rate as measured directly by sterol balance methods (4,
22).

Previous studies of cholesterol turnover, using either
the two-pool model (2) or input-output analysis (21),
have demonstrated very similar turnover rates of cho-
lesterol in patients with hypercholesterolemia and in
normal subjects. In the present study differences in pro-
duction rates were not seen between hypercholestero-
lemic patients and normals, nor was the PR correlated
with the serum cholesterol level. It was previously sug-
gested (2) that hypercholesterolemia is not associated
with abnormal rates of formation or excretion of cho-
lesterol in the body, but with some impediment to the
"clearance" or excretion of cholesterol from the plasma
pool. This conclusion is consistent with the finding of
a decreased fractional rate of low density lipoprotein
(LDL) degradation in patients with familial hypercho-
lesterolemia (23). Insight into the mechanism respon-
sible for the decreased fractional rate of LDL degradation
has been provided by recent studies with fibroblasts
from patients with familial hypercholesterolemia (24).
These fibroblasts have a reduced number of specific
binding sites for LDL, and show a diminished catabo-
lism of LDL in culture in vitro.

The effect of hypertriglyceridemia on the turnover
rate of cholesterol is not comparably clear. Sodhi and
Kudchodkar reported that patients with hypercholes-
terolemia and hypertriglyceridemia had markedly higher
cholesterol turnover rates than did patients with hyper-
cholesterolemia alone, as determined by both sterol bal-
ance and kinetic (two-pool model) studies (25). In
contrast, using sterol balance methods, Miettinen did
not find an increased daily turnover rate of cholesterol
in patients with hypertriglyceridemia, particularly when
the data were corrected for differences in obesity and
body weight (26). More recently, Grundy has reported
that sterol balance studies in his laboratory do not
support the claim that the majority of patients with
hypertriglyceridemia have increased rates of sterol syn-

thesis (turnover) (27). In the present study, patients
with hypertriglyceridemia (either with or without hy-
percholesterolemia) had PRs which were not signifi-
cantly different from those of normal subjects. In addi-
tion, the PR did not correlate with the serum triglyce-
ride concentration on simple linear regression analysis.
After adjusting for the effects of body size by mul-
tiple regression analysis, however, a probably significant
correlation (P < 0.05) was found between the PR and
the serum triglyceride level. Further examination of
the data showed that this correlation was dependent
upon the results found with the two patients with
markedly elevated triglyceride levels (of 464 and 691).
Thus, when the population of 22 subjects with triglyce-
ride levels from 80 to 300 was analyzed as a group, no
significant correlation was found between the residual
PR and the triglyceride level (Fig. 2). Our interpre-
tation of these data is that patients with extremely high
triglyceride levels may represent a different population,
with regard to the regulation of cholesterol turnover,
from those with normal or moderately elevated triglyce-
ride levels. This conclusion is consonant with Grundy's
suggestion (27) that a subgroup of hypertriglyceridemic
patients may well exist who show an increased synthe-
sis of cholesterol, although this is not found in most
patients with hypertriglyceridemia.

Since bile acids represent the major catabolic path-
way in cholesterol metabolism, bile acid metabolism in
hyperlipidemia has been studied by several investiga-
tors. Somewhat discordant results have been reported
by different laboratories. A decreased fecal excretion
rate of bile acids has been reported for patients with
familial hypercholesterolemia, with a low normal rate
seen in other patients with "essential hypercholesterol-
emia" (28). More recently, patients with hypercholes-
terolemia and the type II pattern were reported to have
total bile acid formation within normal limits, but with
a diminished synthesis of cholic acid seen in patients
with the type IHa pattern (29). The bile acid turnover
or excretion in patients with hypercholesterolemia and
hypertriglyceridemia has been reported to be much
higher than that in patients with hypercholesterolemia
alone (30, 31), although this has not been found in
all studies (28, 29). Bile acid turnover or excretion
have been reported to be considerably increased in pa-
tients with hypertriglyceridemia alone (29, 32) al-
though this too has not been found in all studies (27).
As with cholesterol turnover (see above) it is probable
that hypertriglyceridemic patients represent a hetero-
geneous population with regard to bile acid metabolism,
and that there are subsets of such patients who mani-
fest increased synthesis and turnover of bile acids, but
that this is not a universal phenomenon.
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In the series reported here, the maj or determinant of
cholesterol production rate was overall body size, ex-
pressed either as total body weight or as surface area.
Thus, differences in total body size accounted for 64%
of the observed differences in cholesterol PR. For this
entire series the mean (±SD) PR was 15.2+2.0 mg/kg
body wt per day. The corresponding values for the nor-
mal, hypercholesterolemic, and mixed hyperlipidemic
groups were 14.9+2.1, 14.9+2.2, and 16.0±2.0 mg/kg
per day, respectively.

Total weight and excess weight have been reported
previously to influence cholesterol PR (2, 26, 33).
Obese subjects have been shown to have increased
cholesterol PR both by sterol balance techniques (26,
33), and by isotope kinetic analysis with the two-pool
model (2, 33). In the morbidly obese patients (mean
percent ideal body weight 257) studied by Nestel et al.
(33), cholesterol synthesis rates were highly correlated
with both excess body weight and with adipose cellu-
larity, with correlation coefficients of 0.66 and 0.72, re-
spectively. Analysis of the data reported by these work-
ers reveals that an even slightly stronger correlation
(r = 0.73) exists between total body weight and cho-
lesterol synthesis rate in the eight patients studied. In
the patients reported here, the maximum excess body
weight was 20 kg while the minimum excess weight in
the patients reported by Nestel et al. (33) was 43 kg,
so that there is no overlap in the weight characteristics
of the two study populations. In our group of nonobese
subjects, cholesterol PR was much more highly
correlated with indices of total body size than with
indices of adiposity. In morbid obesity, as the degree
of adiposity increases relative to body surface area,
the adipose organ appears to play an increasingly sig-
nificant role in influencing total body cholesterol pro-
duction. This role can, however, be considered at least
as well in terms of total weight rather than excess
weight. Moreover, recent studies (34) have indicated
that adipose tissue cholesterol synthesis itself contrib-
utes very little, if at all, to the enhanced cholesterol
synthesis of obesity.

In our study population, M., the size of the rapidly
exchangeable compartment, was found to be signifi-
cantly correlated with all four variables of body size
(weight, surface area, percent of ideal weight, and
excess weight), but most strongly with excess weight.
When the data were adjusted for the effects of body
size, significant correlations were found between M,
and both the serum concentration of cholesterol and
that of triglyceride. Although the quantitative effects
of serum lipid elevations on M1 are small, they are
statistically highly significant by multiple regression
analysis. Previous kinetic studies have shown increases
in the size of the rapidly miscible pool in patients with

hypercholesterolemia (2), and this has been interpreted
as reflecting the increased cholesterol content of the
plasma compartment in such patients (2). A similar
interpretation cannot be proposed for the present new
finding of a relationship between serum triglyceride
level and M1, which remains to be explained.

Compartmental analysis with the three-pool model
demonstrated major differences in the relationships
between the physiological variables and the sizes of the
two more slowly exchanging compartments, pools 2
and 3. The size of pool 2 (Ma), the pool which consists
of cholesterol which equilibrates at an intermediate rate
with plasma cholesterol, was correlated neither with any
of the indices of body size or adiposity, nor with the
levels of either serum cholesterol or triglyceride. In
contrast, all estimates of Ms, the size of the most slowly
turning over pool 3, were significantly correlated with
indices of adiposity (both percent of ideal weight and
excess weight) and with the serum cholesterol concen-
tration. The positive correlation between Ms and adi-
posity is consistent with the finding that adipose tissue
cholesterol appears to be an important part of the most
slowly turning over compartment, pool 3 (34). Schreib-
man and Dell have reported recently cholesterol turn-
over studies of 10-20 wk duration in which a three-
pool model was fit simultaneously to both plasma and
adipocyte specific activity-time curves (34). In five of
six subjects, the kinetics of adipose tissue cholesterol
closely fit that of the slowly turning over pool 3.
Cholesterol in other peripheral tissues, particularly con-
nective tissue and skeletal muscle (35-37), and includ-
ing arterial walls (38), also equilibrates slowly with
plasma cholesterol; cholesterol in these tissue sites
probably also comprises a significant portion of pool 3.
The findings reported here suggest that the amounts
of cholesterol in these slowly equilibrating tissue sites
increase in relation to elevations in the serum choles-
terol level. The increased accumulation of cholesterol in
atherosclerotic arteries in patients with hypercholes-
terolemia may represent one aspect of this phenomenon.

The observed correlation between the size of pool 3
(Ms) and the serum cholesterol concentration suggests
that the kinetic analysis used here can provide a method
for estimating the size of pathological accumulations
of cholesterol in slowly equilibrating tissue sites. If this
is true, then it may be possible to study the effects of
therapeutic intervention (e.g. lipid lowering drugs) on
the amount of cholesterol in tissue pools, by repeating
long-term studies of cholesterol turnover after a period
of therapy in specific patients.

In addition to its relationships with excess weight
and serum cholesterol level, the minimum value of Ms
was also significantly (P < 0.01) correlated with age.
Although the other estimates of M8 (intermediate and
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maximum M3) showed positive correlation coefficients
with age, the values were not significant statistically.
Since, as previously pointed out (6), it is probable that
the true values for M3 (and Ms) are much closer to
the lower than the upper limiting values (34), the ob-
served correlation of minimum M8 with age can be con-
sidered to support the observations of Crouse et al. (39)
showing an increase in cholesterol concentration in
connective tissue with age. The observed correlation
(and the observed negative correlation between mini-
mumM2 and age) may also reflect the changes in body
composition, particularly the relative increase in the
amount of fat tissue in the body, which occur with
increasing age.
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