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A B S T RA C T Wedetermined the maximum solubili-
ties of cholesterol in aqueous conjugated bile salt-egg
lecithin-cholesterol systems as a function of several
physical-chemical variables including those of physio-
logical importance employing phase equilibria tech-
niques. Equilibration rates are influenced by time and
the method of sample preparation in that metastable
supersaturation is readily induced at high bile salt:
lecithin ratios, and equilibrium saturation by dissolu-
tion is achieved sluggishly at low bile salt:lecithin ra-
tios. Equilibrium values for cholesterol saturation vary
with the bile salt species, bile salt:lecithin ratio, tem-
perature, ionic strength, and, in particular, with the
total concentration of biliary lipids. Within physiologi-
cal bile salt:lecithin ratios at 37°C the influence of bile
salt type and ionic strength is small, whereas the effects
of bile salt:lecithin ratio and the total lipid concentra-
tion are major factors. Weplotted on triangular coordi-
nates a family of cholesterol solubility curves for each
total lipid concentration (0.30-30 g/dl) and computed
fifth-degree polynomial equations for each curve. With
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both the curves and the polynomial equations the "per-
cent cholesterol saturation" of fasting gallbladder
and hepatic biles from patients with and without gall-
stones was calculated and both methods gave similar
values. These results demonstrate that by employing
cholesterol saturation values appropriate to the total
lipid concentration (range 0.2-24.9 g/dl) of individual
biles, all cholesterol stone patients have supersaturated
gallbladder biles, (mean, 132% [normal weight individ-
uals], and 199% [morbidly obese individuals]). With
controls and pigment stone patients the mean values
were 95 and 98%, respectively, and in both "50% of
biles were supersaturated. Fasting hepatic biles were
significantly more supersaturated than gallbladder
biles (means 228-273%). Cholesterol monohydrate
crystals were found in the majority of gallbladder (83%)
and hepatic (58%) biles of cholesterol gallstone patients
but were not observed in pigment stone patients or con-
trols. Weconclude that of the several factors in addition
to the bile salt:lecithin ratios which can influence the
cholesterol saturation of bile the total lipid concentra-
tion is the predominant determinant physiologically.
Our results demonstrate that (a) metastable super-
saturation is frequent in both normal and abnormal
biles, (b) cholesterol gallstone patients have super-
saturated gallbladder and hepatic biles without excep-
tion, and (c) the predominant driving force for choles-
terol precipitation appears to be the absolute degree
of cholesterol supersaturation.

INTRODUCTION

As cholesterol is the major component of most gall-
stones and as cholesterol and lecithin are sparingly
soluble in water, the nature of the physical-chemical
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interactions between cholesterol and other biliary lip-
ids has been extensively investigated (1-13). After the
pioneering work of Isaksson (1) and Nakayama (2) and
the systematic phase equilibria studies of Small,
Bourges, and Dervichian (14-16) the importance of
mixed micelles containing both bile salts and lecithin
in the solubilization of biliary cholesterol was estab-
lished (15). Molecular models for these micelles were
deduced from the fine structure of the liquid crystalline
phases and from other empirical physical-chemical
considerations (16-19). When it was demonstrated by
Admirand and Small (3) that gallbladder bile from cho-
lesterol gallstone patients could be distinguished from
controls by relating their relative lipid compositions to
the cholesterol solubility limits in a model system, a
rational physical-chemical basis for gallstone formation
appeared straightforward.

While there is now general agreement that the patho-
genesis of cholesterol gallstones is related to the capac-
ity of bile to maintain cholesterol in micellar solution,
the precise limits of cholesterol solubility in model
bile systems and thus the degree of cholesterol satura-
tion of native bile remains controversial. Hegardt and
Dam(7) and Holzbach et al. (9, 10) used longer equili-
bration times and microfiltration to isolate the micellar
phase and found that the maximum cholesterol solubil-
ity reported by Admirand and Small was too high. De-
spite these refinements, the gallbladder biles of stone
patients are not always supersaturated or even satu-
rated by Admirand and Small's criteria nor by Holzbach
et al.'s criteria (9, 20-27) as would be expected from
a priori physical chemical considerations.' In other stud-
ies (9, 25, 26) it was concluded that fasting gallbladder
bile is frequently supersaturated in healthy man when
the commonly used cholesterol solubility limits (7, 9)
are employed. One possible explanation for these in-
consistencies was advanced by Small (28) who showed
that the prevalence of gallstones in various populations
is closely correlated with the frequency of supersatu-
rated bile in controls. However, this suggestion may
not entirely explain the very high percentage (>50%)
of supersaturated gallbladder biles in control Cauca-
sians in certain studies (9, 25). For these reasons several
authors (9, 20, 25-27) concluded from the scatter in
their results that it was impossible to separate patients
with cholesterol stones from controls simply by exami-
nation of biliary lipid composition. Furthermore, as an
appreciable number of bile samples from gallstone pa-
tients were unsaturated with cholesterol, it was sug-

1 In any system at constant temperature and pressure a
change in the number of phases at equilibrium cannot occur
without a change in composition (from the Gibbs Phase Rule).
Thus, for bile to undergo a phase change from a one-phase
system (single liquid) to a two-phase system (liquid plus
stones) the capacity of the liquid phase to solubilize choles-
terol must be exceeded.

gested that supersaturation of bile with cholesterol may
not be essential for the production or growth of cho-
lesterol gallstones (26). What all of these authors failed
to take into account was that discrepancies in their
results might be attributed directly to deficiencies in
the data chosen for the physical-chemical limits of cho-
lesterol solubility in model bile systems. It was sug-
gested earlier that the concentration of total lipids (bile
salts + lecithin + cholesterol) (2, 3, 28, 29), different
bile salts (4, 7, 11), and even temperature (2) or coun-
terion (Na+) concentration (7) might influence the maxi-
mumdegree of cholesterol solubility in bile. The im-
portance of total lipid concentration is manifested by
the fact that human bile can vary widely in concentra-
tion from one collection site to another, from patient
to patient and from time to time in the same patient.
Published values range from 1 to 4 g/dl for hepatic
bile (30) and from 8 to 28 g/dl for gallbladder bile (31).
Assuming a linear dependence of cholesterol solubility
on total lipid concentration, one of us attempted to
calculate directly maximum cholesterol solubilities
(29) for total lipid concentrations of 1-10 g/dl from the
original Admirand and Small data. Although the direc-
tion of the changes was correct, the calculated limits
were incorrect because of the uncertainties in the as-
sumptions made (32). Recognizing the complexities of
calculating cholesterol solubilities from data at one
total lipid concentration and suspecting that variations
in cholesterol solubility may not be as simple as as-
sumed for typical micellar systems where the degree
of solubilization increases linearly with concentration,
it appeared essential to us to determine experimentally
the maximum cholesterol solubility in dilute and con-
centrated biles to express the percentage of saturation
of cholesterol in hepatic and gallbladder biles cor-
rectly.

This paper, therefore, describes experiments in
which the maximum equilibrium cholesterol solubility
in bile is measured directly in aqueous bile salt-leci-
thin-cholesterol model systems. Wesystematically in-
vestigate the effects of variations in total lipid concen-
tration, type of bile salt, temperature, ionic strength
(NaCl), dissolution rates, and metastability on choles-
terol solubility. Of particular relevance clinically is that
a semilogarithmic relationship between cholesterol
solubility and total lipid concentration occurs over the
physiological range of bile salt:lecithin ratios and total
lipid concentrations. These findings, when applied to
the relative and total lipid concentrations of gallbladder
and hepatic biles of cholesterol gallstone patients, pig-
ment gallstone patients, and controls, clearly demon-
strate that no single solubility limit can be employed
to define the relative cholesterol content of all individ-
ual native biles due to the profound variation in choles-
terol saturation with variations in the total lipid con-
centration.
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METHODS

Materials
Cholesterol. Cholesterol (Lipids Preparation Laboratory of

the Hormel Institute, University of Minnesota, Austin,
Minn.) was recrystallized thrice from hot 95% (vol/vol)
ethanol and stored at 4°C under nitrogen. Its purity was
checked by thin-layer silica gel chromatography (220 ,ug spot;
hexane, diethyl ether, glacial acetic acid, 7:3:0.1, by vol), hot
stage microscopy (melting point 147-149°C uncorrected), and dif-
ferential scanning calorimetry (5-mg samples) and found to be
>99.5% pure. After storage, laser Ramanspectroscopy showed
that the cholesterol was anhydrous and equivalent to a Na-
tional Bureau of Standards reference cholesterol.

Lecithin. Egg yolk lecithin (Grade 1; Lipid Products, Sur-
rey England) was judged to be greater than 99% pure by a
number of chromatographic methods for polar lipids employ-
ing 2-dimensional paper chromatography (33) and neutral lip-
ids by thin-layer silica gel chromatography (200 ,ug spot; chlo-
roform, methanol, water, 18:6:1 by vol). The lecithin was
stored in the dark in chloroform-methanol (2:1 vol/vol) in
sealed glass vials at -20°C under nitrogen. The fatty acid
composition of the lecithin (principally palmitic, oleic, and
linoleic acids) as determined quantitatively by gas-liquid
chromatography was similar to literature values (7, 34). The
molecular weight calculated from the fatty acid composition
corresponded to an average of 765. Complete reanalysis after
6 mo of storage showed no chemical degradation of the leci-
thin.

Bile salts. The sodium salt of 3a, 7a, 12a-trihydroxy-5f8-
cholanoyltaurine known trivially as sodium taurocholate
(NaTC)2 was an A-grade product (Calbiochem, San Diego,
Calif.). Thin-layer silica gel chromatography (200 ,.g spot;
chloroform, methanol, acetic acid, 13:3:1 by vol) and potenti-
ometric titration (18) with HCI (1 g/dl, wt/vol) revealed 2-3%
unconjugated bile acid impurities. The material was therefore
recrystallized twice by the method of Pope (35), lyophilized
from water, and gave a single spot on repeat thin-layer chro-
matography. The sodium salts of 3a, 7a-dihydroxy-5,8-chol-
anoyltaurine (Calbiochem) and 3a, 12a-dihydroxy-5f3-chol-
anoyltaurine (Maybridge Company, Tintagel, Cornwall, Eng-
land) known trivially as sodium taurochenodeoxycholate
(NaTCDC) and sodium taurodeoxycholate (NaTDC), respec-
tively, were also found to contain significant (=5- 10%) uncon-
jugated bile acid impurities by thin-layer silica gel chromatog-
raphy and potentiometric titration and were purified to -98-
99% purity as previously described (36). All bile salts were
hygroscopic and were stored in desiccators over calcium chlo-
ride at room temperature.

Reagent grade NaCl was roasted at 6000C in a muffle furnace
for 4 h to oxidize and remove organic impurities. Water was
triple distilled, the second distillation being from an all-glass
Pyrex automatic still (Corning Glass Works, Science Products
Div., Corning, N. Y.) and the final distillation was from a
seasoned all-Pyrex laboratory distillation assembly over alka-
line potassium permanganate. The water was adjusted to pH
7.0 with the addition of a few microliters of 1 N NaOHbefore
use. All glassware was acid/alkali washed by steeping in 1 N
HNO3and in 2 N KOH/EtOH, 50/50 (vol/vol) consecutively
for 24 h. The glassware was oven dried at 100°C after thorough
rinsing in distilled water.

2Abbreviations used in this paper: CMC, critical micellar
concentration; NaTC, sodium taurocholate; NaTCDC, sodium
taurochenodeoxycholate; NaTDC, sodium taurodeoxycho-
late; TCC, threshold concentration for cholesterol solubility.

Gallbladder and hepatic duct biles. Surgical bile samples
were generously provided by Dr. Eldon A. Shaffer, Montreal
General Hospital, Montreal, Quebec, Canada under protocols
approved by the Human Studies Committees of Boston City
Hospital, The Lahey Clinic, and Veterans Administration Hos-
pital, all of Boston, Mass. and the Montreal General Hospital,
Montreal, Canada. All patients had normal liver function tests
(including bilirubin, alkaline phosphatase, serum glutamic-
oxaloacetic transaminase, and serum proteins) and gave in-
formed written consent. Patients were classified (37) on the
basis of the analyses of their stones for cholesterol into two
categories, those with cholesterol stones (>70% cholesterol
by weight) and those with pigment stones (<5% cholesterol
by weight). Fasting gallbladder biles were obtained at surgery
from 20 patients with cholesterol stones, 4 of whom were
morbidly obese; i.e., patients with >150% of ideal weight
calculated according to life insurance tables (38), 14 patients
with pigment stones, and 12 control patients without gall-
stones. Fasting commonhepatic duct bile was simultaneously
sampled at surgery as described (37) from 12 nonobese pa-
tients with cholesterol stones, 10 patients with pigment stones,
and 8 controls without gallstones. A small number of bile
samples not analyzed on the day of aspiration were rapidly
frozen and stored at -200C.

Experimental design
Two independent methods were employed to saturate the

micellar solutions with cholesterol. In the multiple mixture
method, equilibrium was reached by precipitation from super-
saturated solutions and in the second, the dissolution method,
equilibrium was approached by dissolution of crystalline cho-
lesterol in lecithin-bile salt solutions. Equilibration of the mix-
tures was proven by employing a number of classical pro-
cedures: (a) the upper limit of the micellar phase did not
change with time, (b) after heating and cooling, the mixtures
eventually returned to the original equilibrium values, and
(c) when the micellar phases were separated by microfiltration
from mixtures containing two or three phases, the analytical
cholesterol concentrations of the clear micellar phases were
the same as values obtained by direct observation of the entire
series of tubes.

Preparation of mixtures
For the multiple mixture method, bile salts (NaTC,

NaTCDC, NaTDC, or a 4:4:2 molar mixture of NaTC,
NaTCDC, and NaTDC) were mixed with lecithin in methanol
or in chloroform-methanol 1/1 or 2/1 (vol/vol) in 25-ml volu-
metric flasks to give a series of stock solutions containing 15
different molar ratios of bile salts and lecithin ranging in com-
position from the pure bile salt to the bile salt-lecithin phase
limit. To aliquots of these stock solutions, varying amounts
of cholesterol in chloroform were added to give a series of
mixtures with a fixed bile salt-lecithin molar ratio and pro-
gressively increasing increments (about 0.16-0.32 mol/100
mol of total lipids) of cholesterol. The total dry weight of the
lipids in each tube was 200+10 mg. After mixing, the solvent
was partially evaporated under a stream of dry nitrogen at 400C
until the mixtures were reduced to a viscous paste or glass
(-10-30 min). The tubes were then plugged with sterile
gauze and taken to dryness by continuous pumping in vacuo
over phosphorous pentoxide (24-72 h). As the desiccated mix-
tures were hygroscopic, extrapolation of 5-min time-weight
curves to zero time gave the anhydrous weight. Mixtures were
composed with water (no added NaCl) or with 0.05, 0.15, 1.0,
and 3.0 M NaCl (all at pH 7.0) to give the appropriate total
lipid concentration. After they were flushed with nitrogen,

1000 M. C. Carey and D. M. Small



the tubes were sealed and allowed to equilibrate with gentle
shaking for 7-14 days. This procedure was repeated for eight
total lipid concentrations (0.16-20 g/dl of solution) at seven
temperatures (4-950C). At temperatures greater than 65°C
equilibrium was reached rapidly so that incubation for only
a few hours was necessary.

For the dissolution method, ethanolic (95% vol/vol) solu-
tions of NaTCand lecithin were mixed in 250-ml Erlenmeyer
flasks to give 21 mixtures containing seven different molar
ratios of NaTC and lecithin. The mixtures were then desic-
cated under nitrogen and in vacuo over phosphorous pentox-
ide to constant weight as described above. The dried lipids
were dissolved in aqueous solvent so that each contained a
10-g/dl bile salt-lecithin solution of fixed molar ratio in H20,
0.15 Mand 1.0 MNaCl, respectively (total volume 100 ml).
After they were sealed with Teflon stoppers, the solutions
were sterilized under nitrogen by pasteurization and allowed
to equilibrate at room temperature for an additional 24 h. With
the use of a sterile technique, twice the weight of the micro-
crystalline cholesterol sufficient to saturate 10 g/dl of the 7:3
molar bile salt:lecithin mixture was added to each flask. The
flasks were then flushed with nitrogen and shaken continu-
ously at a calibrated linear flow rate of 1 cm/s for 35-40 days.
1 ml of the total contents of each flask was sampled with a long
wide-bore sterile needle and syringe at 0 and 12 h and sub-
sequently every 24 h for the first 10 days, followed by sampling
every 2-3 days for the next 25-30 days. The samples were
filtered through 0.22-um Millipore filters or, in the case of vis-
cous mixtures, were centrifuged at 10,000 g for 60 min at the
temperature of equilibration to achieve separation of the mi-
cellar phase which was aspirated from the top of the tube as
described above. Bile salts, lecithin, and cholesterol were
measured in triplicate in all samples. A parallel control "un-
stirred" (no shaking) dissolution study was carried out with a
range bile salt-lecithin mixtures in 0.15 MNaCl followed by
analysis of the separated micellar phases at 30 days.

Examination of mixtures

Multiple mixture study: optical examination. The ap-
pearance of each tube was noted daily during the equilibra-
tion period with regard to opacity, fluidity, presence of crys-
tals, and (or) the appearance of a Tyndall phenomenon (14,
15). Each unopened tube was examined for phase separation
by employing transmission spectrophotometry (Beckman Acta
III spectrophotometer, Beckman Instruments, Inc., Fullerton,
Calif.) with a wavelength of 750 nm or by measuring the tur-
bidity of light of wavelength 546 nm scattered at an angle of
900 (Brice-Phoenix light scattering photometer, model 200;
Phoenix Precision Instrument Div., Virtis Co., Gardiner,
N. Y.). As equilibrium was approached, similar examinations
were made on the mixtures for several subsequent days to
show that no changes in light transmission or turbidity
occurred.

Proo of equilibration by lipid analysis. Selected mixtures
containing two or more phases after 12 days incubation were
filtered through 0.22-,um Millipore filters to obtain a sample
of the micellar phase. Lipid analysis of this phase was car-
ried out in triplicate as described below.

Determination of metastable zone and the metastable-
labile limit. Mixtures containing 20 g/dl total lipid were
equilibrated at 950C until the maximum amount of cholesterol
had dissolved. The clear tubes were then rapidly cooled to
24±0.2°C and continuously monitored by optical methods (see
above) for the separation of a second phase. For each bile
salt-lecithin series the cholesterol content in moles per 100

moles of total lipids was plotted against the time required for
precipitation. These mixtures which precipitated fast (seconds
or minutes) contained a larger excess of cholesterol compared
with those which precipitate slowly (hours or days). The rap-
idly precipitating mixtures are defined as falling within a sub-
zone of labile supersaturation, whereas the latter mixtures
fall in a subzone of metastable supersaturation (39). The inter-
polated cholesterol concentrations at the boundary corre-
sponds to the metastable-labile limit. The metastable zone is
therefore bounded by the metastable-labile limit and the
equilibrium solubility of cholesterol (the rationale for this pro-
cedure is discussed later).

Physical state and characterization of phases. After
equilibration, a small quantity (2-5 j.l) of each mixture was
removed for examination by direct and polarized light micros-
copy to document the number of phases present and their
optical properties (14, 34). At the same time, small samples
(-5 IAl) were placed in Lindemann glass tubes (Charles Sup-
per Co., Natick, Mass.) for small angle X-ray scattering or
diffraction with a focusing camera of the torroidal type
utilizing nickel-filtered CuK0 X rays from an Elliot GX6
rotating anode generator (Marconi-Elliot Avionic Systems,
Borehamwood, England). Data were recorded on film and
analyzed by a Joyce-Loebl densitometer (Joyce-Loebl
Manufacturing Co., Gatehead, England) with 'd' spacings
calculated using the Bragg equation. Solution densities were
measured in an ultrasonic precision density meter (model
DTC2, Anton Paar, Graz, Austria) and apparent partial specific
volumes (v~) calculated as described (40). In all, some 1,000
mixtures were examined by turbidimetric methods at seven
different temperatures of which 100 were studied by X-ray
and density methods.

Dissolution study. All mixtures were examined daily by
gross and microscopic observation to detect microbial con-
tamination or oxidative degradation of the lecithin. Great care
was exercised in aspirating samples for analysis to keep the
volume aspirated to 1.0 ml and to ensure that the sample was
adequately mixed with undissolved cholesterol crystals. The
gross changes in viscosity and appearance of the mixtures
were documented throughout the dissolution period.

Proof of equilibrium by lipid analysis. Equilibrium was
determined by monitoring the micellar solubility of choles-
terol as a function of time until it attained a constant value.
Samples were harvested periodically and after the excess mi-
crocrystalline cholesterol or lecithin-cholesterol liquid crys-
tals were removed as described above, the micellar solution
was assayed for all three lipids to obtain the relative choles-
terol content. The equilibrium cholesterol solubility was ob-
tained when repeated samples of the micellar phase obtained
2 days apart over the course of at least 8 days showed no
further increment in cholesterol content.

Gallbladder and commonhepatic duct bile. All bile speci-
mens were immediately examined grossly for the presence of a
precipiate and microscopically (direct light and polarizing) for
cholesterol crystals, orange-red bilirubinate granules, or lecithin-
cholesterol liquid crystals. Aliquots from thoroughly mixed
bile specimens were analyzed in duplicate for total bile salts,
cholesterol, and phospholipids. Variation of less than 3%was
found between duplicate analysis.

Biliary lipid determination. Biliary phospholipids were
measured directly in native and artificial bile as inorganic
phosphorus by the method of Bartlett (41). Cholesterol was
determined with Carr and Drekter's modification (42) of the
original method of Abell et al. (43). Total bile salt concentra-
tion was measured enzymatically of the 3a-hydroxysteroid
dehydrogenase method of Talalay (44) as modified by
Admirand and Small (3).
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Data computation
Relative lipid composition is recorded as moles of choles-

terol, bile salts, and phospholipids per 100 moles of total lipids
(bile salts + lecithin + cholesterol) and total lipid concentra-
tion is expressed as grams per deciliter according to the weight
of the components and the final volume. Total lipid concen-
tration of native bile is derived from the sum of the concen-
trations of the components as estimated from the lipid analyses
employing molectular weights of 491 for mixed bile salts, 775
for biliary lecithin, and 387 for anhydrous cholesterol. Relative
lipid compositions are plotted as moles percent of total lipids
on triangular coordinates according to Admirand and Small (3).
TFo facilitate relative composition plots of biliary lipids in na-
tive bile according to their total lipid concentrations, the ap-
propriate cholesterol solubility value from the model system
is marked on a line describing the bile salt:lecithin ratio of the
satmple. With the uise of rectangular plots (45), cholesterol
satturation in mole percent cholesterol, "cholesterol x 100/
bile salt + lecithin + cholesterol (y)", is plotted vs. the molar
bile salt:lecithin ratio expressed as "lecithin/bile salt + leci-
thin (x)", and fifth-degree polynomial regressions were com-
ptuted for all variations in total lipid concentration and tem-
perature.3 A f:amily of computerized interpolated curves is
given for very small increments in total lipid concentration
between 0.30 and 30 g/dl at 37°C (0.15 MNaCl) and for tem-
peratllres between 5°C and 95°C (10-g/dl solutions, 0.15 M
NaCl) and all coefficients of x are tabulated. In addition these
data are plotted in rectangular format with a CALCOMP960
plotter (California Computer Products, Inc., Anaheim, Calif.).
Significance of data was obtained by a two-tailed Student's t
test for group comparisons.

RESULTS

Multiple mixture studies

Effects of physical chemical variables on equilib-
rium micellar solubilities of lecithin and cholesterol.
Maximum micellar solubilities of lecithin alone (no
cholesterol) in a(queous bile salt solutions as a function
of total lipid concentration, temperature, type of bile
salt, and added NaCl are shown as individual data
poinlts on the baselines of the triangular coordinates in
Fig. 1. It is noteworthy that bile salts differ in their
capacity to solubilize lecithin, NaTC > mixture
> TDC> TCDC(molar lecithin:bile salt ratio varies

fromn 2 -* 1.25 depending upon temperature). Solubil-

3 Fifth-degree p)olynomial regression: y = a + bx + cx2
+ drl3 + ex4 + &5 where a-f are constants (see Tables II
and III).

ity is maximal at 40C and decreases progressively as the
temperature is increased (data for NaTCshown in Fig.
ID). Decreasing the total lipid concentration results in
dramatic reductions in lecithin solubility which are
most pronounced at lipid concentrations less than 10
g/dl (Fig. 1C). Added NaCl also causes a modest reduc-
tion in lecithin solubility at 0.15 and 1.0 Mcompared
to H20 (Fig. 1F). All solutions with high lecithin con-
tent were viscous and exhibited a Tyndall phenomenon
(bluish opalescence).

The maximum micellar solubilities of cholesterol de-
termined at each bile salt:lecithin ratio (20 g/dl, 0.15 M
NaCl, 240C and 37°C), are illustrated as curves plotted
on the triangular coordinates in Figs. IA and B and as
families of curves as a function of total lipid concentra-
tion (Fig. 1C), temperature (Fig. ID), bile salt species
(Fig. 1E), and added NaCl (Fig. IF). In general, for
mixtures of the same total lipid concentration and tem-
perature at constant NaCl concentration, cholesterol
solubility first increases as the lecithin mole fraction
increases, from a low solubility in pure bile salt mi-
celles (data point on bile salt-cholesterol axis). After
reaching a plateau at intermediate lecithin contents,
cholesterol solubility declines steeply to reach zero
values at the limit of the bile salt-lecithin micellar
phase (data point on the bile salt-lecithin axis). At con-
stant temperature, increases in total lipid concentration
markedly increase maximum cholesterol solubility.
When the total lipid concentration is large (>2.5 g/dl),
big increases in concentration result in modest but pro-
gressive increases in cholesterol solubility, whereas
at low concentration the converse is the case. These
variations are most marked at high lecithin contents.
Temperature elevation at a constant total lipid concen-
tration also increases cholesterol solubility except for
micellar mixtures with the highest lecithin contents
where a reversed trend is observed (Fig. ID). In the
mixtures with a bile salt:lecithin molar ratio of 4:6, the
cholesterol solubility is low at 40C, peaks at 24°C and
decreases again at 370C, and is insoluble at 55°C. By
extrapolating the bile salt apex of the triangle through
the maximum cholesterol solubility at each tempera-
ture to intersect with the cholesterol-lecithin axis, the
maximum molar ratio of lecithin to cholesterol in the
saturated micelles is obtained (Fig. ID). These ratios

FIGURE 1 Triangular coordinate plots of equilibrium micellar cholesterol solubilities in
aqIueous bile salt-lecithin-cholesterol systems measured by the multiple mixture method (pH
7.0). The percentage of total moles of bile salt, lecithin, and cholesterol constituted by each
of the components are shown on the scales along the sides of truncated triangles enclosing
the micellar region. A. 24°C (NaTC, total lipid concentration 20 g/dl, 0.15 M NaCl). B. 37°C
(NaTC, 20 gIdl, 0.15 M NaCl). C. Variations in total lipid concentration (NaTC, 37°C, 0.15 M
NaCl). D. Variations in temperature (NaTC, 20 g/dl, 0.15 M NaCl). Maximum lecithin:
cholesterol molar ratios at the temperatures listed are indicated by arrows. E. Variations in
bile salt species (20 g/dl, 0.15 M NaCl, 37°C). F. Variations in NaCl concentration (NaTC, 20
g/dl, 37°C). (Tables of individual data points are available to the interested reader upon request).
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vary from 5:1 at 4°C to 1:1 at 95°C. In the absence of
lecithin, cholesterol solubility in NaTDCwas equal to
that in the bile salt mixture and was appreciably greater
than in NaTCDCwhich in turn was greater than in
NaTC (P < 0.05). These differences persist with small
additions of lecithin (e.g., 9:1 molar bile salt:lecithin
ratio); however no significant variation was found at
other ratios (P > 0.1). The cholesterol solubility with
added NaCl (Fig. 1F) indicates that in NaTC-choles-
terol systems (no lecithin) and in NaTC-lecithin sys-
tems with molar ratios of 9:1, small solubility incre-
ments occur as the NaCl concentration is increased
from H20 to 1.0 MNaCl (P < 0.01); however at molar
ratios of 8:2 to 5:5 no significant differences are found.
Increases in added NaCl significantly (P < 0.05) de-
crease cholesterol solubility at high lecithin contents
paralleling the decrease in lecithin solubility.

Metastable-labile limit and metastable zone. The
relative lipid compositions of the metastable-labile limit
are plotted in Fig. 2. Whencompared with the relative
compositions of the micellar phase boundary, the for-
mer are all significantly greater up to a NaTC:lecithin
molar ratio of 5:5 where the two sets of values coincide.
Thus the metastable zone which is enclosed by the two
curves (stippled area in Fig. 2) is most extensive in
the physiolQgical range of molar bile salt:lecithin ratios,
i.e., 9:1 to 6.5:3.5. The extrapolations on the right of
the figure show that the maximum molar ratio of leci-
thin to cholesterol varies from 3:1 at equilibrium to
3:2 at the metastable-labile limit.

Physical state and characteristics of equilibrated
phases. The physical state and characteristics of the
equilibrated phases observed both above and below
the micellar phase boundary at 24°C (20 g/dl, 0.15 M
NaCl) are summarized in Table I. Below the limit of
maximum cholesterol solubility the solutions were iso-
tropic by polarizing microscopy and gave a diffuse

X-ray scattering and the apparent partial specific vol-
umes (vi) in the absence of cholesterol increase pro-
gressively from that of pure bile salts in proportion to
the lecithin content, all consistent with the presence
of mixed micelles. The micellar solutions near the bile
salt-lecithin phase limit (molar NaTC:lecithin ratios of
5:5 and 6:4) exhibited a pronounced viscosity which
increased with added NaCl. The viscosity decreased
dramatically as the amount of solubilized cholesterol
was increased. In the case of the micellar system with
the highest lecithin contents, increases in temperature
induced precipitation of the micellar phase. In Fig. 3
the temperatures of phase separation or "cloud points"
for the 4:6 molar NaTC-lecithin mixtures are illustrated
as a function of NaCl concentration and cholesterol
content. For micellar solutions of identical lipid com-
position the cloud points are depressed significantly by
added NaCl and by increasing the cholesterol content.

The phases observed at equilibrium (0.15 M NaCl,
24°C) above the limits of maximum cholesterol solu-
bility are illustrated on triangular coordinates in Fig. 4.
With mole fractions of lecithin of 0.2 and less, the satu-
rated micellar phase is in equilibrium with a crystalline
cholesterol monohydrate phase and its structure was
verified by X-ray analysis (strong d[A] spacings at 33.5,
16.8, 5.9, and 3.8). With mole fractions of lecithin be-
tween 0.3 and 0.4, cholesterol crystals and a lamellar
liquid crystalline phase are in equilibrium with the
micellar phase well above the cholesterol solubility
limit, whereas only liquid crystals were observed just
above this limit. With mole fractions of lecithin greater
than 0.4 liquid crystals of lecithin and cholesterol co-
exist with an isotropic phase and no cholesterol crystals
were detected.

Cholesterol solubility from micellar phase analysis
after Milliporefiltration (proof of equilibration). The
relative compositions (moles/100 moles) of equili-

PERCENTLECITHIN

90 80 70 60 50 40
PERCENTr LE SALT

FIGURE 2 Triangular coordinate plot of the metastable-labile limit (- 0) and the maximum
equilibrium cholesterol solubility (O 0) in NaTC-lecithin-cholesterol systems (20 g/dl,
0.15 M NaCl, 24°C). The stippled area represents the metastable region. Maximum lecithin:
cholesterol molar ratios corresponding to each curve are indicated by arrows.
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TABLE I
Physical State of Phases above and below Equilibrium Cholesterol Solubility Boundary

(20 gldl Total Lipids, 0.15 MNaCl, 24°C, pH 7.0)

Less than satturated with cholesterol
NaTC: Greater than saturated with cholesterol
lecithin v (No

ratio Tyndall* Viscosity$ Microscopy cholesterol) X ray Direct and polarizing microscopy

10:0 (-) Fluid Isotropic 0.754 Micellar Large cholesterol monohydrate crystals.§
scattering After heating and cooling: cholesterol micro-

crystals.
No li(quid crystals.

9:1 (-) Fluid Isotropic 0.760 Micellar
scattering

8:2 (-) Fluid Isotropic 0.796 Micellar
scattering

7:3 (-) Fluid Isotropic 0.843 Micellar
scattering

Cholesterol monohydrate crystals.§
No liquid crystals.

Cholesterol monohydrate crystals.§
No liquid crystals.

Liquid crystals of lecithin + cholesterol just above
the solubility limit. Well above limit: Liquid
crystals + cholesterol crystals.

Slight birefringence. (Positive sign).

6:4 (-) Fluid Isotropic 0.860 Micellar Liquid crystals of lecithin + cholesterol."
scattering Few cholesterol monohydrate crystals.

Birefringence more obvious. (Positive sign).

5:5 (+ 1) Slightly
viscouls

Isotropic 0.881 Micellar Liquid crystals of lecithin + cholesterol-Maltese
scattering crosses obvious.

No cholesterol crystals.
Birefringence very obvious. (Positive sign).

4:6 (+2) Very
viscous

4:6
(H20)

Isotropic 0.915 Micellar Liquid crystals of lecithin + cholesterol, Maltese
scattering crosses obviouis.

No cholesterol crystals.
Birefringence obvious.

(+2) Viscous Isotropic

4:6 (+2)
(0.05 MNaCl)

Viscous Isotropic

Micellar Liquid crystals of lecithin + cholesterol. Maltese
scattering crosses.

No cholesterol crystals.
Birefringence obvious.

Micellar Liquid crystals of lecithin + cholesterol. Maltese
scattering crosses.

No cholesterol crystals.
Birefringence obvious.

* Based on an (1-5) arbitrary scale of blue light scattered at 90°.
t Viscosity qualitatively assessed from flow times in unopened tubes.
§ Cholesterol monohydrate structure confirmed by X-ray diffraction.
"With prolonged equilibration (1-2 mo) liquid crystals disappear in many of these mixtures probably due to surface adsorption
of lecithin onto the cholesterol monohydrate crystals. Liquid crystals reappear upon heating and cooling.

brated 2 or 3 phase mixtures (20 gIdl, 0.15 M NaCl,
24°C) and the final composition of the isotropic phase
after Millipore filtration or centrifugation are illustrated
on triangular coordinates in Fig. 5. The arrows join
the initial compositions to the corresponding relative
lipid composition of the separated micellar phases. The
maximum solubility of cholesterol thus obtained is in-
distinguishable from the maximum cholesterol solubil-
ity by observation of the entire series of tubes in the
multiple mixture method (Fig. LA). The results also

show that during filtration small amounts of lecithin
are removed with the insoluble phase when the leci-
thin content is low but the amounts removed are ap-
preciable when the lecithin content is high, i.e., the
direction of arrows in Fig. 5 do not correspond to the
interrupted semi-vertical lines of constant bile salt-leci-
thin composition. This confirms the removal of lecithin-
cholesterol liquid crystals which are in equilibrium
with the saturated micellar phase.

Thermodynamic analysis of cholesterol solubility
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FIGURE 3 Temperature of phase separation ("cloud points")
(by light scattering and polarizing microscopy) in 20-g/dl
mixed micellar solutions (NaTC:lecithin molar ratio 4:6) as a

function of added cholesterol and NaCl (maximum uncertainty
t+2°C in all points).
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FIGuRE 4 Triangular phase diagram showing the physical

state of all combinations of NaTC, lecithin and cholesterol

as 20-g/dl solutions in 0.15 M NaCl at 240C (polarizing

microscopy and X-ray analysis). The one-phase region gave a

diffuse X-ray scattering profile. The two-phase zone on the

left gave an X-ray diffraction profile consistent with choles-

terol monohydrate crystals in addition to micellar scattering.

The three-phase zone in the middle gave a mixed choles-

terol monohydrate and lamellar liquid-crystalline pattern
and the two-phase zone on the right gave a liquid crystalline
profile with isotropic scattering.

0 60 50 40 30 20 10 0
PERCENTBILE SALT

FIGURE 5 Abbreviated triangular coordinate plot of
equilibrium cholesterol solubilities (O 0) obtained by
micellar lipid analysis of microfiltered two- or three-phase
systems (0 0) (24°C, 0.15 M NaCl, pH 7.0). Constant
NaTC-lecithin compositions are indicated by the dashed
lines converging toward the cholesterol apex of the triangle.
Arrows which show both direction and change in relative
lipid compositions indicate that some lecithin in addition to
cholesterol was removed by the filters. The lipid concen-

tration of the initial mixtures was 20 g/dl, but after filtration
the concentration was slightly less because of removal of
cholesterol and lecithin-cholesterol liquid crystalline phases.

from multiple mixture data. Cholesterol solubilities
(37°C, 0.15 M NaCl) as a function of total lipid con-

centration for each bile salt-lecithin series are plotted
semilogarithmically in Fig. 6A. Once above a threshold
concentration (TCC), cholesterol solubility increases
linearly with the logarithm of the total lipid concentra-
tion. The data in Fig. 6A are replotted on Cartesian
coordinates in Fig. 6B as cholesterol solubility vs. total
lipid concentration minus the TCC. The increments
in cholesterol solubility for constant increments in total
lipid concentration minus TCC increase progressively
with the lecithin content up to a bile salt:lecithin molar
ratio of 7:3 and decreases slightly at the higher leci-
thin contents. The TCC concentration of total lipids
expressed as mMNaTC is compared with the apparent
critical micellar concentrations (CMCs) of NaTC-leci-
thin micelles estimated spectrophotometrically (46)
and by ultrafiltration4 at corresponding lecithin mole
fractions in Fig. 7. The TCC values are significantly
larger than the apparent CMCs at all lecithin mole
fractions by the spectrophotometric method (P < .001)
and coincides with some of the apparent CMCvalues
by ultrafiltration. However, in both the absence of leci-
thin and as the NaTC-lecithin phase limit is ap-

proached the TCCand the CMCvalues diverge appre-

ciably.
The effects of temperature on equilibrium choles-

terol solubility were estimated thermodynamically by

4Carey, M. C. Unpublished observations.
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employing the integrated form of the van't Hoff equa-
tion (47):

AH
log K = - + constant, (1)
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where K is the cholesterol solubility in moles per 100
moles of total lipids, AlH is the enthalpy (heat of solu-
tion), and R and T are the gas constant and absolute
temperature, respectively. In Fig. 8 the cholesterol
solubilities at each bile salt:lecithin ratio are plotted
logarithmically against the reciprocal of the absolute
temperature and the slopes, which are similar for both
total lipid concentrations, give the enthalpy values.
Employing the formula:

AG = -2.303RT log K1, (2)
where R and T have the usual meanings and K1 is the
molar solubility of cholesterol per 1,000 moles of total
micellar lipids, the free energy changes (AG) upon
cholesterol solubilization may be derived.

Because

TAS = AH - AG, (3)

the entropy changes (TAS) at corresponding lecithin
mole fractions were also calculated. These thermo-
dynamic data (kJ/mole, 37°C) demonstrate large positive
entropy and smaller enthalpy changes which are max-
imal at a lecithin mole fraction of 0.2 (Fig. 9). The
AG values are negative and vary slightly with the
lecithin content (Fig. 9).

NaTC- Lecithin
Molar Ratio

7/3

6/4
-30 5/5

8/2
~25-

~20-

tj*j ~~~~~~~~~~~~~~~~~~~9/I
i5-

1-I
I- 0/0

50 100 150 200 250 300 350 4(
TOTAL LIPID CONCENTRAT/ON-TCC(mmoi//i/er)

FIGURE 6 A. Maximum micellar solubility of cholesterol
(moles/100 moles total lipids) in NaTC-lecithin-cholesterol
systems (each with a fixed bile salt:lecithin ratio) as a func-
tion of the total lipid concentration (semilogarithmic plots,
37°C, 0.15 M NaCI). The approximate threshold concentra-
tions for cholesterol solubility (TCC) are indicated by
vertical arrows. B. Rectangular graphs of cholesterol solu-
bility (millimoles/liter of solution) for each bile salt-
lecithin system as a function of the total lipid concentration
minus the TCC (millimoles/liter of solution).
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LECITHIN (moi fractigon)

FIGuRE 7 TCCvalues (in millimolars NaTC) for each NaTC:
lecithin molar ratio vs. lecithin mole fraction. The critical
micellar concentrations (CMC) of NaTC-lecithin micellar
solutions estimated by the spectral shift method (O - U)
and by ultrafiltration (0- 0) (M. C. Carey, unpublished
observations) are plotted for comparison (0.15 MNaCl, 37°C).

Dissolution studies

Effects of physical-chemical variables on dissolu-
tion rates and final cholesterol solubilities. The dis-
solution rates and final cholesterol solubilities varied
with the bile salt:lecithin ratio, NaCl concentration,
shaking rate, and time. The percentage of saturation
with cholesterol as a function of bile salt:lecithin ratio
(0.15 MNaCl) and time is shown in Fig. 10. The time re-
quired for 50% saturation (horizontal dashed line) in-
creases progressively with the lecithin content, how-
ever saturation was not achieved by 40 days in mixtures
with the highest lecithin contents. The effects of added
NaCl on the rates of dissolution and the final micellar
cholesterol contents as a function of time are illustrated
for representative NaTC:lecithin ratios in Fig. 11A, B,
and C, respectively. The dissolution rates and the final
solubilities of cholesterol increase with NaCl in the
order H20 < 0.15 M< 1.0 M. As illustrated by the con-
tinued increase in cholesterol solubility during the
final week of dissolution in certain mixtures (Fig. IOC),
and by plotting the final solubilities at each NaCl con-
centration on triangular coordinates (Fig. 12A-C), it is
apparent that cholesterol solubility in mixtures contain-
ing the highest lecithin contents was much less than

I
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FIGURE 8 Semilogarithmic plots of cholesterol solubility
(moles/100 moles total lipid) as a function of the inverse
absolute temperature (103K-1) for each NaTC:lecithin molar
ratio (0.15 M NaCl) (0 0, 20 gldl; 0 0, 10 g/dl).
The enthalpy change (AH) associated with cholesterol solu-
bilization is derived from the slopes of the curves.
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FIGURE 9 Standard thermodynamic functions (in kJoules/
mole) for cholesterol solubility in NaTC-lecithin-cholesterol
micellar solutions vs. mole fraction of lecithin to bile salts
(37°C, 20 g/dl, 0.15 M NaCl). The enthalpy (AH) values
were calculated from the slopes of the curves in Fig. 8. The free
energy (AG) values were calculated from molar cholesterol
solubilities at 37°C. The entropy (TAS) values are the arith-
metic differences between AH and AG values.

that found in the multiple mixture study. These mix-
tures therefore had not reached equilibrium. Fig. 12D
shows the maximum cholesterol solubility achieved
without shaking ("unstirred dissolution") for 30 days
(10 g/dl, 0.15 MNaCl, 24°C). These values are all sig-
nificantly less than that achieved in the dissolution stud-
ies with continuous shaking or in the multiple mixture
methods.

Computed cholesterol solubility curves as a

function of total lipid concentration and
temperature

Triangular plots of both experimental and inter-
polated equilibrium cholesterol solubilities (from Fig.

14J

50

'R 8 g // NaTC: Lecithin

25 S A/ 8 2

1 5 10 15 20 25 30 35 40

DAYS

FIGURE 10 Dissolution rates of crystalline cholesterol in
10-g/dl NaTC-lecithin micellar solutions expressed as per-
centage of saturation vs. time in days (0.15 M NaCl, 24°C).
Results for NaTC:lecithin mixtures with a molar ratio of 4:6
are recorded in 1.0 M NaCl. The intersections of a hypo-
thetical vertical line with the curves represents percentage
of saturation at 24 h.

6A) for variations in total lipid concentration (37°C,
0. 15 MNaCl) and for variations in temperature (10 g/dl,
0.15 M NaCl) (from Fig. 8) are displayed as families
of curves in Fig. 13A, B, and C to encompass the physio-
logical range of molar bile salt:lecithin ratios. The ac-

tual total lipid concentrations and temperatures are

given in the legend whereas in the figure only the
highest and lowest values are marked. The family of
curves dramatizes the variations in the cholesterol solu-
bility phase boundary as total lipid concentration or

temperature are varied. Fifth-degree polynomial re-

gressions were then computed for these data as de-
scribed in Methods and these are displayed as rectan-
gular CALCOMP960 computer plots in Fig. 14A and
B (for variations in total lipid concentration and tem-
peratures, respectively), and the corresponding fifth-
degree polynomial coefficients of x are listed in Tables
II and III. The standard error about the curves from
1 g/dl-30 g/dl varies from 0.1-0.3, depending upon the
total lipid concentration with a slightly higher error at
concentrations less than this. Therefore a maximum un-

certainty of about +3% occurs between observed (ex-
perimental and interpolated) and predicted (from the
polynomial regression) values at low total lipid concen-

tration (1-2.5 g/dl) and no more than +1% at higher
concentrations (>2.5 g/dl). The maximum standard er-

ror in the polynomial equations for variation in tem-
perature is 0.3.
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FIGURE 11 (A,B,C) Dissolution rates of crystalline choles-
terol in 10-g/dl NaTC-lecithin solutions as a function of NaTC:
lecithin molar ratio, added NaCl concentration, and time at
24°C. Data expressed as micellar cholesterol concentration in
millimoles per deciliter of solution vs. dissolution time in
days. The slopes of the curves can be employed to give
the rates of dissolution under the conditions of each ex-

periment.

Relative lipid composition of gallbladder and
common hepatic duct biles plotted in relation
to maximum cholesterol solubility for each
relative and total lipid concentration

The absolute, relative, total lipid concentration, and
"percent cholesterol saturation" (48) of surgical
biles are tabulated in Table IV (gallbladder biles of
cholesterol, pigment stone, and control patients) and
Table V (hepatic biles of cholesterol, pigment stone,
and control patients). The control data for 18 morbidly
obese individuals without gallstones is taken from the
recent literature (49). In Fig. 15A-G triangular coordi-
nate plots of the relative lipid composition of each bile
is shown as a single data point. Through each point a

line is drawn to connect with the cholesterol apex of
the triangle thus describing the bile salt:lecithin molar
ratio of the sample. From the actual data shown in Fig.
13 the maximum predicted cholesterol solubilities
(370C, 0.15 M NaCl) for the corresponding total lipid

concentration were interpolated and plotted as the
short horizontal lines to intersect the lines of constant
bile salt-lecithin composition in Fig. 15. The continu-
ous phase boundaries are the maximum cholesterol sol-
ubilities for the averaged total lipid concentrations of
each set of biles and the interrupted phase boundaries
represent 10 g/dl solubility limits. The former corre-
spond to the maximum cholesterol solubilities in total
lipid concentrations of 2.6, 2.3, and 3.2 g/dl (hepatic
biles) and 9.0, 10.2, 10.9, and 14.9 g/dl (gallbladder
biles). Of the cholesterol gallstone biles (subjects of
normal weight), 16/16 gallbladder biles and 12/12 he-
patic biles are supersaturated when analyzed in this
fashion. Of the pigment gallstone biles, 7/14 gallblad-
der biles and 8/10 hepatic biles are supersaturated. Of
controls, 5/10 gallbladder biles and 7/8 hepatic biles
are supersaturated and of the morbid obese subjects,
4/4 gallbladder biles from the stone group and 17/18
control biles are supersaturated (the latter only com-
pared to average solubility criteria for 10 g/dl total lip-
ids). When the relative compositions are compared to
the mean cholesterol solubility limits for the average
total lipid concentration in each group or for a constant
10-g/dl line, fewer in each group are supersaturated.
From the plots of relative composition of each bile,
the percent cholesterol saturation (48) is calculated
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FIGURE 12 Triangular coordinate plots of final cholesterol
solubilities in 10-g/dl NaTC-lecithin micellar solutions by
dissolution at 24°C; (A) in H20 (no added NaCl), (B) in 0.15 M
NaCl, (C) in 1.0 M NaCl, and (D) "unstirred" dissolution
in 0.15 MNaCl.
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FIGURE 13 Interpolated curves for maximum equilibrium solubility of cholesterol in bile salt-
lecithin-cholesterol micellar systems in 0.15 MNaCl for bile salt:lecithin molar ratios between
10:0 and 5:5; (A) As a function of total lipid concentration (from bottom up 0.25, 0.35, 0.45, 0.55,
0.65, 0.70, 0.80, 0.90, 1.25, 1.75, and 2.5 g/dl) at 37°C; (B) as a function of total lipid
concentration (from bottom up 0.3, 0.4, 0.5, 0.6, 0.75, 1.0, 1.5, 2.0, 3.0, 4.0, 5.0, 7.5, 10.0, 12.5,
15.0, 17.5, 20.0, 25.0, and 30.0 g/dl) at 37°C; (C) As a function of temperature (in 5°C increments
between 50 [bottom curve] and 95°C [top curve]) as 10-g/dl solutions (the curves for 24 and
37°C are omitted).

graphically from the experimental curves (Fig. 13)
and mathematically from the computed curves (Fig.
14A) with the polynomial equation (Table II) for total
lipid concentration closest to that in the actual bile
sample (values listed in Tables IV and V). This tabulation
shows that the mean errors in percent cholesterol
saturation between those calculated by hand measure-
ments from the triangular graphs and by solution of
the polynomial equations are -1% for gallbladder biles
and 2-5% for hepatic biles. In gallbladder biles from
cholesterol gallstone patients the mean percent
cholesterol saturation is 132/131% (normal weight in-
dividuals) and 199% (morbid obese individuals) (P

< 0.001). These values are significantly larger (P
< 0.001) than the corresponding values for gallbladder
bile of the pigment stone group (98%) and normal
weight controls (95/94%), and in addition, gallbladder
bile of the obese individuals without stones is signif-
icantly (0.001 < P < 0.005) more supersaturated (139%)
than control subjects without stones. Fasting common
hepatic duct biles are considerably more super-
saturated than gallbladder biles (P < 0.001) from
cholesterol gallstone patients (273/264%), pigment
stone patients (228/211%), and normal weight controls
(257/262%). The differences between these groups is only
marginally (P < 0.05) significant by the triangular graph
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FIGURE 14 (A and B) CALCOMP960 computer plots of all regressions (except 0.30 g/dl) listed
in Tables II and III. The ordinate is percentage of cholesterol (y), i.e., 100 x (cholesterol)/(bile
salt) + (lecithin) + (cholesterol) and the abscissa is the lecithin mole fraction (x), i.e., (lecithin)/
(bile salt) + (lecithin) as a function of total lipid concentration (A) and as a fuinction of tempera-
ture (B). For the purpose of clarity only certain curves in each figure are labeled with the
appropriate concentration or temperatures (other physical-chemical conditions are the same as

described in Tables II and III).

method with percent cholesterol saturation in cho-
lesterol gallstone patients > normal weight controls
> pigment stone patients.

DISCUSSION

These systematic phase equilibria studies were under-
taken to filly define the solubility of cholesterol in bile

as a function of physical chemical conditions of im-
portance physiologically. In particular the effects of
total lipid concentration on cholesterol solubility, a

key variable ignored in previous studies, was care-

fully evaluated. Cholesterol solubility was also studied
as a function of temperature and ionic strength to gain
insight into the thermodynamics of cholesterol solti-

1012 M. C. Carey and D. M. Small

0
0

.~

0
0

CT

CD

CD

OD

<-(

CD

C- !O

(7

_X)

7
1- C-)

K' 7x



C
C

C
U-)

B

. 00

. 00

. so

bility, to investigate metastability in bile, and to ex-
plore how variations in ionic strength may have
influenced the results of previous studies (1, 3, 4,
6-10, 12, 13). To this end we employed two inde-
pendent methods to saturate the micellar solutions
with cholesterol. In the multiple mixture (coprecipita-
tion) method we approached equilibrium from the side
of supersaturation and in the dissolution method we
approached equilibrium from the side of unsatutation.
Weconfirmed that equilibrium was achieved and that
the final values were unreiated to whether it was
approached from above or below. (Exceptions in the
dissolution study are discussed below.) In addition,

lipid ahalysis of the separated micellar phases from
equilibrated multiphase mixtures provided the same
values for cholesterol saturation as obtained by obser-
vation of the entire series of tubes. Calculated stand-
ard thermodynamic functions reveal that the free
energies of cholesterol solubilization are small nega-
tive values (i.e., a spontaneous process). This is a result
of a large excess entropy term which drives the solu-
bilization process which is counteracted by a large
positive enthalpy term. Solubilization is most favorable
thermodynamically in the physiological range of bile
salt:lecithin ratios.

Species of lipids employed and influence on phase
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TABLE II
Fifth-Degree Polynomial Coefficients of x for Equilibrium Cholesterol Solubility as a

Function of Total Lipid Concentration (37°C, 0.15 MNaCl)

Concentration x x2 x3 x4 x5

gldl *

0.30 -0.008 13.45 -86.60 990.16 -5,469.71 8,666.69
0.35 -0.002 10.74 93.73 -969.14 2,911.62 -3,510,86
0.40 0.011 -7.67 698.11 -7,009.99 27,021.55 -36,531.01
0.45 0.006 -2.25 605.22 -6,152.51 23,514.46 -31,164.78
0.50 0.008 -4.83 672.23 -6,627.09 25,029.12 -32,769.21
0.55 0.066 31.87 -233.96 931.66 -606.97 -2,143.66
0.60 0.094 50.55 -679.99 4,542.47 -12,025.61 10,307.66
0.65 0.141 53.56 -724.38 4,764.68 -12,522.13 10,769.21
0.70 0.158 54.76 -746.32 4,991.66 -13,415.43 11,939.87
0.75 -0.027 62.14 -810.20 5,188.01 -13,540.30 11,774.33
0.80 0.248 49.91 -648.23 4,333.60 -11,589.00 10,216.55
0.90 0.357 44.73 -505.03 3,206.66 -8,273.45 7,023.95
1.00 0.416 42.64 -441.77 2,707.78 -6,777.98 5,564.11
1.25 0.557 34.56 -272.92 1,513.09 -3,352.69 2,266.67
1.50 0.675 35.21 -292.25 1,715.85 -4,069.94 3,076.93
1.75 0.768 31.93 -234.92 1,438.50 -3,584.50 2,856.41
2.00 0.785 35.54 -264.10 1,543.36 -3,794.87 3,076.92
2.50 1.000 29.84 -175.46 1,138.14 -3,147.43 2,846.15
3.00 1.117 30.68 -177.39 1,111.18 -2,986.25 2,635.90
4.00 1.305 28.90 -141.83 948.25 -2,699.30 2,461.54
5.00 1.464 26.32 -99.24 721.82 -2,177.74 2,025.64
7.50 1.703 23.19 -43.49 439.10 -1,570.28 1,553.84

10.00 1.911 21.28 -12.91 308.51 -1,324.94 1,374.36
12.50 2.001 19.51 41.74 -27.04 -537.99 738.46
15.00 2.121 21.34 14.14 122.81 -845.57 948.72
17.50 2.223 22.39 -12.36 362.51 -1,583.23 1,661.54
20.00 2.334 22.31 3.80 217.99 -1,134.15 1,215.38
25.00 2.450 19.76 61.22 -122.34 -325.17 543.49
30.00 2.580 17.79 95.64 -294.84 29.72 282.05

* Concentration of total lipids in bile.

equilibria. It has been demonstrated previously that
the molecular function of bile salts and lecithin in
relationship to the micellar solubilization of cholesterol
are distinctly different (1, 2-5, 11, 14). By themselves,
different bile salts exhibit different though inefficient
capacities to solubilize cholesterol (1, 4, 7, 11) a re-
sult confirmed in this work (i.e., NaTDC physiologi-
cal mixture > NaTCDC> NaTC). Nevertheless, we
found in this investigation as had been suggested
previously (3), that with the addition of small amounts
of lecithin these differences were no longer apparent.
We show that a mixture of taurine-conjugated bile
salts gave results identical to any one taurine-conju-
gated bile salt, provided the mole fraction of lecithin
to bile salt was at least 0.2 and not greater than 0.5 (i.e.,
spanning the physiological range of bile salt-lecithin
ratios) and provided the total lipid concentration was
kept constant. Most of our studies were therefore
carried out with NaTC in the place of a bile salt mix-

ture. This approach seemed further validated by earlier
phase equilibria studies. McBain et al. (50) had shown
that a binary soap-water phase diagram of a commercial
soap (a mixture of several soaps) was almost identical
to those of pure soaps and Small et al. (34) demon-
strated that a mixture of conjugated bile salts acted
as a single component giving a ternary bile salt-leci-
thin-water phase diagram very similar to the one in
which sodium cholate was employed. No significant
influence of the lecithin species on cholesterol solu-
bility in mixed bile salt micelles has been detected in
other studies provided the lecithins contain long chain
mnixtures of saturated and unsaturated fatty acids (5).
Thus, in the present study we employed egg yolk leci-
thin which contains a fatty acid chain distribution
similar to human biliary lecithin (8). Even though egg
lecithin (or biliary lecithin) is in reality a mixture of
phosphatidylcholines, it nevertheless acts as a single
component in excess water (34). In accordance with the
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TABLE III
Fifth-Degree Polynomial Coefficients of x for Equilibrium Cholesterol Solubility as a

Function of Temperature (10 gldl, 0.15 MNaCI)

Temperature x I2 X3 X4 X5

"C 103K-'*

5 3.59 1.19 14.36 -102.00 925.13 -2,686.83 2,394.87
10 3.53 1.22 18.02 -118.43 951.10 -2,681.81 2,365.23
15 3.47 1.34 22.19 -154.08 1,110.27 -3,035.31 2,671.79
20 3.41 1.58 18.88 -91.74 799.38 -2,421.09 2,251.28
23 3.37 1.57 23.83 -147.70 1,174.42 -3,477.27 3,246.15
25 3.35 1.62 26.31 -187.78 1,409.33 -4,054.19 3,748.72
30 3.30 1.77 16.91 8.54 231.34 -1,245.92 1,425.64
35 3.24 1.93 16.54 52.37 -26.93 -692.77 1,005.13
37 3.22 2.00 14.49 109.68 -358.49 23.78 471.79
40 3.19 2.11 19.41 39.83 -9.03 -674.00 948.71
45 3.14 2.30 18.25 93.51 -317.33 -10.02 441.02
50 3.09 2.45 17.91 148.72 -679.40 825.76 -220.52
55 3.05 2.63 13.96 250.59 -1,243.96 2,021.45 -1,107.69
60 3.00 2.83 18.07 236.72 -1,249.32 2,115.62 -1,230.77
65 2.96 3.01 20.85 213.78 -1,109.08 1,736.72 -879.44
70 2.91 3.25 15.23 359.11 -1,961.34 3,661.19 -2,415.39
75 2.87 3.46 18.07 372.08 -2,102.18 3,996.97 -2,676.92
80 2.83 3.71 14.89 465.61 -2,650.58 5,228.91 -3,651.28
85 2.79 3.92 14.03 533.07 -3,047.61 6,054.67 -4,241.03
90 2.75 4.18 16.06 570.57 -3,356.31 6,816.20 -4,866.67
95 2.72 4.38 20.54 551.13 -3,320.78 6,756.41 -4,810.26

* Reciprocal degrees Kelvin x 103.

principles of the Gibbs phase rule we designed our
experiments so that the total lipid concentration (and
other variables) were kept constant while the influence
of a dependent variable was being systematically
examined. Wehave demonstrated that the solubility
of cholesterol, except for mixtures with the highest
lecithin content, increases progressively with increases
in both the total lipid concentration and temperature.
Further the solubility of cholesterol was invariant with
added NaCl at intermediate (physiological) bile salt:
lecithin ratios but increases at high bile salt:lecithin
ratios and decreases at low bile salt:lecithin ratios.
As the systems under study are four component sys-
tems (three lipids + one solvent) their relative com-
positions should be graphically represented as points
within a regular tetrahedron. However we have
appreciably simplified the system by fixing the aqueous
solvent concentration and then plotting the molar
percentages of bile salt, lecithin, and cholesterol on
triangular coordinates (3). Apart from conformity to
the phase rule and the increased comprehension of
the molecular interactions of the lipids the practical
advantages of this method are that (a) the effects of
bile salts and lecithin are not strictly additive and can
be judged separately, (b) the composition of the phases
in equilibrium with the saturated micellar phase can be

plotted, and (c) the cholesterol solubility with varia-
tions in total lipid concentration (and temperature)
can be interpolated graphically for any native bile
sample once the bile salt:lecithin ratio and total lipid
concentration are known.

Influence of equilibration methods on phase equi-
libria. A system is defined as being in physical and
chemical equilibrium when no further change in the
composition or properties of the phases (i.e., phase
boundaries) can be detected with time, provided other
variables (i.e., temperature and pressure) are not al-
tered. At equilibrium, the free energy is at a minimum
as the system is unable to do further work (i.e., the
Gibbs free energy per mole is identical throughout
the system and the sum of the products of the chemi-
cal potentials of the reactant species and their mole
fractions is constant). The condition of true equilibrium
(in contrast to apparent or pseudoequilibrium) was
tested by employing certain classical criteria, (a) the
equilibrium condition was sensitive to changes in ex-
ternal conditions, thus when the temperature was in-
creased more cholesterol was dissolved and the re-
verse occurred on cooling, (b) the concentrations and
physical states were independent of time once equi-
librium was reached, and (c) the same equilibrium con-
centrations and physical states were obtained when
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TABLE IV

Absolute, Total, and Relative Biliary Lipid Composition Data and Calculated "Percent Cholesterol Saturation"
Values of Gallbladder Biles from Gallstone Patients and Controls

Percent cholesterol
saturation from

Composition Composition
Total Triangular Polynomial

Patients Bile salt Lecithin Cholesterol lipids Bile salt Lecithin Cholesterol graphs equations

mg/dl gidl %total mol N

Gallbladder biles: Cholesterol gallstone patients*

A. L. 5,450.1 1,863.0 510.0 7.8 74.9 16.3 8.9 159 158
E. S. 7,684.2 4,250.0 905.0 12.8 66.7 23.4 10.0 130 128
M. P. 11,587.6 4,313.0 1,115.0 17.0 73.6 17.4 9.0 130 131
M. W. 4,369.9 2,275.0 680.0 7.3 65.5 21.6 12.9 184 184
K. M. 4,050.8 2,037.5 330.0 6.4 70.3 22.4 7.2 111 105
M. M. 8,960.8 3,825.0 790.0 13.6 72.3 19.6 8.1 114 116
S. K. 6,014.8 2,600.0 475.0 9.1 72.8 19.9 7.3 112 108
C. A. 10,311.0 4,975.0 925.0 16.2 70.4 21.5 8.0 105 105
D. H. 7,144.1 2,512.5 526.7 10.2 76.0 16.9 7.1 118 118
M. F. 3,314.3 1,900.0 368.4 5.6 66.5 24.1 9.4 136 138
J. C. 12,029.5 4,725.0 1,266.7 18.0 72.3 18.0 9.7 137 137
T. T. 5,990.2 4,262.5 996.7 11.3 60.2 27.1 12.7 151 151
R. H. 2,749.6 2,025.0 248.3 5.0 63.2 29.5 7.3 101 100
W. F. 5,017.8 2,468.4 502.0 8.0 70.6 20.9 8.5 129 128
B. R. 10,229.6 4,865.4 1,464.9 16.6 68.6 19.6 11.8 159 155
C. N. 6,840.0 2,858.4 679.5 10.4 72.3 18.7 8.9 139 136

Mean 10.9 69.8 21.1 9.2 132 131

Gallbladder biles: Cholesterol gallstone patients with morbid obesity*

L. T. 9,882.4 6,878.5 2,139.0 18.9 59.6 24.9 15.5 176 173
J. R. 3,405.9 3,165.4 733.3 7.3 55.0 30.7 14.3 186 181
T. V. 3,423.9 2,473.6 828.3 6.7 58.0 25.1 16.9 220 220
R. S. 1,836.2 1,149.8 338.7 3.3 62.6 23.5 13.9 214 221

Mean 9.0 58.8 26.1 15.2 199 199

* Cholesterol monohydrate crystals were observed microscopically in the fresh gallbladder biles from all patients
except D. H. and R. H.
t Amorphous bilirubinate granules were observed microscopically in all biles from these patients. No cholesterol
crystals were seen.
§ No cholesterol monohydrate crystals or amorphous bilirubinate granules were observed in the fresh biles of any
control subjects.

equilibrium was approached from two directions, i.e.,
from unsaturation and supersaturation, respectively (in
the dissolution studies certain mixtures with high leci-
thin contents never reached equilibrium over the
limited period of observation). A distinction must be
drawn between real or true equilibrium and the much
more common state of pseudoequilibrium such as oc-
curred in most previous studies on these systems (see
later discussion). Pseudoequilibrium is a state of
quiescence in a system in which all action has ap-

parently ceased. In such cases the system may be re-
garded formally at least as undergoing change, i.e.,
moving towards a state of true or real equilibrium,
but with such slowness that no change is observed
over the finite period of observation. This state, never-
theless, does not satisfy the criteria of true equilibrium
outlined above. Unfortunately, in all previous physical-
chemical studies on model bile systems ( 1-13) the state
of true equilibrium was never verified by an inde-
pendent method. Some characteristic reasons for
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TABLE IV (Continued)

Percent cholesterol
saturation from

Composition Composition
Total Triangular Polynomial

Patients Bile salt Lecithin Cholesterol lipids Bile salt Lecithin Cholesterol graphs equations

mg/dl gidl %total mol %

Gallbladder biles: Pigment gallstone patients t

8.7
4.7
7.3
5.4
5.5
9.7
8.1
3.1
9.5
3.2
4.4
4.8
6.4
8.0

6.3

124 124
71 73

126 122
84 83
95 94

147 148
117 117
59 59

112 110
89 91
67 67
71 70

103 107
110 108

98 98

Gallbladder biles: Control subjects without stones§

3.3
7.1
2.3
7.8

10.9
7.5
4.6
6.1
8.9
6.0
7.8
8.0

6.7

79
120
30
93

131
97
61
90

105
105
130
97

95

77
117
31
91

132
97
61
89

107
107
128
95

94

Gallbladder biles: Control morbid obese subjects without stones

Bennion and Grundy's 18 patients (49)
? 64.9 24.4 10.8 139 139

pseudo- or nonequilibrium in these systems are worth
emphasizing. Mufson et al. (13) showed that bile salt-
lecithin solutions can become isothermally super-

saturated with cholesterol when made by the multiple
mixture method and demonstrated that equilibration
took as long as 12 days. In the present multiple mix-
ture studies this phenomenon also occurred but most of
our systems took no more than the 3-5 days to reach
equilibrium at room temperature and less time at

higher temperatures. The type of organic solvent em-

ployed during coprecipitation of the multiple mixtures
may be important. It has been suggested (51) that
metastable supersaturation of lecithin-cholesterol lipo-
somes can occur if the lipid mixture is prepared from
chloroform but not from ethanol. It is possible that
the prolonged supersaturation observed by Mufson et
al. (13) and others may have been a result of the use of
chloroform or the incomplete removal of other organic
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R. G.
D. M.
E. G.
G. H.
E. D.
M. D.
J. R.
G. W.
J. M.
P. K.
D. O'C.
J. H.
R. B.
F. K.

8,396.1
1,453.4
9,108.1

11,906.8
9,451.8
2,455.0

11,661.3
5,892.0

11,833.0
3,044.2

12,078.6
2,946.0
2,833.1
5,451.2

3,600.0
1,238.0
3,125.0
3,975.0
2,875.0
1,403.2
4,387.5
1,775.0
6,862.5

550.0
4,150.0
1,700.0
1,313.0
3,022.5

804.0
88.4

685.0
653.4
513.3
284.2

1,003.3
175.4

1,333.3
86.7

533.3
158.3
200.5
526.5

12.8
2.8
9.5

16.5
12.8

4.1
17.1

7.8
20.0

3.7
16.8

4.8
4.4
9.0

10.2

71.7
61.8
76.2
78.1
79.3
66.3
74.2
81.4
66.2
86.9
78.5
69.7
72.4
69.0

73.7

19.5
33.4
16.6
16.5
15.3
24.0
17.7
15.5
24.3

9.9
17.1
25.5
21.2
23.0

20.0Mean

H. DeP.
A. D.
J. 0.
J. B.
F. M.
M. A.
F. L.
R. M.
F.B.
M. L.
J. N.
G. C.

8,003.3
8,101.5
8,518.9

15,466.5
6,824.9

13,207.9
11,622.0

8,396.1
7,266.8
6,235.7

12,373.2
11,734.9

1,525.0
2,613.0
4,025.0
8,100.0
4,437.0
5,887.5
5,112.5
3,400.0
4,862.5
2,100.0
3,712.5
6,300.0

243.8
590.0
198.8

1,370.0
933.3

1,080.0
561.7
536.7
793.3
381.7
978.3

1,071.7

9.8
11.3
12.7
24.9
12.2
20.2
17.3
12.3
12.9

8.7
17.1
19.1

14.9

86.3
77.1
75.2
69.2
63.0
72.1
74.6
74.6
64.0
77.5
77.5
68.7

73.3Mean

10.4
15.8
22.5
23.0
26.0
20.4
20.8
19.3
27.1
16.5
14.7
23.4

20.0

Mean



TABLE V

Absolute, Total, and Relative Biliary Lipid Composition Data and Calculated "Percent Cholesterol Saturation"
Values of CommonHepatic Duct Biles from Gallstone Patients and Controls

Percent cholesterol
saturation from

Composition Composition
Total Triangular Polynomial

Patients Bile salt Lecithin Cholesterol lipids Bile salt Lecithin Cholesterol graphs equations

mg/dl gidl %total mol %

Commonhepatic duct biles: Cholesterol gallstone patients*

1,914.9 878.0 255.0
751.2 513.0 235.5

4,075.3 1,443.8 355.0
1,806.9 1,168.0 397.5
1,129.3 554.2 166.3
1,291.3 914.6 220.4
5,234.1 2,257.0 391.3

883.8 647.5 242.1
2,617.0 1,122.9 214.6
1,571.2 1,172.0 408.3

270.1 170.0 108.2
1,266.8 1,112.5 378.5

3.1 68.6 19.9
1.5 54.6 23.6
5.9 74.9 16.8
3.4 59.2 24.3
1.9 66.8 20.8
2.4 60.1 26.9
7.9 73.1 20.0
1.8 55.2 25.6
4.0 72.7 19.8
3.2 55.5 26.2
0.6 52.3 20.9
2.8 51.7 28.7

Mean 3.2 62.1 22.8

Commonhepatic duct biles: Pigment gallstone patientst

438.0 259.5 99.9
346.2 313.8 60.7

1,448.5 615.7 146.7
589.2 362.5 137.9

5,622.0 1,981.0 367.5
1,694.0 1,293.8 350.0

849.4 797.5 113.3
653.0 246.3 21.3
967.3 662.5 169.2

1,964.0 687.5 73.3

0.8 60.1 22.5
0.7 55.6 32.0
2.2 71.6 19.3
1.1 59.3 23.1
7.8 76.3 17.2
3.3 57.3 27.7
1.8 56.7 33.7
0.9 78.1 18.7
1.8 60.4 26.2
2.7 78.8 17.5

Mean 2.3 65.4 23.8

Commonhepatic duct biles: Control subjects, without stones§
144.9 42.5 14.4
392.8 171.9 53.8
805.2 457.5 104.2

1,099.8 912.5 290.0
1,463.2 657.5 75.0
2,381.4 1,431.3 352.5
2,258.6 1,503.2 282.9
2,538.7 950.0 200.0

0.2 76.2 14.2
0.6 68.9 19.1
1.4 65.6 23.6
2.3 53.8 28.3
2.2 74.1 21.1
4.2 63.8 24.3
4.1 63.3 26.7
3.7 74.7 17.7

2.6 66.3 23.0

9.6
12.0
10.8
18.0
4.8

12.0
10.1
7.5

10.7

640
375
208
281

92
174
140
143

736
320
202
278

96
179
146
141
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A. L.
E. S.
M. P.
M. W.
K. M.
M. M.
S. K.
C. A.
D. H.
M. F.
J. C.
T. T.

11.6
21.7

8.3
16.5
12.5
13.0

6.9
19.2

7.6
18.3
26.8
19.6

15.2

211
402
151
243
240
197
106
310
135
265
705
319

273

209
375
173
254
238
204
108
317
133
272
601
288

264

R. G.
D. M.
E. G.
G. H.
E. D.
M. D.
J. R.
G. W.
J. M.
P. R.

17.4
12.4

9.2
17.6

6.4
15.0

9.6
3.2

13.4
3.7

10.8

363
496
192
344
110
217
166
90

216
82

228

222
464
191
347
111
223
163
88

225
81

211

H. DeP.
A. D.
J. 0.
F. M.
F. L.
R. M.
F. B.
M. L.

Mean

* Cholesterol monohydrate crystals were observed microscopically in the fresh hepatic biles from all patients except
M. M., C. A., D. H., J. C., and T. T.
I No bilirubinate granules or cholesterol crystals were observed microscopically in any bile sample.
§ No crystals or bilirubinate granules were observed in the bile of any subject.
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solvents although the exact conditions were not
specified in these reports.

Another important source of error that deserves
comment is that individual lipid components in the
multiple mixtures may precipitate at different rates
during evaporation of the organic solvent. The possi-
bility of this occurring depends upon the differential
solubilities of the individual lipids in the organic sol-
vent and on the rates of drying. In a series of pre-
liminary experiments5 we found that cholesterol may
precipitate before the bile salt and lecithin particularly
if the rate of initial drying was slow (>1 h). Thus when
aqueous solvent was added, the resulting mixture was
in fact a system of cholesterol microcrystals under-
going dissolution in bile salt-lecithin micelles. The
slow dissolution rates for cholesterol in such a system
(see Fig. 11) would obviously delay equilibration for
many days or weeks. An important and self-evident
point about the multiple mixture method is that one
must make enough mixtures with small increments in
the amount of cholesterol between mixtures to be
sure that a valid equilibrium value has been obtained K
(see Methods). Our values have an experimental un-
certainty of at most ±0.16-0.32 mol % of cholesterol 8
which is well within the experimental error. Finally, the
demonstration that the lipid composition of the micel- K
lar phase when separated from the solid phases was
identical to the equilibrium values obtained from ob-
servation of the whole series of mixtures indicates M
that the micellar phase was indeed in true equilibrium c
with no net transfer of cholesterol and lecithin from
one phase to another. Even though filtration (or ultra-

5 Carey, M. C. Unpublished observations.

FIGURE 15 Relative lipid compositions of fasting gallbladder
(A-D) and common hepatic duct (E-G) biles from patients
with cholesterol gallstones, pigment gallstones, and con-
trols. The lines extending to the base of the triangle are
the bile salt-lecithin constant composition lines. Horizontal
short lines represent the maximum cholesterol solubility for
the appropriate total lipid concentration and bile salt:
lecithin ratio of the sample. The interrupted phase boundary
is drawn for 10-g/dl total lipids and the continuous phase
boundary is drawn for the average total lipid concentration
in each set of samples. (A) Cholesterol gallstone patients
of normal weight:mean total lipid concentration, 10.9 g/dl.
(B) Morbid obese patients with (0) and without (0) stones:
mean total lipid concentration, 9 g/dl (stone patients). (C)
Pigment stone patients of normal weight:mean total lipid
concentration, 10.2 g/dl. (D) Normal weight controls (no
stones):mean total lipid concentration, 14.9 g/dl. (E) Choles-
terol gallstone patients of normal weight:mean total lipid
concentration, 3.2 g/dl (hepatic bile). (F) Pigment stone pa-
tients of normal weight:mean total lipid concentration, 2.3
g/dl (hepatic bile). (G) Normal weight controls:mean total
lipid concentration, 2.6 g/dl (hepatic bile). PERCENTBILE SALT
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centrifugation) and analysis of separated micellar
phases has been popular in previous studies most
investigators (2, 5-7, 11, 13) assayed for only the
cholesterol content whereas in fact the bile salt:
lecithin ratio is also altered (see Fig. 5).

In the cholesterol dissoluton studies we attempted
to maximize the rates of dissolution by employing a
very large surface area of anhydrous cholesterol and
rapid flow rates. Equilibration of the systems was
judged complete when no further increase in choles-
terol solubility occurred over the course of 8-10 days
(Fig. 11). The results which satisfied these criteria
were indistinguishable from experimental or inter-
polated data by the multiple mixture method. How-
ever, the rates of dissolution were progressively re-
tarded in proportion to the molar ratio of lecithin to
bile salt, a phenomenon previously recognized (29,
52) so that systems containing appreciable lecithin con-
tents failed to reach equilibrium as demonstrated by
the lack of agreement with the results of the multiple
mixture study (Fig. 12) and by the continued increase
in micellar cholesterol content up to the end of the ex-
periments (Fig. llC). It has been suggested that mi-
cellar diffusion to and from the crystal interface and an
interfacial barrier are the major rate limiting steps in
cholesterol dissolution (52). The former should be the
most important in our "unstirred" experiments whereas
the interfacial resistance is rate limiting in our
"stirred" experiments. As shown in Fig. 12D, satura-
tion of the micellar phase did not occur in 30 days under
"unstirred" conditions. The fact that the final choles-
terol content is maximal at a bile salt:lecithin molar
ratio of 7:3 strongly suggests that the linear increases
in the amount of cholesterol solubilized with increases
in the lecithin content is related to the greater capaci-
ties of mixed micelles of intermediate bile salt:lecithin
ratios to incorporate cholesterol.

The flow rates in the stirred dissolution experiments
were designed to be faster than the estimated diffusion
controlled limit (52) so that the overall dissolution
rates should only be controlled by the interfacial
resistance. Two observations support this possibility.
First, the presence of lecithin in the micelles retarded
the rates of dissolution (Fig. 10) in proportion to its
content. Secondly, dissolution rates were dramatically
accelerated with added NaCl concentration for all
lecithin contents. The most likely explanation for
these findings is that lecithin and bile salt molecules
may actually create an inhibitory interfacial monolayer
on the crystal surface either by physical adsorption or
phase partitioning. Added NaCl by inducing electro-
static shielding may accelerate dissolution by facili-
tating the approach of highly charged micelles to the
negatively charged crystal-solution interface.

Labile and metastable zones and physiological
significance of the metastable-labile limit. With in-

creases in temperature, cholesterol solubility in bile
salt-lecithin micellar solutions increases dramatically
giving micellar cholesterol:lecithin molar ratios which
vary from 5:1 at 4°C to 1:1 at 95°C. It is of interest that
an equimolar ratio is the maximum equilibrium solu-
bility of cholesterol in the lamellar liquid crystalline
phase of egg lecithin in water (53) and is independent
of temperature. Upon cooling, the micellar systems
become supersaturated and segregate into labile and
metastable regions in terms of cholesterol content. This
behavior can be rationalized by considering that the
driving force of precipitation is the degree of super-
saturation and the force opposing it is the energy re-
quired for nucleation. If El is the energy level of the
supersaturated solution and E2 the energy level in the
precipitate,

.E - AE=E2. (4)

For this process to occur spontaneously E2 must be
at a lower energy level than El by the amount of energy
AE. In practice it is found that this reaction may not
occur spontaneously for, as is well known, carefully
purified supersaturated solutions can be stored for
years without precipitation (39). Nucleation requires
that an energy of activation E3 be gained and the
closer El is to E3, the greater the likelihood of spon-
taneous precipitation. As a result of spontaneous
energy fluctuations in the system, certain nuclei
temporarily gain sufficient energy to overcome the
activation barrier (supercritical nuclei), with the result
that El - E3 and spontaneous precipitation occurs.

In the absence of chemical, colloidal, or mechanical
impurities, spontaneous precipitation from solutions
lying in the metastable region cannot occur as the
energy of spontaneous fluctuations can never exceed
E3. In practice, however, it is found that precipitation
does occur, as demonstrated in the case of precipita-
tion from the metastable region in the present study.
When nucleation in metastable solutions takes place,
it is because of "impurities" on whose surfaces
favorable conditions exist for an ordered assembly of
particles. Thereby the energy of formation of super-
critical nuclei is much reduced; i.e., E3 approaches
El and precipitation occurs. This phenomenon is often
called heterogeneous nucleation (as opposed to
homogeneous nucleation in labile systems) and is
probably the dominant form of nucleation in native
bile. For the sake of completeness it should be noted
that heterogeneous nucleation is a variant of epitaxial
nucleation but consideration of this special form of
nucleation will not be discussed further.

At the metastable-labile limit the micellar lecithin-
cholesterol molar ratio is about 3:2. The significance of
this boundary can be understood by considering the
areas occupied by lecithin and cholesterol molecules
in a lamellar liquid-crystal lattice and the area of
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water required for hydration of their polar head groups
(54). The minimum cross-section per hydrocarbon
chain of lecithin is about 20 A2 and of cholesterol is
about 37 A2. The unit area of a 2:1 (molar ratio) struc-
ture is therefore (2 x 20 + 0.5 x 37) = 59 A2. Liquid
water approximates hexagonal symmetry with a unit
area of 19 A2. Without significant perturbation, three
contiguous lattices (3 x 19 A2) would be required to
fit a 2:1 lecithin-cholesterol head group unit area. If
the mole fraction of cholesterol increases further a
break in the structure of the polar region would occur
(54). Thus at higher temperatures when the cholesterol-
lecithin mole fraction in micelles exceeds 0.5 the
water lattice is perturbed. This is consistent with
our observation that rapid precipitation occurs from
these mixtures. Below the metastable-labile limit, the
mole fraction of cholesterol to lecithin in micelles is
less than 0.5 and the water lattice is unperturbed.
Thus the tendency for precipitation is reduced, a fact
consistent with the metastability of these mixtures.

Novel variations in cholesterol solubility in systems
with high and low lecithin mole fractions. The
efficiency of cholesterol solubility by conjugated bile
salts can be roughly correlated with the average
aggregation number of the pure micelles just above
the CMC. The bigger the average micelle, the greater
its cholesterol solubilizing efficiency (18). These differ-
ences are minimized in the presence of increasing
NaCl concentrations, suggesting that even the small
micelles including those of NaTC can grow to an
optimum size under these conditions. In the presence
of small progressive additions of lecithin (provided
the total lipid concentration is kept constant) these
differences are reduced and eventually eliminated.
These results are consistent with the possibility that
at high bile salt:lecithin ratios the systems are spe-
cifically polydisperse, i.e., simple bile salt micelles
co-exist with some mixed bile salt-lecithin micelles.
With added NaCl either the simple micelles grow
sufficiently in size or a rearrangement of micelles to
form a greater number of mixed micelles occurs. Not
only are pure bile salt micelles inefficient solubilizers
of cholesterol but so are micelles with the highest
lecithin contents. Furthermore these micelles are only
capable of solubilizing cholesterol at concentrations
much above their apparent CMCs(Fig. 7).

The micellar solutions with the highest lecithin con-
tents exhibited reversible "cloud points" characteristic
of nonionic detergent systems. Because lecithin is a
zwitterion (i.e., effectively nonionic at pH 7.0), its
properties predominate when the micellar lecithin con-
tent is high. As shown by the effects of added NaCl,
the progressive shielding of the anionic charges of
the bile salt by counterion allows the mixed micelles
to increase their nonionic properties as indicated by
the lowering of the "cloud points" analogous to typical

nonionic detergents or nonionic-anionic detergent mix-
tures (55). It is of considerable interest that the Bragg
'd' spacings in the liquid-crystalline phases of the bile
salt-lecithin-cholesterol-water system (14, 16) decrease
with additions of cholesterol, suggesting progressive
dehydration of the lipid head groups, a finding consistent
with the lowering of the "cloud points" by added choles-
terol in the micellar phase. The pronounced viscosities
and Tyndall effects observed when a mole fraction of
lecithin reached 0.5 particularly in the absence of
cholesterol, also suggests that the micelles grow
enormously in size as the phase limit is approached.
Mazer et al. (56), with recently developed techniques
of laser light scattering, have demonstrated that these
micelles grow in proportion to the lecithin content
and exceed a mean hydrodynamic radius of -'100 A.
Finally, in this region of the micellar phase we also
found that the maximum solubility of lecithin (no cho-
lesterol) varied with the bile salt species in the order
NaTC > physiological mixture > NaTDC> NaTCDC
suggesting subtle differences in the composition of
these micelles (56).

Comparison with literature values for cholesterol
solubility in bile salt-lecithin model systems. To
analyze and compare past studies with the present
work we have replotted on triangular coordinates in
Fig. 16 (A-J), most of the results on cholesterol
solubility in bile-salt lecithin model systems from the
literature (shown as solid symbols). Wehave plotted
the equilibrium cholesterol solubilities from the
present work (Fig. 13) appropriate to the conditions of
temperature, ionic strength, and total lipid concentra-
tion employed in each study (shown as open tri-
angles). In some cases it was necessary to plot two
equilibrium lines (Fig. 16C, D, E, H) to encompass
inadvertent variations in total lipid concentration by
previous authors and the metastable-labile limit (Fig.
16B, F), to explain the pseudoequilibrium results ob-
tained by certain investigators. Isaksson (1) carried out
a multiple mixture (coprecipitation) study with se-
quential additions of ethanolic cholesterol to mixed
micellar solutions. As shown in Fig. 16A his data for
NaTCand NaTDCare in excellent agreement with the
present work at low lecithin contents but with in-
creasing lecithin contents his phase limits diverge
towards unsaturation. This is consistent with the fact
(57) that ethanolic cholesterol when added to aqueous
systems leads to microcrystalline precipitation with the
result that his mixed micellar solutions with moderate
lecithin contents would not have reached equilibrium
in 1 h by dissolution (see Figs. 11 and 12).

The deficiencies in Admirand and Small's work (3)
relate to the absence of physiologic ionic strength,
the short (24 h) equilibration times and the lack of a
lipid concentration effect. Their data shown as a single
line in Fig. 16B corresponds to the metastable-labile
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limit and diverges toward unsaturation at high lecithin
contents. As shown in the present work added NaCl
dramatically increases the equilibration rates by dis-
solution and also appears to promote equilibration of
bile salt-lecithin systems supersaturated by dilution
(46). Although direct proof is lacking the weight of
the evidence from our analysis of previous studies
(1-13) suggests that supersaturation of bile salt mixed
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micellar systems by coprecipitation is more prolonged
in the absence of physiological concentrations of neu-
tral electrolyte. The recalculated data of Neiderhiser
and Roth (4) shown in Fig. 16C span a range from 4.7
to 25 g/dl total lipids. All are appreciably super-
saturated with cholesterol when compared to the range
of correct equilibrium solubility values for these
concentrations (Fig. 16C). It is not obvious how these
systems could become supersaturated by dissolution
except because of inadvertent filtration of cholesterol
microcrystals when the micellar phase was separated
for analysis.

The results of Saunders and Wells (5) are of con-
siderable interest as cholesterol saturation was meas-
ured in dilute micellar solutions (1-2.5 g/dl) and the
results are identical to ours for these concentrations
(Fig. 16D). The deficiencies in Hegardt and Dam's
study (7) are related to the short dissolution times
for intermediate lecithin contents, the intraexperi-
mental variation in total lipid concentration (5-12
gIdl) and the fact that only micellar cholesterol was
assayed (7). The cholesterol solubility is higher than
for NaTC (Fig. 16E) at high bile:salt lecithin ratio, as
would be expected for a bile salt mixture (see Fig.
1E). However with increasing lecithin contents, the
results fall on the cholesterol solubility limits expected
for 5-gIdl and not the 12-g/dl limit from the present
study. Montet and Dervichian's study (8) was designed
to be similar to that of Admirand and Small except
for a doubling of the equilibration time and increased
ionic strength to 0.05 M Na+. Once again the meta-
stable-labile limit is approximated suggesting that in-
sufficient time was allowed for equilibration at the
unphysiological ionic strength employed (Fig. 16F).

The data of Holzbach et al. (9, 10) and our data are
similar (Fig. 16G). The expected solubility difference
for mixed bile salts in the absence of lecithin are ob-
served and approximates what we find for a similar mix-
ture of taurine conjugated bile salts in Fig. IE. In the

FIGURE 16 Cholesterol solubility values from other authors
represented by * 0 or * - * plotted on triangular
coordinates together with the range of equilibrium cho-
lesterol solubility curves for variations in total lipid con-
centration and the metastable-labile limit from the present
work. The lines represented by A A on each plot repre-
sent the correct cholesterol solubility limits or the meta-
stable-labile limit, appropriate to the experimental condi-
tions employed by each investigator. Two equilibrium lines
indicate an intraexperimental variation in total lipid con-
centrations and represents equilibrium cholesterol solubilities at
the high and low end of the range (see Discussion for further
details). (A) Isaksson, 1953-4(1); (B) Admirand and Small, 1968
(3); (C) Neiderhiser and Roth, 1968 (4); (D) Saunders and Wells,
1969 (5); (E) Hegardt and Dam, 1971 (7); (F) Montet and
Dervichian, 1971 (8); (G) Holzbach et al., 1973-75 (9, 10);
(H) Tamesue et al., 1973 (11); (I) Swell et al., 1974 (12); and
(J) Mufson et al., 1974 (13).
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physiologic range of lecithin contents, the phase limit
of Holzbach et al. is slightly lower than ours and at
higher lecithin contents, their results are slightly
higher. The most likely explanations for these dis-
crepancies is that Holzbach et al. carried out their study
in water in the absence of physiological ionic strength,
the original coprecipitated mixtures contained 10
g/dl, whereas the concentration of the lipids in the sepa-
rated micellar phase was not documented but must be
less. In actual fact their cholesterol solubilities ap-
proximate our 8-g/dl equilibrium values in 0.15 M
NaCl. Lack of consideration of the effects of variations
in total lipid concentration possibly explains why these
authors failed to reproduce their in vitro findings with
native bile. Tamesue et al. (11) plotted data (intra-
experimental variation in total lipid concentration
2.5-13.5 g/dl) that approximates the equilibrium
cholesterol solubility in the presence of lecithin for
variations in total lipid concentration between 2.5
and 6.0 g/dl. Unaccountably their tabulated data lies
in the metastable zone or actually above the meta-
stable-labile limit (Fig. 16H).

For variations in the bile salt:lecithin ratio at a
single total lipid concentration (8.5 g/dl) it can be
appreciated that the data of Swell et al. (12) falls sig-
nificantly above the true equilibrium lines and deviates
with increasing lecithin contents (Fig. 16I). This study
like that of Neiderhiser and Roth (4) provides data by the
dissolution technique in which the final solubility of
cholesterol is significantly higher than the true equi-
librium values. These results are paradoxical when
compared with the results of the present experiments
employing the dissolution technique in which by 4 h it
could be predicted (Fig. 10) that only the mixtures
with the smallest amounts of lecithin would be
saturated and all others should be appreciably un-
saturated.

The cholesterol solubilities of Mufson et al. (13) (by
dissolution) are all appreciably unsaturated compared
to the correct equilibrium cholesterol solubility values
(Fig. 16J) and this discrepancy widens in proportion
to the lecithin content. These solutions were not at
equilibrium due possibly to the low ionic strength
of buffer employed (0.05M Na+) and the short equi-
librium times (14 days). As shown in Fig. llB the
cholesterol solubility in a 7:3 bile salt-lecithin system
in water after 14 days dissolution should be 6.5 mol
%. This approximates the value of Mufson et al. at 14
days (5.8 mol %) for a bile salt:lecithin molar ratio of
7.3:2.7.

Gallbladder and hepatic biles of cholesterol and
pigment stone patients and controls. A large number
of studies have now been published in which the
relative lipid composition of bile from cholesterol gall-
stone patients has been compared with controls. In
most of these studies the relative lipid compositions

have been plotted on triangular coordinates and related
to one of the published cholesterol solubility limits
(usually from references 3, 7, and 9 or all three) and
the degree of cholesterol saturation has been qualified
as lithogenic index (58), cholesterol saturation index
(12), or percent cholesterol saturation (48), all based
arbitrarily on one of these (3, 7, 9) or on a derived
third-degree polynomial regression (45). We have
shown in this work that two of these phase limits
(3, 7) are erroneous and that the third (9) is imprecise
probably because the experiments were performed in
the absence of physiological concentrations of ionic
strength and at an uncertain total lipid concentration.
Thus, because the third-degree polynomial equations
of Thomas and Hofmann (45) was derived from the
pooled data of Hegardt and Dam (7) and Holzbach
et al. (9), it contains significant errors (maximum of
8% for a 10-g/dl total lipid concentration) when com-
pared with the present work. Secondly, it is almost a
formality to point out that as the total lipid concentra-
tion has a profound effect on the cholesterol satura-
tion of bile it is unreasonable to assume that a single
cholesterol solubility limit derived for an average lipid
concentration in bile can be applied to all individual
bile samples. As is apparent from Tables IV and V, the
total lipid concentration of bile can vary by two orders
of magnitude. We found that the range of lipid con-
centrations in hepatic duct bile varied between 0.2
and 7.9 g/dl (mean 2.7 g/dl) and in gallbladder bile
the range varied between 2.8 and 24.9 g/dl (mean 12
g/dl), variations essentially in agreement with the
extensive studies of Tera (30) and Isaksson (31).
Therefore in our studies the percent cholesterol saturation
(48) of each individual bile sample was obtained by plot-
ting on triangular coordinates its relative composi-
tion against the experimental or interpolated equi-
librium cholesterol saturation from the model system
appropriate to the total lipid concentration of the actual
sample (Fig. 15). In addition, the percent choles-
terol saturation of these biles are also calculated
from concentration-dependent fifth-degree poly-
nomials (Table II) appropriate to the total lipid con-
centration of each sample and compared to the graph
values. The agreement is remarkably good in the case
of gallbladder biles and slightly less so in the case of
hepatic biles (Tables IV and V). This observation is
important as it indicates that the polynomial chosen
need only be the computed mathematical function for
a total lipid concentration closest to that of the actual
sample especially in the case of gallbladder biles. With
more dilute biles it is probably necessary to employ
both the graph and polynomial methods to obtain the
most accurate values for percent cholesterol saturation.
The fifth-degree polynomials have a much smaller
standard error than sample-computed third-degree
polynomials for the same curves (2-3%) and therefore
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we believe this increased accuracy justifies the mathe-
matical complexities involved in their use.

One of the more interesting findings in our study is that
all gallbladder and hepatic biles from cholesterol gall-
stone patients are supersaturated with cholesterol.
Crystals of cholesterol were seen in 83%of gallbladder
and 58% of hepatic biles of patients with cholesterol
stones. This means that in well-mixed bile samples we
measured some of these in determining the composi-
tion of bile so that the percentage of cholesterol
saturation is augmented slightly (5- 10%)6 towards
higher supersaturation. Even though approximately
50% of pigment stone and control subjects have
supersaturated gallbladder biles, the means are un-
saturated and no cholesterol crystals were observed.
In addition, the fasting hepatic biles of cholesterol
gallstone patients are slightly more supersaturated
than the hepatic biles from pigment stone patients
and controls. Furthermore, the obese individuals with
or without cholesterol stones have the most super-
saturated gallbladder biles, being significantly more
supersaturated than normal weight gallstone patients
and controls. These studies clearly demonstrate that
supersaturated gallbladder bile accompanies choles-
terol gallstones without exception and that in the fast-
ing state at least, gallbladder bile is frequently super-
saturated with cholesterol in healthy man, in pigment
gallstone patients, and in morbidly obese individuals.
Furthermore, gallbladder and hepatic biles from
cholesterol gallstone patients were significantly more
supersaturated with cholesterol (even when cor-
rected by 5-10% for possible admixture with choles-
terol crystals; see above) than controls, confirming the
hypothesis that the absolute degree of supersaturation
is the important driving force for cholesterol precipita-
tion and gallstone growth.

These results provide a much more accurate patho-
physiological basis for gallstone formation and for the
high prevalence of gallstones in Western man (59, 60)
than previously published and confirm the fact that
cholesterol supersaturation of fasting hepatic bile is
the rule in both normal individuals and in patients
with gallstones (61). As the cholesterol content of a
large number of fasting hepatic biles fall well outside
the zone of metastability as defined in this work and
yet did not precipitate their excess cholesterol as judged
microscopically, one is forced to conclude that the meta-
stable region of native bile is much larger than found
with the model system. This suggests that the presence
of certain other quantitatively minor components in hu-
man bile or the absence of nucleating agents main-
tain cholesterol in metastable supersaturated solution
in most individuals. Nevertheless, the greater degree

6 Carey, M. C. Unpublished observations.

of cholesterol supersaturation in both the gallbladder
and hepatic biles of cholesterol gallstone patients when
compared to controls strongly suggests that this is the
predominant driving force for cholesterol precipitation
and gallstone growth.
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