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Abstract Total body turnover of cholesterol was studied 
in 54 subjects by fitting a three-pool mathematical model 
to plasma  decay curves of 32-49 weeks duration following 
['4C]cholesterol injection. Fifteen subjects were normal, 10 
hypercholesterolemic, 2 1 hypertriglyceridemic, and  8 had 
both hypercholesterolemia and hypertriglyceridemia; 2 1 
had a familial form of hyperlipidemia. In every subject in 
this heterogeneous  population,  the three-pool model gave 
the best fit for  the  data. An extensive search was con- 
ducted  for relationships between model parameters  and 
physiological variables (body size, serum lipid levels, age, 
and  sex). Both linear and nonlinear relationships, and those 
involving interactions between pairs of variables, were ex- 
plored. Fifty different  forms of the model parameters  and 
53 forms of the physiological variables were examined. To 
guard against declaring statistical  significance  when none 
was present, subjects were  first randomly divided into two 
matched groups.  In  the first (hypothesis-generating) group 
of 36 subjects, more than 100,000 regression equations were 
considered for each form of the model parameters. Twenty- 
one highly significant equations were found that were then 
tested in the second group (hypothesis-testing, 18 subjects). 
Eighteen of the 21 equations were found to be significant; 
of these, 6 were  selected that accounted for  a large part of 
the observed variation in the  four model parameters  for 
which equations were found  (production  rate (PR), and the 
sizes  of  pool 1, pool 3,  and total exchangeable body cho- 
lesterol). The major determinant of cholesterol PR  was body 
weight alone ( r  = 0.80). No function of serum lipid levels 
significantly influenced PR. Both body  weight and  serum 
cholesterol level entered  into  the equations for cholesterol 
mass. Age influenced the size of  pool 3. Serum triglyceride 
level  only had an effect on  the size of  pool  1.  Since these 
equations were generated in one  group of  subjects and tested 
in another, they can be considered a confirmed set of pre- 
dictive equations.-Goodman, D. s., F. R. Smith, A. H. 
Seplowitz, R. Ramakrishnan, and R. B. Dell. Prediction of 
the  parameters of  whole  body cholesterol metabolism  in 
humans. J. Lipid Res. 1980. 21: 699-713. 
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* three-pool  model . hypercholesterolemia * hypertriglyceridemia 

During  the past few years, kinetic studies  have  pro- 
vided a  considerable amount of information  about 
cholesterol turnover  and metabolism in intact humans 

(1 - 13).  These studies have generally involved analy- 
sis of the  turnover of plasma cholesterol following 
injection of radioactively labeled cholesterol, in ex- 
periments of about  10- 12  weeks duration (1, 2, 7) 
or of much  longer  duration (5 ,  6, 8 ,  10). In 1976, 
we reported  the results of long-term  studies  (32-49 
weeks) of the  turnover of plasma cholesterol in 8 nor- 
mal and 16 hyperlipidemic subjects (10). In all subjects 
(except one  for whom complete data were not avail- 
able),  a simple three-pool model previously described 
(6) 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 hyperlipidemia. In addition, rela- 
tionships between the model  parameters of choles- 
terol turnover  and a number of physiological vari- 
ables were explored,  using simple linear  correlations 
and multiple  linear  regression analyses. 

Although  the  previous  report  (10) provided  infor- 
mation  about  cholesterol turnover  and metabolism in 
normal  and hyperlipidemic humans,  the studies were 
limited in a number of ways. First of all, only 2 of the 
16  hyperlipidemic subjects had  hypertriglyceridemia 
alone  (without  hypercholesterolemia), and only two 
subjects (both with hypercholesterolemia  plus  hyper- 
triglyceridemia, and a type IIb lipoprotein  phenotype 
(14))  had plasma triglyceride levels above 300  mg/dl. 
Thus, relationships between model  parameters  and 
plasma triglyceride  concentrations  could  not be ex- 
plored effectively. Secondly, because of  the small size 
of the total study  population,  the  data analysis that 
was conducted was quite  limited, and only a relatively 
small number of linear  relationships were explored. 

In  order to  overcome  these significant limitations, 
long-term  studies of the  turnover of plasma choles- 
terol were carried  out  in  an  additional 30 subjects, 
including  19 subjects with hypertriglyceridemia  alone. 

Abbreviations: PR, production rate; MI,  M2, Ms. pool sizes; k, 
rate constant; R, rate of transfer of cholesterol mass. 

Journal of Lipid  Research Volume 2 1, 1980 699 

 by guest, on June 19, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


We  now report  the results  of  these  studies and of 
the  data analysis conducted with the  entire series  of 
54  long-term  studies.  This analysis involved an ex- 
tensive search for correlations  between many different 
forms  of  the  model  parameters and of physiological 
variables relating  to body size, serum lipid levels, age 
and sex. The goal of this work was to  define  the  re- 
lationships that may exist between the model  param- 
eters  of whole body cholesterol turnover  and  the vari- 
ous physiological variables that were measured in each 
subject. A confirmed set of highly predictive equations 
has been  obtained which describes  some of the  major 
body cholesterol kinetic parameters in humans. 

METHODS 

Subjects studied 
A total  of 54  volunteer subjects participated in these 

studies;  written informed consent was obtained from 
each. The characteristics  of and results  obtained with 
the first 24 subjects studied  have  been  reported  pre- 
viously ( lO) . l  The characteristics  of  the 30 subjects 
subsequently  studied are shown in Table 1. Nineteen 
of these 30 subjects had  hypertriglyceridemia,  2  had 
hypercholesterolemia,  2  had elevations of both  cho- 
lesterol and triglycerides (mixed  hyperlipidemia), and 
7 were normal. The diagnosis of hyperlipidemia was 
based on  an arbitrary  working  definition of levels of 
cholesterol  (at the time  of the  study) in excess of 275 
mg/dl, and/or levels of triglyceride in excess of 200 
mg/dl, in serum  obtained  after  a  12-hr fast. Patients 
were classified as having  hypercholesterolemia,  hyper- 
triglyceridemia, or both  (mixed  hyperlipidemia). 
Of the total study  population,  15 subjects were 
normolipidemic, 10 had  hypercholesterolemia  alone, 
21 had  hypertriglyceridemia  alone, and 8 had mixed 
hyperlipidemia. 

A genetic classification of each hyperlipidemic  pa- 
tient was attempted, following the  approach  of Gold- 
stein et al.  (1 5) as previously described  (10). A familial 
disorder was considered  to be present,  absent, or in- 
determinate based upon  the  screening of first-degree 
relatives. For relatives older  than 14 years of age, we 
again used the  95th  and  99th percentile values es- 
tablished in the Seattle study  (16). For younger chil- 
dren,  95th percentile values were estimated  from the 

I For the  data analyses reported here, values slightly different 
from those previously reported ( I O )  were used for percent of ideal 
body weight for a number of the previously reported subjects. 
The final corrected values for the previously reported subjects can 
be obtained, if desired,  from the authors. In addition, in the pre- 
vious report ( IO) ,  the height of subject J.B. should have been given 
as 171 instead of 145 cm. 

results  of the Bogalusa Heart Study (1 7). Since mildly 
hypercholesterolemic  children  frequently  have ele- 
vated high density lipoprotein  and  normal low density 
lipoprotein  concentrations  (17-  19), we did  not base a 
diagnosis of familial hyperlipidemia upon pediatric 
values without either high  density  lipoprotein  quanti- 
fication or the  presence  of at least one child with cho- 
lesterol greater  than 250 mg/dl (see Table  1). With 
these  criteria,  of  the  23  hyperlipidemic subjects listed 
in Table I, 11 were considered to have a familial dis- 
order, 4 were considered  not  to have a familial dis- 
order,  and in 8 the  presence or absence of a familial 
disorder was indeterminate. For 8 of the 11 subjects 
with familial hyperlipidemia, 3 or more  first-degree 
relatives were tested; only 2  first-degree relatives were 
available for  the  ninth  subject, and only one each for 
the  remaining two. For the total study  population of 
54 subjects, 21 of  the  39 hyperlipidemic subjects had 
a familial disorder,  and  the presence or absence of 
a familial disorder was indeterminate  in  11  hyper- 
lipidemic subjects. The subjects with familial hyper- 
lipidemias included five  with familial hypercholester- 
olemia, two  with familial hypertriglyceridemia, and 
five  with familial combined  hyperlipidemia. 

Table  1 also shows the  lipoprotein  phenotypes  (14) 
of the study subjects (see column  headed  “LP  Pattern”). 
Only two of the subjects (Nos. 32 and 33, identical 
twin sisters with familial hypercholesterolemia),  had 
xanthomas. Five of the patients listed in Table 1 had 
clinical evidence of cardiovascular disease. The twin 
sisters with hypercholesterolemia (Subjects Nos. 32 
and  33)  had  angina pectoris, and  on exercise testing 
demonstrated ischemic electrocardiographic  changes 
and chest pain. Subject No. 3 1 was the normolipidemic 
sister of these two subjects. A third subject (No. 37) 
had  experienced occasional episodes of supraventric- 
ular  tachycardia, and was taking  propranalol  during 
the  study. Two patients with peripheral  artery disease 
had  studies which were truncated by surgery.  One 
subject (No.  26)  underwent resection of a  right  femoral 
artery  aneurysm;  the second subject (No.  25)  required 
a leg amputation. 

Of  the  other subjects listed in Table 1, subject No. 
46 had  an episode of mild,  acute  pancreatitis during 
the  turnover  study,  but  recovered  and  completed  the 
study. Subject No. 38 had  an abbreviated study because 
of cholecystectomy for  symptomatic gallstones. For 
the  three subjects who underwent  surgery,  data  analy- 
sis  was carried  out only on blood samples collected 
prior to surgery. The  other subjects listed in Table 1 
were clinically  well and without  cardiovascular disease. 

Table 2 summarizes the characteristics of the  54 
subjects studied. In this table, the  means and  standard 
deviations are  presented for each physiological vari- 
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TABLE 1. Characteristics of subjects studied 

Ideal  Serum 
Body  Genetic 

Subject  Study  Wt. Triglyc- Classifi- LP Familial  Classifi- 
# Duration Sex Age Height Weight (%) Cholesterol“ eride‘ cationb Pattern  Disorder‘ cationd 

25 
26 
27 
28 
29 
30 
31 

32 
33 

34 
35 

36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 

wk 

22 
18 
43 
43 
43 
40 
40 

40 
40 

46 
39 

38 
40 
32 
40 
40 
39 
39 
40 
38 
40 
40 
40 
38 
40 
39 
40 
40 
38 
46 

M 
M 
F 
M 
F 
M 
F 

F 
F 

M 
M 

M 
M 
M 
M 
M 
M 
M 
M 
M 
M 
M 
M 
M 
M 
M 
M 
M 
M 
M 

YT 

60 
65 
35 
35 
43 
38 
67 

56 
56 

57 
54 

38 
51 
44 
47 
35 
51 
57 
51 
43 
58 
51 
52 
53 
43 
53 
47 
68 
51 
42 

cm 

174 
170 
173 
182 
166 
187 
165 

161 
158 

182 
175 

184 
183 
174 
178 
185 
195 
178 
168 
178 
173 
185 
173 
175 
161 
178 
175 
173 
175 
169 

kg 

75.5 
75.5 
62.4 
75.7 
60.1 
88.8 
65.5 

60.5 
57.0 

91.8 
102.7 

92.8 
104.2 
80.0 
92.1 
77.7 

105.0 
77.7 
78.6 
87.3 

105.9 
86.1 

103.6 
91.8 
68.2 
74.5 
67.0 
85.9 
99.1 
69.1 

113 
118 
101 
97 

106 
107 
108 

114 
111 

117 
141 

116 
132 
120 
132 
104 
117 
112 
126 
116 
148 
106 
145 
136 
117 
107 
99 

130 
136 
109 

134 f 
163 f 
181 f 
186 f 
204 f 
216 2 
272 f 

511 f 
560 2 

290 f 
305 f 

196 f 
202 2 
222 f 
228 f 
250 2 
246 f 
225 f 
248 f 
264 2 
178 f 
179 ? 
206 f 
234 2 
201 2 
239 f 
207 f 
254 2 
179 f 
253 f 

mgldl 

8 
10 
11 
8 

12 
16 
14 

33 
29 

25 
20 

14 
30 
22 

9 
28 
11 
15 
25 
13 
14 
11 
10 
12 
18 
12 
10 
17 
41 
12 

73 2 11 NL 
105 f 20 NL 
67 f 24 NL 
86 f 37 NL 
64 f 14 NL 

154 f 37 NL 
192 f 35 NL 

122 f 42 H-Chol 
126 2 33 H-Chol 

259 2 48 Mixed 
513 ? 138 Mixed 

205 f 81 H-TG 
211 f 77 H-TG 
218 f 54 H-TG 
250 f 58 H-TG 
253 f 73 H-TG 
269 2 66 H-TG 
279 f 96 H-TG 

443 2 143 H-TG 
362 2 281 H-TG 

467 2 155 H-TG 
498 f 144 H-TG 
510 2 83 H-TG 
510 f 185 H-TG 
526 f 367 H-TG 
535 f 374 H-TG 
611 f 237 H-TG 

737 f 773 H-TG 
751 f 211 H-TG 

690 f 257 H-TG 

NL 
NL 
NL 
NL 
NL 
NL 
NL 

IIa 
IIa 

IIb 
IIb, IV 

IV 
IV 
IV 
1 v  
IV, IIb 
IV 
IV 
IV 
IV 
IV 
IV 
IV 
IV 
IV, v 
IV, v 
IV 
IV, v 
IV, v 
IV 

+ 
+ 

1ND 

IND 
+ 
+ 
+ 
+ 

IND 

- 

- 

+ 
IND 
+ 

IND 
+ 
+ 

IND 
IND 

IND 
f 

- 
- 

FH 
FH 

N De 
Comb.’ 
ND” 
Comb. 

Comb. 

NDh 
ND‘ 

F-H-TG 

F-H-TG 

a Mean ? SD during  the period  of the study (32-46 samples per subject). 
Classifications: NL, normolipidemia; H-Chol, hypercholesterolemia; H-TG, hypertriglyceridemia; Mixed, mixed hyperlipidemia. 
(+), present; (-), absent; IND, indeterminate. 
Classifications: FH, familial hypercholesterolemia; F-H-TG, familial hypertriglyceridemia; 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”. 
e Only one first-degree relative was available for testing. The subject’s 52-year old sister had  a  serum cholesterol of 242 and triglycerides of 

253 mg/dl. 
’Two  first-degree relatives were available for testing. An 1 1-year old daughter  had a  serum cholesterol of 234 and triglycerides of 

79 mg/dl. A 10-year old daughter had  a  serum cholesterol of 286 and triglycerides of 44 mg/dl. The subject’s  wife had normal total, 
LDL, and HDL cholesterol. The subject’s HDL cholesterol was 34 mg/dl. 

A diagnosis of familial hyperlipidemia was based upon  the finding of a  serum cholesterol of 283 and triglycerides of 228 mg/dl 
in the subject’s 38-year old brother.  The subject’s 12-year old son had a  serum cholesterol of 224 and triglycerides of 66 mg/dl, but HDL 
was not quantitated; five other children are normolipidemic. 

Only two siblings were available for testing. A 60-year old sister had a serum cholesterol of 200 and triglycerides of 297 mg/dl. A 52-year 
old brother was normolipidemic. A 47-year old brother was said to have high cholesterol and triglyceride levels by history, but this was 
not  documented. ‘ Seven children, ages 14 to 26 were normolipidemic. An eighth  child,  a 10-year old girl, had hyperbetalipoproteinemia; for six deter- 
minations, mean plasma total cholesterol was 216 mg/dl (range 186-233) with mean LDL cholesterol of 136 mg/dl (range 103 to 161) and 
mean HDL cholesterol of 52 mg/dl (range 40 to 73). The subject’s wife  was normolipidemic. 

able for each  subgroup according  to plasma lipid clas- asked not  to  change  their  diet, and  no subject exhibited 
sification, and for the total  study  population. significant changes in weight during  the study. Serum 

All subjects were  studied  as  outpatients. All hyper- cholesterol levels were reasonably stable during  the 
lipidemic subjects had previously been  instructed  in study, as indicated by the small standard deviation val- 
a  diet  containing less than 300 mg/day of cholesterol, ues given in Table 1. Serum triglyceride  concentration 
approximately 35% of total calories as  fat, with less fluctuated more widely, particularly in hypertriglyceri- 
than 10% of calories as  saturated  fat. Subjects were demic subjects (see SD values in  Table l) ,  but  there 
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TABLE 2. Subjects by groups: physiological variables (mean f SD) 
~ 

Group  (number of subjects) 
~~~ 

Physiological 
Variable 

Hypercholes- Hypertriglyc- 
Normal (15) terolemia (10) eridemia (2 1) 

Mixed Hyper- All Subjects 
lipidemia (8) (54) 

Age (yrs) 
Weight (kg) 
Height (cm) 
Surface area (m2) 
Ideal body weight (%) 
Excess weight (kg) 
Serum cholesterol (mg/dl) 
Serum triglyceride (mg/dl) 

43.9 ? 14.1 
74.1 f 7.5 

177.6 ? 7.6 
1.91 f 0.14 

106.5 t 5.3 
4.4 f 3.5 

199. f 33. 
103. f 35. 

54.4 ? 10.5 50.0 f 7.7 
66.5 f 15.9 85.0 2 13.5 

165.6 ? 9.5 176.7 f 7.2 
1.73 f 0.24 2.02 ? 0.17 

111.1 f 13.0 119.5 f 14.8 
6.9 f 9.1 13.9 f 10.5 

406. ? 105. 223. f 27. 
131. f 28. 421. f 182. 

51.5 2 8.8 49.3 2 10.8 
79.4 ? 15.5 77.7 ? 14.4 

174.7 2 6.3 174.6 f 8.7 

114.5 f 13.7 113.6 ? 13.1 
10.4 ? 9.9 9.5 f 9.4 

368. ? 91. 272. ? 104. 
361. t 175. 270. t 197. 

1.94 t 0.20 1.92 f 0.20 

were no time trends seen in any subject. These ob- 
servations support  the validity of the use of the  model, 
and  the kinetic analysis, employed here, since the 
model  assumes the existence of a physiological steady 
state during  the  period of study. 

Turnover studies and their analysis 

[4-'4C]Cholesterol (New England  Nuclear,  Boston, 
MA), complexed with the subject's own serum lipo- 
proteins  for  the 30 studies shown in Table 1, was 
injected intravenously, and  the specific radioactivity 
of serum  total  cholesterol was determined in samples 
collected serially thereafter, as  described in detail pre- 
viously (1, 6).  The amounts of radioactivity injected 
(22 to 28 pCi  per subject) were measured precisely. 
Samples of venous blood were collected daily for 5 
days starting 1 day after injection, and  then with de- 
creasing  frequency so that by the  end of the  study 
sampling  frequency was every 2  to  3 weeks. For most 
of the subjects (27 of the 30 listed in Table 1) 36-46 
samples were collected during study  periods of from 
38 to 46 weeks. The specific radioactivity of the  cho- 
lesterol in each sample, and  the  serum concentrations 
of cholesterol and triglyceride, were determined as 
described previously (1, 6,  10). 

The specific radioactivity data  were analyzed by a 
weighted,  least-squares  technique  described  before 
(6, 20), 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  notations 
used are identical with those  described and used pre- 
viously (6). The fitting process yields  six unique  model 

p z o  PI0 p 3 0  

Fig. 1. Three-pool model of cholesterol turnover in humans (see 
text for definition and discussion of symbols). 

parameters: PR (cholesterol  production  rate in g/day), 
M I  (size of pool 1 in g), and  the constants kI2, kzl, k13, 

and k31 (rate constants for  transfer between pool 2 or 3 
and pool 1 in  days"). As discussed previously (6), 
assumptions regarding  the relative rates of synthesis 
of cholesterol in pools 2 and 3 lead to various estimates 
of pool size. Minimum values for M, and M3 were 
computed by assuming  that no synthesis occurs in the 
side pools (i.e., that all  of cholesterol  production enters 
pool 1). Maximum values for M2 and M3 were obtained 
by assuming  that all of cholesterol  production  (except 
for absorbed  cholesterol,  assumed to be 0.2 g/day) 
arises from pool 2 or pool 3, respectively. Interme- 
diate values for  the sizes of pools 2 and 3 were es- 
timated as values midway between the minimum and 
maximum values for each pool. Summation of the 
minimum or intermediate values of these masses gave 
two different estimates of total exchangeable body 
cholesterol:  a  minimum  estimate and a  high one 
(called Mtotal intermediate). 

Data analysis 

The principal aim of this work  was to  delineate 
relationships  that may exist between the model  param- 
eters of whole body cholesterol turnover  and various 
physiological variables that were measured in each 
subject. One can attempt this by performing a stepwise 
multiple  regression analysis for each of the  model 
parameters as a  function of independent physiologic 
variables. In such an analysis, for each  model param- 
eter as the  dependent variable, each independent 
variable would be added to the regression  equation 
until none of the available independent variables 
caused  a significant further  improvement in fit. One 
difficulty with such  a procedure is that only linear 
relationships are usually examined;  the possibility of 
discovering relationships is thus limited unless one 
also examines several types of transformations of the 
independent variables (such as the logarithm  of  the 
variable or its square  root), as well as possible cross- 
product  terms.  Consideration of transformations  and 
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cross-products  leads to a very large  number of pos- 
sible regression  equations,  some of which would ap- 
pear to  be significant by chance  alone. For example, 
if 100,000  regression  equations are examined,  1,000 
of  them would appear by chance  to be statistically 
significant at the 1% level. Thus, if a  large  number 
of correlations are  examined,  apparent correlations 
may be found in the sample  even if there  are  no sig- 
nificant relationships in the  population  from which 
the test sample was derived.  Therefore, a  method 
needs  to  be  developed in such  a  situation which will 
minimize the chances of declaring significance when 
it is not  truly  present. One  approach  to this problem 
might be to reduce  the  P-value  that is considered sig- 
nificant, for  the relationships  examined. Statistically, 
one  correct way to do this is to divide the  P-value 
by the  number of tests performed. As a  result, 
this approach is not  useful  when  a  large number 
of relationships are  being  examined, as  in the  present 
study.  Accordingly,  a different  method, with greater 
power, was selected for  the  present study. In this 
method  (21),  the  total  study  population of 54 was 
divided  into two groups,  one of which would be used 
to find the most significant of the relationships  to be 
considered, and  the  other  group  for testing the signif- 
icance of those  relationships. 

The 54 subjects were divided into two matched 
groups as described below. The first group  (hypothe- 
sis-generating group) consisted of 36 subjects in which 
we looked for significant relationships between model 
parameters of cholesterol turnover  and  the set of 
physiological variables. The second group, of 18 sub- 
jects,  served as the hypothesis-testing group,  in which 
the significance of the relationships  developed with 
the first group was tested. 

In  order to  be valid, this approach  requires  that 
each of the two groups be randomly  chosen, yet have 
approximately  the  same  characteristics  as  the total 
study  population. T o  achieve this end, the  total  study 
population was first stratified  into  nine  subsets  (strata) 
depending  upon  serum cholesterol and triglyceride 
concentrations and  on  the  presence  or absence of a 
familial form of hyperlipidemia.  Proportionate  sam- 
ples were then  drawn  from  each  stratum  into each 
of the two groups. The nine  strata  were: i) normal, 
15 subjects; ii) hypercholesterolemic, familial, 7; iii) 
hypercholesterolemic,  nonfamilial (or indeterminate), 
3; iv) hypertriglyceridemic, with triglyceride  between 
200 and 300 mg/dl, familial, 4; and v) nonfamilial 
(or  indeterminate), 5;  vi) hypertriglyceridemic, with 
triglyceride above 300 mg/dl, familial, 5 ;  and vii) non- 
familial (or  indeterminate), 7; viii) mixed hyper- 
lipidemic, familial, 5; and xi) nonfamilial (or  indeter- 
minate), 3. This  somewhat  arbitrary  grouping 
was performed to ensure  that  the hypothesis- 

generating  and -testing groups would have similar 
lipid characteristics. 

Subjects were  chosen at  random  from each of the 
nine  strata  to  form  the hypothesis-generating and 
-testing  groups. The mean and  standard deviation 
for  the ages, weights, and  percent ideal weights of the 
subjects in each group, as well as their sex distribu- 
tions, were examined.  A  computer  program was written 
to randomly choose the hypothesis-testing group of 
18 and  then  determine  the  squared  difference between 
the  mean  age, sex, weight, and  percent ideal weight 
of the  group  and  the  corresponding means for  the 
total population relative to the population  mean 
squared.  That is, (jiq - jip)z/Xp2 was computed  for 
each variable (age, weight, etc.),  where jiq  is the  mean 
of that variable in  the  group  of 18 and Xp is the  popula- 
tion mean.  A similar relative squared  difference  for 
the  standard deviation  of  each variable was computed 
so that  the distribution and  mean of the variables could 
be considered. All eight relative squared  differences 
were summed.  One  hundred  random drawings of 18 
subjects were performed,  and  the  one with the smallest 
sum of relative squared  differences was selected as 
the  hypothesis-testing group.  This  group of 18  sub- 
jects  had  mean values for  age, sex, weight, and per- 
cent  ideal weight almost identical  to  those of the total 
population of 54, and  furthermore  had a  distribution 
of these variables very similar to  the whole study popu- 
lation. Moreover, because of the stratification on serum 
lipid levels and familial status, the two groups were 
very similar with respect to these variables as well. 
The remaining 36 subjects constituted  the hypothesis- 
generating  group. 

A number of different  forms of the model param- 
eters were examined  to  search  for  relationships be- 
tween model  parameters and physiological variables 
in the hypothesis-generating group.  These included 
the six uniquely determined model  parameters  (PR, 
MI, klz,  kzl, k13, and k31) as discussed above, and  the 
three estimates (minimum,  intermediate,  and maxi- 
mum) of M2, of M3, and of Mtotal (total  exchangeable 
body cholesterol,  as M1 + Mz + M3). In addition  to 
these  model  parameters, we also considered: kol, the 
transfer  rate  from  compartment  1  to  the  outside 
(PIUM,); the reciprocals of all rate constants; mass 
transfer  rates between the  central pool (pool 1) and 
the two side pools (pools 2 and 3) in g/day; and all 
mass transfer rates and  compartmental sizes expressed 
per kilogram body weight (as g/kg* day or g/kg). In 
all, 50 different  forms of the model  parameters were 
used as dependent variables. 

Seven physiological variables were determined in 
each subject: age, sex, height, weight, frame size,  se- 
rum cholesterol, and  serum triglyceride  concentra- 
tions. From some of these,  as previously described 
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I60 physiological variables was grouped and assigned a 
value of 1 if below the mean and 2 if above the mean. 

I- E4 Thus, the mean percent ideal weight was 113, so that 
iil all subjects with percent ideal weight below this were 
3 140 

assigned a value of 1 and above this a value of 2. 
g m 130 With serum triglyceride concentrations, three groups 

were formed and assigned values as follows: 1 if tri- 9 
0 I 20 glyceride 5200 mg/dl, 2 if >200 and 5300 mg/dl, 
b and 3 if >300 mg/dl. With serum cholesterol 

concentrations, the subjects were grouped as below or 
2 above 275 mg/dl. The logarithm and the square root of 

100 the triglyceride concentration were also used as 
independent variables. The cross-products included 
products of each of the six serum lipid variables times 
each of five body size variables. In all, this led to 53 
different independent variables that were used for 
data analysis. 

W 

J 

c 
W OSYEN 
z 110 
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90 
2 0  2 2  24  2 6  2 8  3 0  3 2  34  36  
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Fig. 2. Relationship between percent of ideal body weight and 
the body mass index in the study population of 54 subjects. For 
this plot, the percent of ideal body weight was estimated for each 
subject by using the ideal weight values for medium-frame persons 
(22). The body mass index was calculated as weight/height*, in 
terms of kg/cmz. 

~ 1 1  possible multiple regression equations were 
computed in the hypothesis-generating group for each 
of the 50 forms of the model parameters as a function 
of the 53 forms of the physiologica] variab]es. A 
BMDP-9R computer program, entitled All Possible 
Subsets Regression and written at UCLA (23), was 
used for the computations, which were performed 
on the IBM 360-75/91 computer system at Columbia 
University.2 For each of the 50 forms of the model 
parameters, the program considered more than 100,000 
regression equations and selected a relatively small 
number (of the order of 100) that comprised the 
best regression equations for that model parameter. 
From these results, we chose for further analysis only 
those regression equations that satisfied two statistical 
criteria and certain physiological criteria. 

First, in order to be selected for further analysis, 
a regression equation had to provide an r' of at least 
0.5; that is, it had to account for at least 50% of the 
total variation in the dependent variable. Second, each 
of the regression coefficients in the equation had to 
be significantly different from zero at the 0.05 level 
(that is, each independent variable in the equation 
had to be significantly related to the dependent vari- 

(lo), we calculated three other variables related to 
body size: surface area, percent of ideal body weight 
(defined as the actual weight divided by the mean 
desirable weight for the patient's frame as determined 
from actuarial data (22) times loo), and excess weight 
(defined as total body weight minus ideal body weight). 
The latter two variables were used as indices of adi- 
posity, whereas total body weight and surface area 
were used as indices of overall body size. 

We chose deviations from ideal weight as a measure 
of adiposity rather than the somewhat more commonly 
employed body mass index (or weight divided by 
(height)') for three reasons. First, there was a high 
linear correlation between percent ideal weight (esti- 
mated as observed weighthdeal weight for a medium 
frame X 100) and the body mass index for each sex 
(see Fig. 2); thus the mass index adds nothing to the 
percent ideal weight estimate. Second, there was a 
different relationship between percent ideal weight 
and body mass index for men and women (see Fig. 2), 
since there is no adjuStment Of the body maSS index 
for sex difference. Third, the body mass index does 
not take differences in frame size into account. There- 

possible to adjust this variable for differences in frame 
size and for sex differences, and to obtain a number 

In addition to the physiological variables them- 
selves, several non-linear transformations and many 

used as independent variables. Each of the primary 

* The BMDP-9R program requires that the set of independent 
variables being considered not be highly correlated; that is, no 
independent variable can be expressed exactly as a linear com- 
bination of the other independent variables in the study popula- 
tion. Since the hypothesis-generating group had only 36 subjects 
and since the 53 independent variables were transformations of 
seven basic physiological variables, no more than about 16 variables 
could be used at one time. In order to examine all 53 independent 
variables, the computations for each model parameter were carried 
Out in several stages, using about 16 at a time. At least one form 
of each physiological variable and cross products of each serum 
lipid times body size were included in each set of 16. Also, each 
set of 16 contained all the variables that were selected (Le., found 
to be significant) from the 53 forms of the physiological variables 
by a separate stepwise regression procedure. 

fore, we chose idea1 weight in this work, since it is 

which appearstobetterexpress the degreeofadiposity. 

cross-products of the physiological variab1es were also 
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TABLE 3. Subjects by groups: unique model parameters (mean SD) 

Group (number of subjects) 
~~ 

Normal ( 15) 

1.10 f 0.19 

0.083 f 0.025 
0.058 f 0.018 
0.019 f 0.006 
0.026 f 0.016 
1.39 f 0.43 
0.61 f 0.38 

24.0 f 3.2 

Hypercholes- 
terolemia (10) 

0.97 f 0.24 

0.075 f 0.046 
0.035 -t 0.01 1 
0.017 f 0.005 
0.024 f 0.010 
1.05 f 0.47 
0.73 f 0.33 

30.3 f 6.9 

Hypertrigly- 
ceridemia (21) 

1.59 f 0.49 

0.099 2 0.051 
0.060 f 0.020 
0.017 f 0.006 
0.032 f 0.014 
1.42 f 0.45 
0.79 f 0.40 

24.2 f 3.9 

Mixed Hyper- 
lipidemia (8)  

1.28 f 0.32 

0.074 -t 0.038 
0.046 f 0.01  1 
0.016 f 0.007 
0.024 f 0.015 
1.32 -t 0.33 
0.68 ? 0.36 

28.7 f 3.5 

All Subjects 
(54) 

1.29 f 0.44 

0.086 f 0.042 
0.053 -t 0.019 
0.018 f 0.006 
0.028 f 0.014 
1.33 f 0.44 
0.71 f 0.37 

26.0 +- 5.0 

" R2 and & are the mass transfer rates from pool 1 to pools 2 and 3, respectively, defined  as M,kzl and Mlk3'. 

able at this level). In addition  to  these statistical 
criteria, we applied  certain physiological criteria to 
the selection process. First, usually only one variable 
of body size  was included  in  any one equation.  For 
example, if weight and surface  area  were  both  in  the 
equation,  another  equation was looked for which had 
a  comparable r2 and which included only weight or 
surface  area. If none  existed,  then an equation with 
two body size variables was used. Similarly, only one 
variable involving cholesterol and  one variable involv- 
ing  triglyceride was usually included. Age and sex 
were also allowed to enter.  Thus,  the maximum num- 
ber  of  terms  that an equation selected for  further 
testing (in the hypothesis-testing group of 18 subjects) 
could  have was  five: one variable  expressing  depend- 
ency on body size, one cholesterol term,  one triglycer- 
ide term,  and  age  and sex. In fact, sex entered  into 
none of the  equations and  age only in  three. Discussion 
of the  equations  found  and  of  the results of their 
analysis in  the hypothesis-testing group of subjects 
will be presented in the Results section. 

RESULTS 

Model 
As described previously (6),  the  data  for each subject 

were  analyzed  to determine  the best fit obtainable with 
a  three-pool  mammillary  model, and also with a two- 
pool model and with models  containing  more  than 
three pools. In  53 of the  54 subjects (including all 
30 subjects described in Table  1)  the  three-pool model 
provided  a significantly better fit to  the  data  than  did 
a two-pool model. In  one previously reported subject 
(lo), where  data collection was incomplete because 
of a  period of absence from this country,  the  param- 
eters  of  the  three-pool  model could be estimated satis- 
factorily,  although the fit 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.  These  data  thus confirm 
and greatly strengthen  our previous conclusion (10) 
that  the  three-pool  model  appears  to  be  generally valid 
for  the study of cholesterol turnover in humans. 

Relationships between model parameters and 
physiological variables 

The means and  standard deviations of the  model 
parameters,  for  each  subgroup  according to plasma 
lipid classification and  for  the total study  population, 
are  presented in Tables 3 and 4. Statistical compari- 
sons of the  parameters  between  these  subgroups were 
not  made, since the  extensive  multiple  regression 
analyses carried  out provide  a  better way to investigate 
relationships between the model parameters and phys- 
iological variables (including plasma lipid levels). It 
should  be  noted,  moreover, that a simple statistical 
comparison of group means  for any one  parameter 
may be  misleading, since the  groups  differed with 
regard to physiological variables in addition  to plasma 
lipid levels. 

As described above, a very large number of regres- 
sion equations were computed  and  examined, in the 
hypothesis-generating group of 36 subjects, to  search 
for possible relationships between the model param- 
eters  and physiological variables. Many cross-product 
(interaction)  terms,  and  transformations of the  param- 
eters  and variables were employed in this search  for 
relationships. As a  result of this extensive analysis, 
a total of 21 regression  equations  emerged that met 
the statistical and physiological criteria  described in 
the Methods section. These 21 equations involved 18 
different  forms of the  model  parameters (dependent 
variables), as listed in Table 5. In this table, the phys- 
iological variables (independent variables) found in 
the  regression  equations  for  the  corresponding de- 
pendent variables are listed, for all  21 equations. In 
every instance, the set of independent variables ac- 
counted  for  at least 50% of the total variation in the 
dependent variable (i.e., rz  at least 0.5). 
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TABLE 4. Subjects by groups: M2 and M3 under  various  assumptions  (mean t SD) 

Group (number of subjects) 

Model Hypercholes-  Hypertrigly- Mixed Hyper- All Subjects 
Parameter'  Normal ( 15) terolemia (10) ceridemia (2  1) lipidemia (8) (54) 

Mzmin 19.5 t 10.8 17.4 2 8.5 16.8 ? 6.7 21.0 t 9.4 18.3 t 8.6 
M3min 29.3 t 12.4 42.2 t 12.5 44.5 f 13.0 41.8 t 13.5 39.4 t 14.0 
MIinter 25.4 t 12.8 23.7 t 10.7 25.6 ? 10.6 29.2 2 12.2 25.7 t 11.3 
M3inter 58.6 t 27.0 66.9 ? 13.9 90.8 2 27.2 78.2 t 13.4 75.6  26.8 
M2max 31.4 f 15.0 30.1 t 13.2 34.3 t 14.8 37.5 t 15.2 33.2 ? 14.4 
M3max 88.0 t 53.1 91.6 +. 20.3 137.1 t 48.8 114.5 c 20.1 11 1.7 t 47.5 
M2 + M3 inter 84.1 2 33.1 90.6 ? 19.6 116.3 ? 35.7 107.4 5 16.7 101.3 f 32.8 

' Min, minimum;  inter,  intermediate;  max,  maximum. 

The 2 1  regression  relationships  summarized in coefficient of each independent variable to determine 
Table 5  were then tested for significance in the hy- whether  the coefficient differed significantly from 
pothesis-testing group of 18 subjects. This analysis zero. In this way  we tested the significance of each 
was conducted by performing a t-test on the  regression independent variable in each  regression  equation. A 

total of 59 coefficients were tested and 3 1 were found 

TABLE 5. Multiple  regression  relationships  tested 
in the  hypothesis-testing  group' 

~ ~~~ 

Dependent Independent 
Variableb  Variableb 

PR  Wtc,  EWt 

MI Wtd, Chold,  TGGPd 

ko1 EWtC,  Chol, TGGP" 
l/kol Wt, Chold,  TGGPd 
M3min/IDL IWtc, Agec,  Chold 
M3min Agec,  WtC, Chol' 

AgeC,  EWtd 
M2 + M3min Chol, EWtd 
M3inter Wt', TG,  TG.IDL 
M3max WtC, TG,  TG.IDL 
M2+M3inter WtC, TG,  TG.IDL 
M3inter/M,  Wt, TG,  TG.IDL 
M3max/M1 Wt, TG,  TG.IDL 
Mz+M3inter/M, Wt, TG,  TG.IDL 
Mtotmin  Wtd, Chold,  EWt 

Chol. Wtd,  EWtd 
Mtotinter Wt', TG,  TG.IDL, CholGP 
kW min Wt,  Chold,  TGGP 
l/ko0min  Chold,  Chol. Wt, TGGP 

Wtd, TGGP 

MI/Wt Chold,  TGGPd 

These 21 relationships were chosen by rigorous statistical and 
physiological criteria  from  the  regression analyses carried  out in the 
hypothesis-generating  group of 36 subjects. The  relationships were 
tested  in  the hypothesis-testing group  of 18 subjects. 

Symbols and  abbreviations  used  (not  already  defined in the  text): 
min,  minimum;  inter,  intermediate;  max,  maximum;  tot,  total; 
Chol,  serum  cholesterol  concentration  (mg/dl);  CholGP, variable 
equal  to 1 if serum  cholesterol  concentration is s 2 7 5  and 2 if 
cholesterol >275; Chol. Wt, serum  cholesterol  concentration times 
body  weight;  EWt, excess weight (observed weight minus  ideal 
weight) (kg);  IDL,  ideal body  weight (for  height  and  frame,  in kg); 
IWt,  percent of ideal body  weight; TG,  serum triglyceride con- 
centration  (mg/dl);  TGGP, variable equal to 1 ,  2, or 3 depending 
on  serum triglyceride concentration (<200, 200-300, or >300); 
T G .  IDL,  serum  triglyceride  concentration  times ideal  body  weight; 
Wt, observed body  weight (kg). 

c P  < 0.05 and 
P < 0.01 by t-test of the  regression coefficient  of the  independ- 

ent variable, compared to zero, in the hypothesis-testing group. 

to be significant ( P  < 0.05, see Table  5).  These  31 
independent variables related  to  15 different  forms 
of the  dependent variables (see Table 5). The cor- 
responding relationships  between  these variables can 
thus be considered as confirmed, since they were found 
in the hypothesis-generating group,  and confirmed  to 
be significant in the hypothesis-testing group. 

Examination of the list of dependent variables in 
Table  5  demonstrates  that  no  equations were found 
for M2 or  for any of the  intercompartmental  exchange 
rate constants (k12,  kzl, k13, k31). For  the  unique  model 
parameters, highly significant and confirmed  relation- 
ships  were found only for PR and  for M1. Highly 
significant and confirmed  relationships were also 
found  for M, and  for Mtotal (total  exchangeable body 
cholesterol),  particularly for  the  minimum estimates 
of these  parameters. Most of the  other confirmed  re- 
lationships listed in Table 5  were for model param- 
eters which are  transformations of these four  param- 
eters (PR, MI,  M3 min, and Mtot min). The  remainder 
of the  confirmed  relationships (such as  for M3 max) 
are not independent of these four  parameters. Ac- 
cordingly,  from  the generated  and tested relation- 
ships, we selected as independent  and  confirmed,  the 
six relationships of physiological variables with PR, 
M1,  M3 min, and Mtot min. These relationships were 
physiologically meaningful and provided  a set of phys- 
iological variables that  predicted  the four model pa- 
rameters  quite well. In addition, as a  result of the 
method of data analysis employed in this study, we 
are able to  conclude  that, in general,  no  further im- 
provement in fit can be obtained with the  current set 
of physiological variables, and that  any  improvement 
in prediction  for  model  parameters will require  other, 
new independent variables. 
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TABLE 6. Regression  coefficients and  correlation coefficients for  production  rate, 
M1,  M3 (minimum),  and total  M (minimum)" 

Dependent Independent Variable and Residual 
Variable Regression  Coefficient Intercept Multiple r Error 

PR 0.024 Wt -0.580 0.80 0.26 

MI 0.287 Wt + 0.0358 Chol - 2.40 TGGP - 1.72 0.87 2.5 

M3min 0.622 Wt + 0.0500 Chol + 0.550 Age -49.57  0.78 8.9 
0.842 EWt + 0.480 Age 7.77 0.73 9.7 

M,,min 0.884 Wt + 0.0991 Chol - 11.88 0.83 9.0 
0.831 EWt + 0.00118 Chol.Wt 51.48  0.83 9.1 

The  coefficients  listed were  determined  for  the  entire  study  population  of 54 subjects. See  footnotes 
to  Table 5 for  definition  of  abbreviations  and symbols. 

Confirmed  equations for model parameters 

The coefficients of these six equations were similar 
for  the  hypothesis-generating and -testing groups. 
Accordingly, the final values of  the coefficients were 
determined  on  the  entire set of 54 subjects, and  the 
results are given in Table 6. All of the multiple  cor- 
relation coefficients shown are 0.73 or higher, so that 
the sets of physiological variables shown in  the table 
can  account for 55 to 75% of  the observed  variation 
in  the  four model  parameters listed. Body weight en- 
tered  into  the  equations  for all four model  parameters. 
Serum cholesterol level entered  into  equations  for 
cholesterol mass, i.e., for  the sizes of pool 1 (MI), pool 
3 (M3 min), and total  exchangeable  cholesterol (Mt,,, 
min). Age influenced significantly the size  of pool 3. 
Serum triglyceride level only had an effect on the size 
of pool 1, and this was best shown by a  discontinuous 
transformation  of  the  serum triglyceride  concentra- 
tion.  Neither  serum  cholesterol  nor  triglyceride  con- 
centration significantly influenced  cholesterol produc- 
tion rate,  nor did the triglyceride level show a  rela- 
tionship with the sizes of pools other  than pool 1. 

The equations shown in Table 6 can be used to 
predict values for  the  four model  parameters  for  a 
given individual if the values for  the relevant phys- 
iological variables are available. The residual errors 
listed in the last column of Table 6 give the  standard 
deviations of the  predicted  parameter values if the 
values of the physiological variables are close to the 
observed  population  means (see Table 2). If the phys- 
iological variables are  far  from  the  population mean 
values, but in the  range of the values observed in 
our study  population,  then  the  standard deviations 
of the  predicted  parameter values increase by no  more 
than 10-20%. Accordingly, the residual error values 
listed in Table 6 provide  information  about  the  con- 
fidence limits of the  predicted  parameter values. 

It may be  noted  that  the  residual error for  pro- 
duction  rate listed in Table 6 is larger  than  the  stand- 

ard deviation of PR found  in  normal  and  hypercho- 
lesterolemic subjects (Table 3). The residual error 
listed in  Table 6 is an average value for  the whole 
study  population,  and includes  large  residuals found 
among  hypertriglyceridemic subjects and small resid- 
uals found  among  others. The residual error values 
for  each of the  four lipid groups  are given in Table 7. 
These  within-group  residual  errors were computed 
from  the deviations from  the overall regression  line 
(regression  equation) for PR. The results shown in 
Table 7 indicate that, in fact, the overall regression 
equation  reduces  within-group  residual error in all 
lipid groups,  and in the total  study  population as well. 

Another question  to  consider in each of the six equa- 
tions given in Table 6 is: what is the relative importance 
of each of the variables in determining  the  param- 
eter values? It is not possible to compare directly the 
coefficients, since each variable has a  different absolute 
range. The most useful way to judge the relative im- 
portance of each variable is to scale all of the  regres- 
sion coefficients between - 1 and + 1, thus allowing 
them  to be compared  directly. This  can be achieved 
by multiplying  each  regression coefficient by the  ratio 
of the  standard deviation of the  independent variable 
(see Table 2) to the  standard deviation of the  depend- 
ent variable (see Tables 3 and 4). The results of these 
computations  are given in Table 8. In the case  of a 

TABLE 7. Residual error values for  production 
rate  for  each  group of  subjects 

Observed  Residual 
Standard 

Group Deviation" 
Error Around 

Regression  Lineb 

Normal 0.19 0.14 
Hypercholesterolemia 0.24 0.2 1 
Hypertriglyceridemia 0.49  0.34 
Mixed hyperlipidemia 0.32 0. I6 
All subjects 0.44 0.26 

From Table 3. 
Using  the  regression  equation  for PR given in Table 6. 
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TABLE 8. Relative importance of each variable in the final 
equations as judged by standardized regression coefficients" 

Standardized Regression Coefficient 
for Each Independent Variable 

Parameter Wt EWt Chol Age TGGP Chol'Wt 
Model 

PR 0.80 
MI 0.82 0.74 -0.40 
M3min 0.64  0.37 0.43 

0.56 0.37 
M,,min 0.79 0.64 

0.49 0.52 

Each standardized regression coefficient was computed as the 
estimated regression coefficient (Table 6) times the ratio of the 
standard deviation of the  independent variable to that of the de- 
pendent variable. See footnotes to Table 5 for definition of abbre- 
viations and symbols. 

simple regression involving  only one  independent 
variable, as  with  PR versus weight, the standardized 
regression coefficient equals the correlation coef- 
ficient ( T ) .  In Table 8, the relative importance of  each 
independent variable in each equation is given by the 
absolute value  of the standardized regression coef- 
ficient, and  the direction of the effect by the sign. 
Thus,  for MI, weight is most important, cholesterol 
next, and  the triglyceride-group variable third. The 
effect  of  increasing triglyceride-group is to  decrease MI. 

Figs. 3 to 6 illustrate  some  of the relationships found. 
Fig. 3 shows the relationship between PR and body 
weight. The absence  of a relationship between serum 
triglyceride concentration and PR adjusted for dif- 
ferences in  body  weight (according to the first equa- 
tion  in Table 6) is shown  in Fig. 4. Figs. 5 and 6 show 
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Fig. 3. Relationship between PR and body weight. 
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Fig. 4. Relationship between PR, adjusted for differences in body 
weight, and the  concentration of serum triglyceride. 

the relationships between the  serum cholesterol con- 
centration and  the sizes of pools 1 and 3, respectively, 
when these pool  sizes are first adjusted for the  other 
independent variables  given in the second and  third 
equations in Table 6. 

In  order to ensure that no significant relationships 
between the physiological  variables and the intercom- 
partmental rate constants (the k's) or the  three esti- 
mates of pool 2 were overlooked in the  group of 36 
subjects, we examined all  possible regressions for 
these model parameters in the whole  set  of 54 sub- 
jects. No r2 value was found to be greater  than 0.34, 
and hence no significant relationship between these 
model parameters and  the physiological  variables 
could  be found in the whole study population. 

40 - 

36 ' 

4 
4 

e/. 
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Fig. 5. Relationship between MI, adjusted for differences in body 
weight and in the triglyceride-group variable, and the  concentra- 
tion of serum cholesterol. 
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DISCUSSION 

These studies  were  conducted with the objective 
of obtaining  detailed  and  quantitative  information 
about body cholesterol metabolism in intact humans, 
and  about  the effects of serum lipid levels and  other 
physiological variables upon  the major parameters of 
body cholesterol metabolism. In  order to achieve this 
objective, analyses were carried out  to  delineate  re- 
lationships that may exist between the model  param- 
eters of whole body cholesterol metabolism and the 
various physiological variables that were  measured in 
each  subject. These analyses aimed  to  relate  the  model 
parameters  to such physiological variables as serum 
lipid levels and measurements of body size, plus  age 
and sex. 

The work reported  here greatly advances the in- 
formation available from our previous, 1976 report 
(10). This advance  comes from  the fact that with the 
larger  series of subjects reported  here (total number 
54), we were  able  to  explore literally hundreds of 
thousands of possible relationships between the pa- 
rameters of the  three-pool  model  and physiological 
variables. Previously (lo), because of the limited data 
available (24  subjects), only a small number of simple, 
linear  relationships  could be examined.  Moreover, 
since  only  two of the subjects had hypertriglyceridemia 
alone,  relationships between model  parameters  and 
plasma triglyceride  concentrations  could  not be ex- 
plored effectively. Thus  the conclusions, while of in- 
terest, were necessarily of limited scope and confi- 
dence. In  the  present  paper, by having  a  large enough 
population  to  enable  us  to use two groups  to  generate 
and test hypotheses, we were able  to  explore  a  large 
number of more complex  relationships, and  to  reach 
much stronger conclusions. 

The method of data analysis employed here involved 
the division of  the total  study  population into two 
matched groups,  one  of which (hypothesis-generating 
group, 36 subjects) was used to find the most signif- 
icant of the relationships to be  considered,  and  the 
other  group (hypothesis-testing group, 18 subjects) 
for testing the significance of  these  relationships. This 
method was used in order  to  guard against  declaring 
statistical significance for relationships  when,  in  fact, 
none was present.  This statistical approach has  been 
used effectively in studies in other fields (24,  25), but 
has  not  to our knowledge  been  used in metabolic stud- 
ies of the type reported  here. Since the  general  ap- 
proach is quite  powerful, and permits  the  exploration 
and evaluation of a very large  number of possible 
relationships, it might well be  worthy  of  consideration 
by investigators with similar problems  working in 
other  areas. 
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Fig. 6. Relationship between minimum Ms, adjusted  for  differ- 
ences in body  weight and in age,  and  the  concentration of serum 
cholesterol. 

As described in the  Methods  section,  the  popula- 
tion studied in this project was quite  heterogeneous. 
Even  with this heterogeneity,  however,  the  three-pool 
model  provided the best fit to  the  long-term  data in 
every subject (except one for whom complete  data 
were not available). Thus, this  model seems to be  gen- 
erally valid for  the  study of body cholesterol  turnover 
in intact humans,  and  for comparison of hyperlipidemic 
patients with normals and with each other. 

As discussed previously (6), it must be recognized 
that  the  three pools in the  model represent mathe- 
matical constructs and  do not have precise physical 
meaning. The finding  that the  long-term  turnover of 
plasma cholesterol  conforms to a  three-pool model 
in humans means that  the various tissue pools of ex- 
changeable body cholesterol fall into  three  groups in 
terms of the  rates  at which they equilibrate with plasma 
cholesterol. As discussed before  (6), pool 1, which con- 
sists of cholesterol in fairly rapid  equilibrium with 
plasma cholesterol, mainly consists of cholesterol in 
plasma, blood cells, liver, and intestines. Pool 2  con- 
sists  of cholesterol which equilibrates  at an  interme- 
diate  rate with plasma cholesterol, and probably in- 
cludes some of  the cholesterol in viscera, together with 
some of the  cholesterol in peripheral tissues. Adipose 
tissue cholesterol appears to be an  important  part of 
the most slowly turning  over  compartment, pool 3 (9). 
Cholesterol in other  peripheral tissues, particularly 
connective tissue and skeletal muscle (26-28), and 
including  arterial walls (29), also equilibrates slowly 
with plasma cholesterol;  cholesterol in these tissue 
sites probably also constitutes  a significant portion of 
pool 3. 
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In thinking  about body cholesterol metabolism, it 
is necessary to distinguish between the kind of informa- 
tion that  can be obtained from  long-term studies of 
body cholesterol  metabolism,  such  as  those reported 
here,  and  the  information  that can  be  obtained  from 
short-term kinetic studies of a subsystem within the 
body. Long-term  studies with the  three-pool  model 
provide  insight into  the quantitative aspects of whole 
body cholesterol  production,  of  the  movement of cho- 
lesterol between different  compartments  in  the body, 
and of the size of those  compartments. In contrast, 
short-term  studies of cholesterol kinetics in different 
lipoproteins (30-32), or in  hepatic or biliary com- 
partments (32,  33), all deal with the ‘fine structure’ 
of pool ‘ 1 ,  with the  sub-compartmentation of choles- 
terol in pool 1. Such rapid,  short-term studies  cannot 
address  questions  of total body cholesterol  production 
or of the pool sizes (and  movement) of cholesterol 
in the whole body. Conversely, long-term  studies of 
body cholesterol metabolism cannot  provide  informa- 
tion about possible sub-compartments within any of 
the  three pools of the  three-pool  model  (such as pos- 
sible hepatic  cholesterol compartments associated with 
the metabolism of bile acids and biliary cholesterol 
(33)). Thus, these two kinds of studies operate on 
quite different time-scales, address  different questions, 
and  are  complementary to  each other. 

As a  result of the  data analysis carried  out, we have 
obtained  a  confirmed set of highly predictive equa- 
tions that  describe some of the major body choles- 
terol kinetic parameters in intact  humans.  Of  the 
unique  model  parameters, highly significant and con- 
firmed  relationships were found only for  production 
rate  and  the size  of pool 1 (MI).  Such  relationships 
were also found  for  the size of pool 3 (M3) and  for 
total exchangeable body cholesterol,  particularly  for 
the  minimum estimates of these  parameters. N o  sig- 
nificant relationships were found  for any of the es- 
timates of the size  of pool 2 (M2), or for any of the 
four  intercompartmental  rate  constants. 

For the confirmed  relationships,  production  rate 
was found to be a  function of body weight alone. 
In our total study  population of 54 subjects, the ob- 
served  mean  production  rate was 1.29 % 0.44 (SD) 
g/day; from  the final equation  in  Table 6, the  expected 
value of PR for a 70 kg person would be 1.10 g/day. 
After  adjusting  the  production  rate values for varia- 
tion in body size, no relationship was found between 
PR and  the  serum  concentration of either  cholesterol 
( r  = - 0.14) or triglyceride ( r  = 0.22, see Fig. 4). The 
absence of a  relationship between PR and  either  the 
serum cholesterol level itself, or any transformation 
of the  serum cholesterol level, confirms and  extends 

previous  studies that have  demonstrated very similar 
turnover  rates of cholesterol in patients with hyper- 
cholesterolemia and in normal subjects (2, 8, 10). It 
was previously suggested (2, 10) that  hypercholester- 
olemia is not associated with abnormal  rates of forma- 
tion or excretion of cholesterol in the body,  but with 
some impediment  to  the  “clearance” or removal of 
cholesterol from  the plasma pool. In patients with 
familial hypercholesterolemia, the mechanism respon- 
sible for this phenomenon has  been shown to involve 
a  decreased  fractional  rate of low density lipoprotein 
degradation (34), resulting from  the  reduced  numbers 
of receptors  for  this  lipoprotein  present  on  the  surface 
of fibroblasts and  other types of cells in such pa- 
tients (35,  36). 

As discussed previously (lo),  studies by others have 
not  provided  consistent findings on  the possible re- 
lationship  between  hypertriglyceridemia and  the  turn- 
over  rate of cholesterol. Some workers have observed 
high turnover rates of cholesterol (37), or of bile acids 
(38-40) (representing  the  major catabolic product 
of cholesterol) in patients with hypertriglyceridemia. 
These findings have not, however,  been generally con- 
firmed in other studies (41,  42). In  our own data, 
when PR and triglyceride were examined  alone, with- 
out  reference  to  other variables, PR did show a sig- 
nificant relationship with the  serum triglyceride level. 
On  further analysis, however, this was found to be 
due to the positive correlation between hypertriglyc- 
eridemia  and body weight. Hence, when PR was ad- 
justed  for body weight, no  relationship between ad- 
justed PR and triglyceride concentration was observed. 
In view of the very extensive search  for  relationships 
that was conducted in the  present  study, we can con- 
clude  that  a  general  and  consistent  relationship be- 
tween PR and  the  serum triglyceride level does  not 
exist. It is possible, however, (IO, 41), that  a  subgroup 
of hypertriglyceridemic  patients may exist who show 
an  increased synthesis of cholesterol,  although this 
is not  found in  most patients with hypertriglyceridemia. 
Such a subgroup would not have been  detected in 
the  present  study if it constituted only a small pro- 
portion of our patients with hypertriglyceridemia. 

In contrast  to  production  rate, the  serum triglyc- 
eride level did have a significant effect  on  the size  of 
the rapidly  exchangeable compartment (Ml),  and this 
was best shown by a  discontinuous  transformation of 
the  serum triglyceride concentration.  Thus, MI was 
found to be a  function of both body weight and  of 
the  serum  concentrations of both  cholesterol and tri- 
glyceride. In  our total study  population,  the observed 
mean M, was 26.0 rfI 5.0 (SD) g;  from  the final equa- 
tion in Table 6, the expected value of Ml for  a 70 kg 
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person with serum cholesterol level of 220 mg/dl and 
a  normal  triglyceride level (<200 mg/dl) would be 
25.6 g. As discussed previously (2, lo), and as indicated 
by the  equation  for M, in  Table 6, the increase  in 
the size of M1 in  patients with hypercholesterolemia 
mainly reflects the  increased cholesterol  content of 
the plasma compartment in such  patients. A compar- 
ably clear interpretation is not available for  the new 
finding of a significant and confirmed negative rela- 
tionship  between M, and  the  serum triglyceride level. 
This  finding  does, however,  suggest that a metabolic 
linkage exists between serum triglyceride and choles- 
terol  within the rapidly  exchangeable  compartment 
(pool 1). Future studies will be  needed to explore  the 
nature of this  linkage. 

In  the mammillary  model  shown  in Fig. 1, synthesis 
of cholesterol may take place in each of the  three 
pools, while output is constrained  to  occur only through 
the rapidly miscible central  pool, pool 1. The model 
has  eight  unknown  parameters. Since a  sum of three 
exponentials  has  only  three coefficients and  three ex- 
ponential  constants,  as discussed previously (6, lo), 
only  six model  parameters  can be determined uniquely 
from  an analysis of the plasma cholesterol turnover 
curve. The remaining ambiguity,  in which the masses 
and synthesis rates of the side pools (pools 2 and 3) 
cannot  be  determined  uniquely, may be termed in- 
determinacy.  A  general analysis of indeterminacy in 
pool models  has  been  developed (43). 

One  approach  to  the  problem of indeterminacy is 
to inject a  labeled  precursor of cholesterol  in  addition 
to cholesterol itself. This  approach was used by Kekki, 
Miettinen, and Wahlstrom (1 l ) ,  who injected [3H]- 
mevalonate and ['4C]cholesterol into each of two sub- 
jects, and used the  resulting  data  to  try  to  estimate 
the synthesis of cholesterol  in body pools other  than 
the rapidly miscible pool 1. Unfortunately, because 
of the  short  duration of the studies  carried out (42 
and 63 days, respectively, in the two subjects), along 
with limitations in  the mathematical analysis, the con- 
clusions drawn  from  these  studies  cannot be  accepted 
as valid. 

Another  approach  to this  problem is to  determine 
the  ranges of possible values for  the  indeterminate 
parameters. As reported  here, we computed  both 
minimum  and  maximum values for M2 and  for M3, 
and intermediate values of these masses as well. These 
several estimates of the sizes of pool 2 and 3 were 
computed,  and  are  reported,  in  order  to be completely 
rigorous on theoretical grounds. Physiologically, how- 
ever,  as previously discussed (6, lo), it is highly prob- 
able that  the  true values for M3 and M2 are much 
closer to  the  minimum  than  to  the maximum values. 

Studies in baboons  have  suggested  that the assumption 
that  the  entry of new cholesterol  into the body occurs 
almost entirely via the rapidly  exchangeable  compart- 
ment  (leading  to  minimum values for pools other  than 
pool 1) may not be too  unreliable (28). Furthermore, 
in studies  where  a  three-pool  model was fit simultane- 
ously to  both plasma and adipocyte  cholesterol  spe- 
cific activity-time curves in six patients, no synthesis 
of cholesterol in pool 3 was found using the mammil- 
lary model of Fig. 1 (9). Accordingly, it  is  likely that 
the  confirmed  equations  reported  here,  for  the mini- 
mum values of M3 and of total body exchangeable 
cholesterol,  can  provide  information  about  these body 
pool sizes that is both physiologically meaningful  and 
quantitatively fairly reliable (with a relatively small 
coefficient of variation). 

Two  equations were found  for  the minimum value 
of M3. These showed that  minimum M3 is significantly 
related  to body size (total weight in  one  equation  and 
excess weight in the  other),  age,  and (in one  equation) 
the  serum cholesterol  concentration. The relationship 
between M3 and adiposity (excess weight) is consistent 
with the finding that adipose tissue cholesterol appears 
to be an  important  component of pool 3 (9). Similarly, 
the observed  relationship with age may in  part reflect 
the  changes in body composition,  particularly the rela- 
tive increase in the  amount of fat tissue in the  body, 
which occur with increasing  age. The relationship of 
M3 with age is also consistent with the increase in 
cholesterol  concentration in connective tissue (also an 
important  part of pool 3) with age  reported by Crouse, 
Grundy,  and  Ahrens (44). The finding of a significant 
relationship with the  serum cholesterol level as well 
as age suggests that, with time,  cholesterol  deposits 
in slowly exchanging tissue sites and  that  the  extent 
of such  deposition  increases with increasing serum 
cholesterol level. The results also suggest (see also 
(10)) that  the kinetic analysis as used here may be able 
to provide  a  method for estimating the size  of patho- 
logical accumulations of cholesterol in slowly equilibrat- 
ing tissue sites (presumably  including  arteries) in pa- 
tients with hypercholesterolemia. 

In conclusion, we have obtained  a  confirmed set of 
predictive equations which describe  some of the  major 
body cholesterol kinetic parameters.  These  equations 
account for a  great  deal  of  the  variation  found between 
people in the model parameters of production  rate, 
M1, and  the  minimum values of M3 and of total body 
exchangeable  cholesterol. In  future work,  these veri- 
fied equations  can  be  used  both  to  predict  these pa- 
rameters  of total body cholesterol metabolism in  intact 
humans,  and as the basis for studies of abnormalities 
in selected families and  patients.m 

Goodman et al. Body cholesterol metabolism in humans 71 1 

 by guest, on June 19, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


We thank Ms. M. Myers and Ms. M. Alvir for  expert as- Bierman,  and A. G. Motulsky. 1973. Hyperlipidemia 
sistance. This work was supported by grant  HL-21006 in  coronary  heart disease. 11. Genetic analysis of  lipid 
(SCOR in Arteriosclerosis) from  the National Heart,  Lung, levels in 176 families and  delineation of  a new inherited 
and Blood Institute. disorder,  combined  hyperlipidemia. J .  Clin.  Invest. 52: 

Man~criptreceived27December1979andinreuisedfonn25March1980. 16.  Goldstein, -1. L., W. R. ~ ~ ~ ~ ~ ~ d ,  H. G.  schrott, E. L. 
1544- 1568. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

REFERENCES 

Goodman, D. S., and R. P. Noble.  1968. Turnover of 
plasma cholesterol in man. J .  Clin.  Invest. 47: 23 1-24 1. 
Nestel, P. J., H. M. Whyte, and D. S. Goodman. 1969. 
Distribution and  turnover of  cholesterol in humans. 

J .  Clin.  Invest. 48: 982-991. 
Perl, W., and P. Samuel.  1969. Input-output analysis 
for total input  rate  and total  traced mass of body cho- 
lesterol in man. Circ. Res. 25: 191-199. 
Grundy, S. M., and E. H.  Ahrens,  Jr. 1969.  Measure- 
ments of cholesterol turnover, synthesis, and  absorption 
in man,  carried  out by isotope kinetic and  sterol bal- 
ance  methods. J .  Lipid  Res. 10: 91-107. 
Samuel, P., and W. Perl.  1970. Long-term decay of 
serum cholesterol  radioactivity: body cholesterol me- 
tabolism in normals  and in patients with hyperlipo- 
proteinemia  and atherosclerosis. J .  Clin.  Invest. 49: 346- 
357. 
Goodman, D. S., R.  P. Noble, and R. B.  Dell. 1973. 
Three-pool model  of the  long-term  turnover of plasma 
cholesterol in man. J .  Lipid  Res. 14: 178- 188. 
Goodman, D. S., R.  P. Noble, and R. B. Dell. 1973. 
The effects of cholestipol  resin and of colestipol plus 
clofibrate on  the  turnover of  plasma  cholesterol in man. 
J .  Clin.  Invest. 52: 2646-2655. 
Samuel, P., and S. Lieberman. 1973. Improved estima- 
tion of body masses and  turnover of  cholesterol by 
computerized  input-output analysis. J .  Lipid  Res. 14: 

Schreibman, P. H., and R.  B. Dell. 1975. Human  adi- 
pocyte cholesterol. Concentration, localization, synthe- 
sis, and  turnover. J.  Clin.  Invest. 55: 986-993. 
Smith, F. R., R. B. Dell, R. P. Noble, and D. S. Goodman. 
1976. Parameters of the  three-pool  model of the  turn- 
over of plasma cholesterol in normal  and hyperlipidemic 
humans. J .  Clin.  Invest. 57: 137-148. 
Kekki, M., T. A. Miettinen, and B.  Wahlstrom.  1977. 
Measurement of  cholesterol  synthesis in kinetically de- 
fined pools using fecal steroid analysis and  double la- 
beling  techniques in man. J .  Lipid  Res. 18: 99-  114. 
Samuel, P., S. Lieberman,  and E. H.  Ahrens,  Jr. 1978. 
Comparison of cholesterol turnover by sterol  balance 
and  input-output analysis, and a shortened way to  es- 
timate  total exchangeable mass of  cholesterol by the 
combination of the two methods. J .  Lipid  Res. 19: 94- 
102. 
Carter, G. A., W. E. Connor, A. K. Bhattacharyya,  and 
D. S. Lin.  1979. The cholesterol turnover, synthesis, 
and  absorption  in two sisters with familial hypercho- 
lesterolemia  (type Ha). J .  Lipid  Res. 20: 66-77. 
Beaumont, J. L., L. A. Carlson, G. R. Cooper, Z. Fejfar, 
D. S. Fredrickson,  and T. Strasser. 1970. Classification 
of hyperlipidaemias  and  hyperlipoproteinaemias. Bull. 

Goldstein, J. L., H. G .  Schrott, W.  R. Hazzard, E. L. 

189-  196. 

W. H .  0. 43: 891-908. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

30. 

31. 

32. 

Bierman,  and A. G. Motulsky. 1973. Hyperlipidemia 
in coronary  heart disease. I .  Lipid levels in  500  sur- 
vivors of  myocardial infarction. J .  Clin.  Invest. 52: 
1533-1543. 
Frerichs, R. R., S. R. Srinivasan, L. S. Webber,  and G. S. 
Berenson. 1976. Serum cholesterol and triglyceride 
levels in 3,446  children  from a biracial community. 
Circulation. 54: 302-309. 
Ellefson, R. D., L. R. Elveback, P.  A. Hodgson,  and 
W. H. Weidman. 1978. Cholesterol and triglycerides 
in serum  lipoproteins of young  persons in Rochester, 
Minnesota. Mayo  Clin.  Proc. 53: 307-320. 
Neill, C. A., L. Ose,  and P. 0. Kwiterovich, Jr. 1977. 
Hyperlipidemia: clinical clues in  the first two decades 
of life. Johns Hopkins  Med. J .  140: 17 1 - 176. 
Dell, R. B., R. Sciacca, K. Lieberman, D. B. Case, and 
P. J. Cannon. 1973. A weighted  least-squares technique 
for  the analysis of kinetic data  and its application  to 
the study  of renal '33Xenon washout in dogs in man. 
Circ.  Res. 21: 71-84. 
Mosteller, F., and J. W. Tukey. 1977. Data Analysis and 
Regression. Addison-Wesley, Reading, MA. 36-40. 
Metropolitan Life Insurance Co. 1959. Statistical Bul- 
letin 40. 
Dixon, W. J., and M. B. Brown. 1977. BMDP-77 Bio- 
medical Computer  Programs P-Series. Univ. of Cali- 
fornia Press. 
Mosier, C. I .  1951. Symposium: The need  and means 
of cross-validation. 1. Problem and designs of cross- 
validation. Educ.  Psychol.  Meas. 11: 5- 1 1. 
Mosteller, F., and  J. W. Tukey. 1968. Data analysis, 
including statistics. In  Handbook of Social Psychology. 
G. Lindzey and E. Aronson,  editors. Vol. 2. Addison- 
Wesley, Reading, MA. 
Field, H., Jr., L. Swell, P. E. Schools, Jr.,  and C. R. 
Treadwell. 1960. Dynamic aspects  of  cholesterol  me- 
tabolism in different  areas of the  aorta  and  other tis- 
sues in man and  their  relationship  to atherosclerosis. 
Circulation. 22: 547-558. 
Chobanian, A. V., and W. Hollander. 1962. Body cho- 
lesterol metabolism in man. I. The equilibration  of se- 
rum  and tissue cholesterol. J .  Clin.  Invest. 41: 1732- 
1737. 
Wilson, J. D. 1970. The  measurement of the  exchange- 
able pools of cholesterol in the baboon.]. Clin.  Invest. 
49: 655-665. 
Jagannathan, S. N., W. E. Connor, W. H. Baker,  and 
A. K. Bhattacharyya.  1974. The  turnover of cholesterol 
in human atherosclerotic arteries. J .  Clin.  Invest. 54: 

Goodman, D. S. 1964. The in vivo turnover of individual 
cholesterol esters in human plasma lipoproteins. J .  Clin. 
Invest. 43: 2026-2036. 
Nestel, P. J., and E. A. Couzens. 1966. Turnover of 
individual  cholesterol esters  in  human liver and plasma. 
J .  Clin.  Invest. 45: 1234-1240. 
Halloran, L. G., C. C. Schwartz, Z. R. Vlahcevic, R. M. 
Nisman, and L. Swell. 1978.  Evidence for high-density 

366-377. 

712 Journal of Lipid Research Volume  21, 1980 

 by guest, on June 19, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


lipoprotein-free cholesterol as the primary precursor 
for bile-acid synthesis in man. Surgety. 84: 1-6. 

33. Schwartz, C. C., M. Berman, Z. R. Vlahcevic,  L.  G. 
Halloran, D. H. Gregory, and L. Swell. 1978. Multi- 
compartmental analysis of cholesterol metabolism in 
man. Characterization of the hepatic bile  acid and 
biliary cholesterol precursor sites. J.  Clin. Invest. 61: 

34. Langer, T., W. Strober,  and R. I. Levy. 1972. The me- 
tabolism  of low density lipoproteins in familial type I1 
hyperlipoproteinemia. J.  Clin. Invest. 51: 1528-  1536. 

35. Brown, M. S. ,  and J. L. Goldstein. 1976. Familial hyper- 
cholesterolemia: a genetic defect in the low-density 
lipoprotein receptor. New  Engl. J .  Med. 294: 1386- 
1390. 

36. Goldstein, J. L., and M. S. Brown. 1977. Thelow-density 
lipoprotein pathway and its relation to atherosclerosis. 
Ann.  Rev. Biochem. 46: 897-930. 

37. Sodhi, H. S., and B. J. Kudchodkar. 1973. Synthesis of 
cholesterol in hypercholesterolemia and its relationship 
to plasma triglycerides. Metab.  Clin. E+. 24: 895-912. 

38. Einarsson, K., K. Hellstrom, and M. Kallner. 1974. Bile 
acid  kinetics in relation to sex, serum lipids, body 

408-423. 

weights, and gallbladder disease in patients with various 
types of hyperlipoproteinemia. J.  Clin. Invest. 54: 1301 - 
1311. 

39. Kottke, B. A. 1969. Differences in  bile  acid excretion. 
Primary hypercholesterolemia compared to combined 
hypercholesterolemia and hypertriglyceridemia. Czr- 
culatiun, 40: 13-20. 

40. Nestel, P. J., and J.  D. Hunter. 1974. Differences in  bile 
acid excretion in subjects  with hypercholesterolaemia, 
hypertriglyceridaemia and overweight. Aust. N .  Z. J.  
Med. 4 491-496. 

41. Grundy, S. M. 1975. Effects of polyunsaturated fats 
on lipid metabolism in patients with hypertriglyceri- 
demia. J .  Clin. Invest. 55: 269-282. 

42. Hellstrom, K., and K. Einarsson. 1977. Bile  acid  me- 
tabolism in hyperlipoproteinaemia. Clin. Gastroenterol. 

43. Ramakrishnan, R. 1975. A study of  pool model am- 
biguities and of the statistics of parameter estimation, 
with an application in nitrogen metabolism. Columbia 
University Doctoral Thesis. 

44. Crouse, J. R., S. M. Grundy,  and E. H. Ahrens, Jr. 
1972. Cholesterol distribution in the bulk tissues  of 
man: variation with age. J.  Clin. Invest. 51: 1292-  1296. 

6: 103-  128. 

Goodman et al. Body cholesterol metabolism in humans 713 

 by guest, on June 19, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/

