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I. INTRODUCTION 

The past half decade has seen an explosion in the diet 

industry. No longer does the public consider food as 

primarily an enjoyable necessity or a contributing factor to 

general health and well-being. Many Americans fear certain 

foods as the cause of disease, relying on their diets to 

protect them from illness and the degenerative processes of 

aging. One author, Nathan Pritikin, claims to have found 

the cause and means of preventing conditions including 

atherosclerosis, hypertension, cancer, angina, ventricular 

fibrillation, senility, visual field reduction, and 

rheumatoid arthritis. His book, The Pritikin Program for 

Diet and Exercise (Pritikin and McGrady 1979), has rapidly 

gained popularity and become a best-seller. 

The diet, as prescribed in this book, provides 5-10% of 

kilocalories from fat, 10-15% from protein, and about 80% of 

kilocalories from carbohydrate. The major rationale for 

this unconventional caloric distribution is Pritikin's 

concept that dietary fat causes formed 

elements--particularly erythrocytes and platelets--to stick 

together and plug capillaries. According to this concept, 

dietary fat, in the form of chylomicrons, forms a film 

around erythrocytes which causes them to adhere to one 

1 



another. By reducing blood flow through the capillaries, 

dietary fat reduces tissue oxygenation. Pritikin indicates 

that this tissue hypoxia results in degenerative disease. 

2 

Dietitians and physicians have a responsibility to 

soundly evaluate nutrition claims such as Pritikin's. 

Because the hypothesis is untested, health professionals 

tend to discount it. Pritikin acknowledges that he bases 

his conclusions on available clinical data, experimental 

animal evidence, and "reasonable speculation". Apparently 

many health seekers are willing to accept this speculation 

as true. If health professionals fail to evaluate nutrition 

claims objectively and completely, the public will continue 

to seek "nutrition experts" from outside the medical 

community who will provide them with answers to their 

questions, even when these answers lack scientific support. 

Statement of the Problem 

Three hypotheses comprise Pritikin's concept: 1} 

dietary fat causes erythrocyte aggregation, 2} erythrocyte 

aggregation causes tissue hypoxia, and 3} 

aggregation-induced tissue hypoxia causes degenerative 

disease. The purpose of this research project is to 

evaluate the first hypothesis, that dietary fat causes 

erythrocyte aggregation, by examining the medical literature 

related to erythrocyte aggregation, discussing the 
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physiology of lipid metabolism, and performing original 

research. If support is found for the first hypothesis, the 

second and third hypotheses should be tested in later 

research. 



II. REVIEW OF LITERATURE 

According to Pritikin {Pritikin and McGrady 1979), 

chylomicrons form a fatty film around the formed elements in 

blood. Pritikin suggests that this film causes the blood 

constituents to stick together and occlude small blood 

vessels. This effect is said to occur soon after meals with 

a postprandial peak at 5 hours. Numerous investigators have 

studied this phenomenon over the past thirty years. Their 

writings both support and challenge the existence of a 

fat-induced blood cell aggregation. The purpose of this 

review is to examine the research related to fat-induced 

aggregation and the limitations of this research, to suggest 

alternative methods of investigating aggregation, and to 

discuss the physiological events which would be related to 

fat-induced aggregation. 

Types of Aggregation 

"Rouleaux" is a term referring to stacks of 

erythrocytes that normally form in uncoagulated blood, both 

in vivo and in vitro. The erythrocytes in rouleaux are 

loosely bound together, and normally do not occlude vessels. 

As rouleaux approach vessels of decreasing size, shear 

forces easily peel off erythrocytes. The physical causes of 

rouleau formation are not fully understood. 

4 



Agglutination is a less orderly clumping of 

erythrocytes. Agglutinated blood cells are at times 

distorted in shape. Agglutination can occur in response to 

cold, bacteria, bacterial products, antibodies, or coated 

antigens. 

5 

Knisely, Eliot, and Bloch (1945) used the term 

"sludging" to describe a disease-induced or shock-induced 

phenomenon in which blood cell aggregates slow blood passage 

in the capillaries. Many investigators borrowed this term 

and applied it to an aggregation that they observed after 

high-fat meals. The aggregation observed after high-fat 

meals includes extensive rouleau formation and 

agglutination. 

Lipid Ingestion Aggregation Studies 

Swank began his work on fat-induced erythrocyte 

aggregation in 1951 with a complex study involving numerous 

observations. He described erythrocyte clustering in blood 

smears under dark field illumination with and without 

anticoagulants (heparin, sodium citrate, sodium oxalate, and 

ammonium potassium oxalate). After 15 to 40-hour fasts, 

healthy human subjects and dogs were fed high-fat meals. 

Six to 9 hours after the high-fat meals, the tendency of 

erythrocytes to aggregate and become distorted in shape was 

reported to increase in two humans and five dogs who had 
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received 2 g of cream fat or other unspecified fat and 4 g 

of cream fat per kg body weight respectively. The distorted 

cells were described as spherical, with smooth, rounded 

projections. The tendency to aggregate was greatest as 

lipemia began to decline after a peak. Occasionally, 

erythrocyte aggregates were found in fasting blood, but the 

erythrocytes were not distorted. Erythrocyte sedimentation 

rates (ESRs), which were reported for the dogs only, usually 

decreased during peak lipemia from 3 to 6 hours after the 

meal, and increased from 6 to 14 hours after the meal. 

When Swank administered heparin intravenously, 

aggregation and distortion increased. The changes were 

greatest during fasting and 14 hours after meals. 

Intravenous heparin increased ESR when lipemia was absent, 

but decreased ESR during peak lipemia. 

Information has accumulated since Swank's report which 

relates to some of his observations. The cell deformations 

described and illustrated by Swank (1951 and 1959) are 

identical to echinocyte formation which is initiated by 

oxygenated sterol compounds, fatty acids, bile acids, 

barbiturates, and lysolecithin (Piomelli and Yachnin 1978). 

Unfortunately, the reason that echinocytes formed 6 to 9 

hours after feedings and in response to intravenous heparin 

during fasting is still not clear. 

Cullen and Swank (1954) observed aggregation in hamster 



cheek pouches after high-fat meals and after injections of 

high-molecular-weight dextrans (MW=210,000). The 

aggregation following dextran injection was associated with 

perivascular extravasation in the brain, revealed by 

injected trypan blue dye. No extravasation was associated 

with the high-fat meals. 

Swank (1959) reported four observations on rabbits fed 

meals of 3 to 4 g of cream fat per kg body weight. The 

rabbits became more sluggish, and their ears became 

hyperemic, and often dusky or cyanotic 2 to 4 hours after 

the meal. Heparinized smears of erythrocytes on dark field 

illumination appeared swollen and distorted with rounded 

projections 3 to 8 hours after fat ingestion. Three hours 

after the meal, examination of the conjunctivae (40x 

magnification) of eleven of eighteen rabbits revealed 

abnormal aggregation of the red blood cells in the small 

vessels and some slowing or cessation of blood flow. 

Ear-to-ear and leg-to-ear circulation times were determined 

by injecting Evans blue dye into one ear or hind leg and 

observing oximeter readings on the other ear. ESR was below 

normal one hour after the high-fat meals. No later ESRs 

were reported. Swank suggested that aggregation is a 

fundamental reaction of blood cells to high-molecular-weight 

substances and that aggregates reduce circulation by 

occluding small vessels. 

7 
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Swank and Nakamura (1960) endeavored to directly 

investigate the effects of high-fat feeding on tissue 

oxygenation. Using a voltmeter and platinum electrodes 

implanted in the brains of live hamsters and silver 

electrodes outside the hamster's bodies, they determined 

current levels flowing though tissues (Kalthoff and Lingane 

1952) • They showed that the current varied directly with 

the oxygen content of the air the hamsters breathed. The 

hamsters were fed either cream fat, a synthetic highly 

saturated fat, vegetable oils, cod liver oil, or safflower 

oil. Each fat was emulsified in skim milk so that each 

hamster received 30 mls of formula per kg body weight and 10 

g of fat per kg body weight. Assuming that changes in 

current flow were due mainly to changes in available oxygen 

in tissues, oxygen content decreased after fat feedings. 

The decrease was most pronounced approximately 6 hours after 

the feedings, and was more pronounced when hamsters were fed 

more saturated fats. 

In a second phase of Swank and Nakamura's study, cream 

meals of .9 g of fat per kg body weight produced 

approximately the same decrease in current as cod liver oil 

meals of 10 g of fat per kg body weight. Each of these 

meals contained approximately .75 g of saturated fat per kg 

body weight. The authors suggested that the amount of 

saturated fatty acids in the feeding was the major 
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determinant of the amount of decrease of available oxygen in 

tissues. No explanation was offered for the variability of 

effect of saturated and unsaturated fats. Pritikin and 

McGrady (1979, p. 12) indicate that all fats should have 

the same effect on tissue oxygenation, regardless of 

saturation. No microscopic observations of circulation were 

reported. 

Because the size of suspended particles affects the 

viscosity of a suspension, investigators reasoned that 

viscosity should increase if aggregation was actually 

occurring. Hamsters fed a diet containing about 50% of 

their kilocalories as animal fat for 5 to 7 days and then 

given a single fat meal of 2 to 3 mls of 35% fat cream (3 to 

10 g fat per kg body weight) almost always exhibited an 

increased viscosity of the blood (Swank 1954). Blood 

viscosities began to rise about 3 hours after the fat meal 

and peaked at 6 to 9 hours after the meal. Gross inspection 

of the viscera of these hamsters with elevated blood 

viscosities showed the following: (1) increased cyanosis of 

venous blood, (2) patchy or generalized hyperemia of the 

viscera, (3) engorged, prominent arteries, and (4) greatly 

reduced tendency to bleed from a vena cava puncture wound. 

When Swank (1956) fed cream meals (2 to 8 g of fat per 

kg body weight) to dogs, he observed little or no increase 

in blood viscosity. When the dogs were fed fat meals 
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weekly, twice weekly, or daily, they seemed to adapt. The 

resulting chylomicronemia and slight viscosity changes 

became less marked despite increases in meal size up to 8 g 

of fat per kg body weight. 

Gelin, Lars-Erik, Kerstell, and Svanborg (1967) 

reported a very slight increase (significance not reported) 

in four healthy human subjects' blood viscosities 2 hours 

after a breakfast of 100 mls cream containing 40 g of fat. 

There was no such increase in four hypercholesterolemic 

patients after the high-fat meal; however, the 

hypercholesterolemic subjects had slightly higher blood 

viscosities than the normal subjects throughout the study. 

Plasma triglycerides increased 2 hours after the cream meal 

in the normal controls and patients, and were consistently 

higher in the patients. When 100 mls of heparin was 

administered intravenously after the 2 hour postprandial 

blood draw, triglyceride levels decreased, free fatty acid 

levels increased, and whole blood viscosity decreased 

(P<.OS). Heparin stimulates release of lipoprotein lipase 

which hydrolizes the triglycerides of lipoproteins into 

fatty acids. The authors suggested that "heparin induced 

changes in blood viscosity are related to alterations in the 

plasma lipoprotein pattern. 

Begg and Hearns (1967) found "no support for the idea 

that alimentary lipaemia leads to red cell aggregation in 
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the hours following maximum lipaemia". Twelve healthy 

subjects and twelve subjects with heart disease consumed a 

breakfast of cream containing 75 g of fat. In the fifteen 

subjects in which triglyceride levels were determined, the 

mean triglyceride level rose, as would be expected. The 

mean fasting value was 96 mg per dl, the peak level was 165 

mg per dl at 4 hours postprandial. Although lipemia did 

increase, blood viscosities were not significantly altered 

4.5 and 7.5 hours after the meal. 

Taken together, these four studies on blood viscosity 

provide no clear evidence that aggregation of erythrocytes 

increases after high-fat meals. Although Swank (1954) 

demonstrated major effects on the circulation in hamsters, 

he did not show that the effects were from aggregation and 

not thrombosis. The observation that high-fat meals did not 

significantly affect blood viscosity in dogs as it did in 

hamsters (Swank 1956) emphasizes the variations in 

metabolism between species. Rodents, which consume a mainly 

vegetarian diet, may not be an appropriate model for humans 

in dietary fat studies. 

The best support for Pritikin's theory in a viscosity 

study is found in the decrease in blood viscosity and 

apparent decrease in erythrocyte aggregation after 

heparin-induced lysis of lipoprotein triglycerides in the 

study by Gelin et al. (1967). This study appears to show a 



relationship in lipoproteins and blood viscosity, but it 

shows only a decrease in viscosity after postprandial 

heparin administration and not an increase after ingestion 

of fat. 

Postprandial Effects of Lipid 
Ingestion on Cardiac Patients 

Some researchers have tried to examine the effects of 

12 

high-fat meals and the theoretically associated erythrocyte 

aggregation on tissues with already compromised oxygen 

supply. Williams, Higginbotham, and Knisely (1957) reported 

angina 6 to 10 hours after 90 to 100 g fat breakfasts in 

three of ten patients with coronary atherosclerosis. The 

breakfasts consisted of mostly saturated fat in the form of 

eggs, ham, butter, cream, a coconut oil preparation, or a 

combination of these. Viewing the conjunctivae at 

magnifications of SOx to lOOx, they observed larger masses 

of blood cells, plugging of terminal arterioles, and 

transient stasis in capillaries 6 hours after the meals. 

They correlated the angina with high degrees of aggregation 

and small vessel plugging. Angina did not occur in patients 

in which no aggregation was observed. 

While this study suggests that high-fat meals may 

induce angina in cardiac patients, its design limits the 

certainty of this conclusion. Angina in three of ten 

patients with atherosclerosis may or may not be a 



significant finding. The sample size was small, and there 

was no minimum-fat meal to control for the variables other 

than fat which are associated with a very large meal. 
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Kuo and Joyner (1955) observed frequent angina attacks 

and changes in ballistocardiograms in heart patients 4.5 to 

5 hours after a high-fat breakfast of cream providing .6 g 

butterfat per kg body weight. A total of fourteen angina 

attacks occurred in six of the fourteen subjects. These 

attacks occurred when plasma lactescence was at or near its 

peak. The authors noted that plasma lactescence peaked 2 

hours later in these subjects than would be expected in 

normal subjects. A subgroup of three of the six patients 

who had experienced angina after the high-fat meal was given 

a minimum-fat meal of similar bulk and caloric value to the 

high-fat meal. They experienced no angina after this 

control meal. 

These two studies indicated that high-fat meals may be 

associated with angina. Kuo and Joyner's observations 

strongly suggest that angina is associated with lipemia. If 

conjunctival sludging is a valid indicator, Williams et al. 

have shown evidence that aggregation is the mechanism by 

which the angina is induced. Table 1 summarizes the studies 

on postprandial changes in blood and circulation. 
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Swank 
1951 

Swank 
1954 

Cullen 
and Swannk 

1954 

Kuo and 
Joyner 

1955 
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1957 

Swank 
1959 

Swank and 
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Gel in 
et al 

1967 

Begg and 
Hearns 
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TABLE 1 

SUMMARY OF POSTPRANDIAL CHANGES 
IN BLOOD AND CIRCULATION 

OBSERVATIONS 

-RBC aggregation and 
distortion on dark field 
microscopy 

-ESR decrease (dogs) 
-ESR increase (dogs) 

-Blood viscosity increase 
-Changes in circulation 

-RBC aggregation in cheek 
pouch circulation 

-Angina and changes in 
ballistocardiogram 

-No change in blood 
viscosity 

-Angina and plugging of 
conjunctival vessels 

-RBC distortion on dark 
field microscopy 

-sluggish behavior 
-changes in ear circulation 
-circulation time increase 

-brain oxygen tension 
decrease 

-Slight blood viscosity 
increase (significance 
not reported ) 

-No significant change in 
blood viscosity 

SUBJECTS / TIME 

Dogs, Humans 

-6-9 hrs pp 
-3-9 hrs pp 

-6-14 hrs pp 

Hamsters 
3-9 hrs pp 

Hamsters 
After chylo
micron levels 
peak 

Humans with 
cardiac disease 
4.5-5 hrs pp 

Dogs 

Humans with 
atherosclerosis 

5 hrs pp 

Rabbits 
-3-8 hrs pp 
-2-4 hrs pp 

Hamsters 
6 hrs ppp 

Humans 
2 hrs pp 

Humans 
4.5, 7.5 hrs pp 



Significance of Observations of 
Conjunctival Circulation 
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Although observation of conjunctival sludging has been 

used frequently as a dependent variable in aggregation 

studies, its validity has not been fully demonstrated. 

Generally, conjunctival sludging is described as a decrease 

in blood flow through the vessels or as observed clumping of 

blood cells. 

Williams et al. {1957), in a corollary experiment, 

found that some, but not all, normal young subjects 

exhibited mild aggregation in conjunctival vessels after an 

overnight fast or following high-fat meals. The occurrence 

of sludging, for no apparent reason, in some normal, fasting 

individuals casts some doubt on the significance of 

conjunctival sludging. 

Pories, Harris, Hinshaw, Davis, and Schwartz {1962) 

studied conjunctival sludging in dogs. They inserted a 

transparent arteriovenous shunt as an additional viewing 

site. Sludging was present in the shunt or in the 

conjunctiva of half of the healthy dogs studied; 

furthermore, conjunctival sludging and shunt sludging were 

not consistently correlated. Decreasing the rate of flow to 

the shunt increased aggregation; increasing the rate of 

flow decreased aggregation. The investigators found a 

general increase in sludging in both conjunctivae and shunts 
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when high-molecul~-weight dextrans were administered. 

Pories et al. found no consistent relationship between 

oxygen tension measured polarographically in the liver and 

kidney and degree of sludging in the eye or the shunt. 

Although oxygen content of tissues was measured in a manner 

similar to that used by Swank and Nakamura (1960) , the two 

experiments cannot be compared since Swank and Nakamura did 

not observe circulation and Pories et al. did not observe 

the effects of dietary fat. 

Robertson, Wolf, and Wolff (1950) studied the 

significance of conjunctival sludging in thirty-five 

patients and five healthy subjects for 10 months. Daily 

observations revealed no consistent relationship between 

conjunctival aggregation and furuncles, nasopharyngitis, 

fever, blood pressure, menses, blood count, ESR, or 

variations in life situations and emotions. Sludging was 

present in health and absent in disease in many cases. The 

results of postprandial conjunctival studies (Cullen and 

Swank 1954; Swank 1959; Williams et al. 1957) indicate 

that meals may have been a significant variable, accounting 

for the lack of consistency in conjunctival observations and 

various conditions. Meals were not considered in this 

study. 

In another phase of their study, Robertson et al. 

considered vasoconstriction and vasodilation. Application 
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of a local vasodilator, which decreases the local speed of 

blood flow, was associated with an increase in sludging. A 

local vasoconstrictor had the opposite effect. The 

investigators suggested that sludging is a result rather 

than the cause of decreased rate of blood flow. 

The above discussion indicates that at least three 

problems influence the validity of observing conjunctival 

circulation to assess erythrocyte aggregation: (l) the 

presence of conjunctival sludging is not consistently 

associated with sludging elsewhere in microcirculation, (2) 

conjunctival sludging has not been shown to correlate with 

various clinical conditions and ESR, and (3) sludging is 

influenced by vessel constriction and dilation. In addition 

to its questionable validity, observation of conjunctival 

circulation may lack reliability because of its subjective 

nature. Another method of assessing aggregation may be more 

satisfactory. 

Erythro~te Sedimentation Rate and Aggregation 

Erythrocyte sedimentation rate objectively measures 

erythrocyte aggregation (Fahraeus 1921) • ESR is a measure 

of the speed at which blood cells sink in a vertical column 

of blood with anticoagulant added. ESR varies directly with 

aggregation because larger particles sink more rapidly than 

smaller ones of the same density. Normal values for ESR are 



about 0 to 20 mm per hour with some variations __ between 

methods. 
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Little's study (1976), which deals with diabetic 

retinopathy, also confirms the relationship of ESR with 

various types of clumping. Using a Wells-Brookfield 

rheoscope, Little observed and described five classes of red 

cell aggregation from simple rouleaux to complete clumping 

of all erythrocytes. The rheoscope allows microscopic 

observation of blood cells under shear forces simulating 

shear forces in circulation. The correlation of ESR and red 

cell aggregation on rheoscopy was statistically significant. 

Studies by Scherer, Morarescu, and Ruhenstroth-Bauer (1976) 

and Chien arid Jan (1973) also indicate that ESR reflects 

aggregation as viewed by electron microscopy. 

Macromolecules and Erythrocyte Aggregation 

Numerous macromolecules appear to induce aggregation. 

Dextrans and deoxyribonucleic acid (DNA) are two molecules 

that have been shown to increase ESR. Dextran molecules are 

flexible hexose polymers with random coiling (table 2). DNA 

is a twin-stranded, helical polynucleotide. Glycogen, 

pectin, gelatin, gum acacia, and polyvinyl pyrolidine also 

induce aggregation. All of these are long, polymeric 

macromolecules. 



MACROMOLECULE 

PLASMA PROTEIN 

Albumin 

Globulins 

Fibrinogen 

LIPOPROTEIN 

Chylomicron 

VLDL 

LDL 

BDL 

DEXTRAN 

Dx20 

DX40 

Dx80 

DxlSO 

DxSOO 

Dx2000 

TABLE 2 

MACROMOLECULES 

PHYSIOLOGIC MOLECULAR 
CONCENTRATION .. WEIGHT 

3.5-4.Sg/dl 68,000 

2.8-3.8g/dl 65,000-
1,300,000 

.2-.4g/dl 400,000 

- 500,000,000 

- 5,ooo,ooo-
100,000,000 

.2g/dl 2,200,000-
3,500,000 

.35-.4g/dl 320,000 

OPTIMUM 
AGGREGATION 

CONCEN'l'RATION 
(MOLAR) 

- 20,000 

.00075 42,000 

.00047 74,000 

.00031 140,000 

.00007 450,000 

.000015 2,000,000 

19 

APPROXIMATE 
DIMENSIONS 

14 nm 

8 nm+ 

65 run 

75-600 nm 

28-75 nm 

17-26 nm 

10.8 nm 

24 nm 

36 nm 

53 nm 

75 nm 

150 nm 

290 nm 
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Fahraeus (1921) identified changes in plasma proteins 

as the main cause for changes in aggregation in pregnancy 

and disease. Increased fibrinogen concentration is 

associated with the highest ESRs. Plasma globulins also 

seem to raise ESR; whereas, increasing concentrations of 

albumin are associated with decreasing ESRs. Plasma 

proteins are amphoteric with sites for both gaining and 

losing protons. At blood pH, the proteins act as acids, 

with protons to donate (Lehninger 1975). In an 

electrophoretic field, albumin, the most positive plasma 

protein, migrates the farthest. Since most globulins 

migrate farther than fibrinogen, but not as far as albumin, 

it is apparent that globulins are more positively charged 

than fibrinogen but less positively charged than albumin 

(Harper, Rodwell, and Mayes 1979). 

Albumin (MW=69,000), the most abundant of the plasma 

proteins, is a single peptide chain which folds back upon 

itself in layers. The layers un.fold at low pH and refold 

when the pH is raised again. Albumin tends to bind ions 

that are in the plasma. The globulins (MW=6S,OOO to 

1,300,000) have a compact spheroid shape. The plasma 

globulins include mucoproteins, glycoproteins, lipoproteins, 

metal binding proteins, and immunoglobulins. 

Fibrinogen (MW=400,000), which comprises about 6.5% of 

the plasma proteins, is by for the longest plasma protein. 



21 

These fiber-shaped molecules cannot bind to one another 

because of the repulsion of the negative charges on their 

six side chains. When these side chains are hydrolyzed, 

fibrinogen becomes fibrin, and clotting quickly occurs as a 

fibrin lattice forms (McGilvery 1979). 

A Mechanism of Aggregation 

In order for aggregation to occur, several forces must 

be overcome. Erythrocyte membranes carry slightly negative 

charges so that erythrocytes normally repel each other. 

Shear forces upon blood in circulation pull cells from each 

other and inhibit aggregation. The membranes of biconcave 

erythrocytes must be bent in order for membranes to contact 

one another in rouleau formation. The force that binds red 

cells together must be greater than these three forces that 

tend to separate red cells (Chien and Jan 1973) • 

The mechanism by which macromolecules induce 

aggregation is not known. Various macromolecules may induce 

aggregation in different ways. If, however, there is a 

common mechanism, there should be an essential 

characteristic common to all the molecules that are 

associated with aggregation. The most consistent 

characteristic of the molecules which induce aggregation is 

their large size. The effect on ESR appears to vary 

directly with molecular weight (Lawrence 1961). Dextrans of 



low molecular weight actually inhibit aggregation (Walter 

1979) • 

Except for the plasma globulins, the macromolecules 

associated with aggregation are long chains or are rod 

shaped. Most globulins are not as long as most molecules 

associated with increasing ESR, but neither are they as 

effective in inducing aggregation. 
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Most of the molecules that induce aggregation have a 

positive charge, opposite that of erythrocytes, or are 

neutral. In general, when ESR is high, the erythrocytes 

carry a low negative charge. Erythrocytes in albumin carry 

a more negative charge than those in globulin. Gum acacia 

and mucin also diminish the negative charge, but gelatin 

does not. Simply decreasing the negative charge does not 

increase the ESR (Lawrence 1961) • 

The composition of the molecules seems to have little 

effect on whether the molecule stimulates aggregation. The 

macromolecules discussed above are composed of carbohydrate, 

protein, hydrocarbon, and combinations of these. No lipids, 

other than lipoproteins, which are globulins, are included 

above; these are discussed in the next section. 

Chien and Jan (1973) observed dextran-induced rouleau 

formation in various concentrations of different sized 

dextrans. Erythrocytes were washed in a Ringer's solution 

or dextran and Ringer's solution and suspended in the same 
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solution. Degree of aggregation was determined by direct 

microscopic observation, ESR, and viscosity determinations. 

Increasing molecular weight dextrans were increasingly 

effective in inducing rouleau formation according to the 

three parameters. Optimum dextran concentration to induce 

erythrocyte aggregation ranged from .000015 moles per liter 

for Dx 2000 (MW=2,000,000) to .00075 . moles per liter for Dx 

40 (MW=42,000). Transmission electron microscopy of 

rouleaux in dextran solutions revealed parallel cell 

surfaces of adjacent erythrocytes. The intercellular 

distance increased as dextran size increased, the 

intercellular distance being somewhat less than the 

estimated dextran length for each dextran. 

Chien and Jan suggest that dextrans adsorb to 

erythrocytes by Van der Waals forces and/or hydrogen 

bonding, and form bridges between adjacent cells. This 

hypothesis accounts for the observed parallel cell surfaces 

and increasing intercellular distances in rouleaux, and 

increasing efficiency of aggregation of increasing sizes of 

dextrans. This hypothesis would also account for the 

characteristic large size and positive or neutral charge of 

the molecules discussed above that are associated with 

increased ESR. 
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Liooproteins 

Lipoproteins are high-molecular-weight substances 

(table 2) which transport water-insoluble lipids through the 

bloodstream. They are composed of neutral fats, 

phospholipids, cholesterol, and specific peptides called 

apoproteins. Lipoproteins are similar to micelles in 

structure. The non-pol·ar core contains triglycerides and 

cholesterol esters while the outer surface layer contains 

polar molecules including apoproteins, unesterified 

cholesterol, and phospholipids. Apoproteins are amphiphatic 

with polar and non-polar groups on opposite ends. 

Apoproteins serve as an interface between polar plasma and 

non-polar lipids (Miller 1979) • 

Chylomicrons are the largest, most fatty, least dense 

lipoproteins. A typical chylomicron has a mass of 

500,000,000 daltons. The intestinal mucosa synthesizes 

chylomicrons from dietary fatty acids. Chylomicrons travel 

from the mucosal cells through lymphatic vessels into the 

circulatory system. Very low density lipoproteins (VLDLs), 

which are somewhat smaller than chylomicrons, are 

synthesized in the liver from glucose and free fatty acids. 

Chylomicrons and VLDLs serve mainly to transport 

triglycerides to the tissues. When lipoprotein lipase is 

released from capillary beds, triglycerides of chylomicrons 

and VLDLs are hydrolyzed into free fatty acids which are 



either oxidized or stored by the surrounding tissue 

depending on whether the surrounding tissue is muscle or 

adipose. 

According to Stare (1974), chylomicrons and VLDLs are 

cleared from the circulation in a matter of minutes and 

hours, respectively. Harper et al. (1979) indicate that 

the half-time of disappearance of chylomicrons increases 

with the size of the animal, but is less than one hour in 

humans. 

As chylomicrons and VLDLs release triglycerides, they 

become smaller and more dense, and are called chylomicron 

remnants and intermediate density lipoproteins (IDLs) 

respectively. The liver catabolizes chylomicron remnants, 

while IDLs are further converted to particles of a higher 

cholesterol content and lower triglyceride content called 

low density lipoproteins (LDLs). 
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Low density lipoproteins carry approximately one-half 

to two-thirds of the plasma's cholesterol. High 

concentration of these lipoproteins is associated with a 

risk of atherosclerosis. Peripheral cells utilize LDLs as 

cholesterol, triglyceride, and amino acids. LDLs have a 

half-time of disappearance of approximately 2.5 days (Harper 

et al. 1979). 

High density lipoproteins are synthesized in the liver 

and small intestine. HDLs serve to transport triglycerides 
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from fat stores to the liver when needed for utilization by 

the body. HDLs also act as a reservoir for certain 

components of chylomicrons and VLDLs. As chylomicrons and 

VLDLs release triglycerides and decrease in volume, they 

also release s~rface components including unesterified 

cholesterol, phospholipid, and apoprotein c. These 

components fuse with HDLs. HDLs then supply apoprotein C to 

nascent chylomicrons and VLDLs. 

Lipoproteins and ESR 

Scherer, Morarescu, and Ruhenstroth-Bauer (1976) 

investigated the effects of lipoproteins on ESR. When whole 

lipoproteins from fasting blood samples were added to red 

cells in albumin solution or in plasma, ESR increased as a 

function of the lipoprotein concentration, beginning at a 

lipoprotein concentration of 1000 mg per dl. ESR increased 

most when the erythrocytes were in plasma. Low, 

intermediate, and very low density lipoproteins were more 

effective in promoting aggregation than were high density 

lipoproteins. Since lipoproteins were isolated from fasting 

blood, chylomicrons were not present in significant amounts. 

Electron microscopy showed all kinds of aggregates: simple 

rouleaux, branched rouleaux, and cell clumps. The degree of 

aggregation increased as ESR increased. 
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The removal of lipoproteins from the blood of 

hyperlipoproteinemic patients was associated with decreases 

in ESR. Blood from twenty patients with 

hyperlipoproteinemia who had additional disorders and raised 

ESRs was tested for the effects of the lipoproteins on ESR. 

In most cases, removal of LDLs from blood samples was 

associated with a lower ESR compared to similarly treated 

control samples from the same subjects. The changes in ESR 

range from -23.6 to +8.5 mm per hour with a mean of -7.4 mm 

per hour with the Westergren method. 

Despite the observable effect of lipoproteins on 

aggregation, Scherer et al. concluded that hyperlipidemia 

alone cannot cause abnormally high ESRs. The concentrations 

of lipoproteins necessary to cause high ESRs in this in 

vitro study were greater that would be found in even 

severely pathological states of hyperlipoproteinemia. 

Pathological values for LDLs include those greater than 200 

mg per dl (Krause and Mahan 1979) • 

Summary of Literature 

The literature suggests but does not confirm the 

existence of lipid-induced erythrocyte aggregation. Animal 

studies show post-high-fat meal changes in blood, including 

distortion and packing of erythrocytes, apparent 

aggregation, and impeded blood flow in capillaries (Swank 
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1951, Cullen and Swank 1954, Swank 1959), increased 

circulation times, changes in blood viscosities in hamsters 

(Swank 1959), and decreased brain oxygen content measured by 

a polarograph (Swank and Nakamura 1960) • Humans with 

atherosclerosis experienced ballistocardiographic changes 

and angina 4.5 to 9 hours after high-fat meals (Kuo and 

Joyner 1955, Williams et al. 1957). Human blood viscosity 

was not shown to be altered by high-fat meals (Gelin et al. 

1967, Begg and Hearns 1967). 

The similarities in size, weight, and charge of 

lipoproteins to other macromolecules which are associated 

with aggregation indicate a possibility of 

lipoprotein-induced aggregation. Lipoproteins in vitro were 

shown to induce aggregation and increase ESR, but only at 

levels far above those found in human blood. 

Erythrocyte sedimentation rate is a sensitive test 

(Bauer, Ackermann, and Gelson 1974) and reflects microscopic 

observations of erythrocyte aggregation (Chien and Jan 1973, 

Little 1976), including lipoprotein-induced aggregation 

(Scherer et al. 1976). No human studies with observations 

on ESRs after high-fat meals are found in the literature. 



III. METHODS 

Subject Selection 

The subject population included seventeen healthy 

female volunteers, aged 23 to 35 years, who were students at 

Texas Woman's University--Houston Center, or employees at 

M.D. Anderson Hospital and Tumor Institute. All 

participants were in good health and none were aware of 

having cholelithiasis, diabetes, hyperlipoproteinemia, or 

irritable bowel syndrome. 

ESR Determinations 

After a 10 or more hour overnight fast, 10 mls of blood 

was drawn from the antecubital area of each subject's arm 

into a vacutainer tube. Each vacutainer tube contained .1 

ml sodium citrate (disodium EDTA) and was labeled with the 

subject's number. Each subject's blood was pipetted into 

two Wintrobe sedimentation rate determination tubes which 

were also labeled with the subject's number. The tubes were 

suspended in a vertical position for 1 hour, at which time 

the ESRs were read and recorded. The investigator did not 

know whose blood was in each Wintrobe tube when she read and 

recorded the ESRs. 
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Meal Assignments and Meal Composition 

A high-fat and minimum-fat meal were used in the 

experiment; each subject participated on two separate days 

consuming the high-fat meal on one day and the minimum-fat 

meal on the other day. Meals were assigned randomly with 

the use of a table of random numbers. The experiment was 

performed on three non-consecutive days and both meals were 

served each day. 

The high-fat meal provided 12 kilocalories per kg body 

weight and consisted o.f light whipping cream, strawberry ice 

cream, sunflower oil, and skim milk. Fat provided 76% of 

the kilocalories of this meal, carbohydrate provided 18%, 

and protein provided 6% of the kcals. 

The minimum-fat meal consisted of skim milk, strawberry 

flavored gelatin, Polycose (a glucose polymer by Ross Labs), 

toast, and jelly. This meal also provided 12 kcals per kg 

body weight. Fat provided 2% of the kcals, carbohydrate 

provided 84%, and protein provided 14% of the kcals. 

Meal Preparation and Determination 
of Meal Size 

Enough formula was prepared each day for all subjects 

Formulas were kept in an ice box with salted ice and served 

for each subject immediately before each meal. The high-fat 

meal was prepared by first mixing the milk, cream, and oil 

together, and refrigerating. Later, frozen ice cream was 
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added and the mixture was blended until the ice cream was 

just dissolved. The first step in preparing the minimum-fat 

formula was dissolving the gelatin package. The Polycose 

and the non-fat dry milk powder were dissolved in as small 

an amount of lukewarm water as possible. The two solutions 

were combined, and more water was added to complete the 

total volume. The recipes for the formulas are given in 

table 3. 

TABLE 3 

FORMULA RECIPES 

High-fat Meal 

.s parts sunflower oil 
6.0 parts strawberry ice cream 
6.7 parts light whipping cream 

9.0 parts reconstituted non-fat dry milk 

Minimum-fat meal 

1.0 parts Polycose powder 
1.6 parts non-fat dry milk powder 

2.3 parts flavored gelatin, not congealed 
water to make 5.3 parts total volume 

To illustrate the determination of meal size, meal size 

is calculated for a 59 kg woman in table 4. First, the 

volume of the high-fat meal was calculated. Each subject 

received 1 g of fat per kg body weight. The 59 kg subject 
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received 59 g of fat. The formula provided 4 g of fat per 

fluid ounce, so 59 was divided by 4 to determine the 

necessary volume of formula. Since the formula provided 40 

kilocalories per fluid ounce, the volume, 17.7 fl oz, was 

multiplied by 40 to obtain the caloric value of the meal, 

708 kilocalories. 

Next, the quantity of toast, jelly, and formula for the 

minimum-fat meal was determined. The jelly provided 9% of 

the kilocalories of the meal. The total number of 

kilocalories, which was equivalent to that of the high-fat 

meal, was multiplied by .09 and divided by 15, the number of 

kcals per teaspoon of jelly. For the 59 kg subject, 708 

kilocalories was multiplied by .09 and divided by 15 to 

calculate how many teaspoons of jelly would be served. This 

figure was rounded to the nearest .s teaspoon. An equal 

number of teaspoons of jelly and slices of toast were 

served. In the example, 4.2 teaspoons was rounded to 4 

teaspoons, so 4 teaspoons of jelly and 4 slices of toast 

were served. To calculate the kilocalories provided by the 

jelly and toast, the number of teaspoons of jelly was 

multiplied by 15 kcals per teaspoon and the number of slices 

of toast was multiplied by 75 kcals per slice. The 

kilocalories from the toast and jelly were added together, 

and subtracted from the total kilocalories allotted for the 

meal to determine the number of kilocalories of minimum-fat 
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formula. The 59 kg woman received 60 kcals from the jelly 

and 300 kcals from the toast. Since the total meal is to 

provide 708 kcals, the total caloric value of the toast and 

jelly, 306 kcals, was subtracted from 708 kcals. Enough 

formula to provide 348 kcals was necessary so that the 

high-fat and minimum-fat meals would be isocaloric. The 

minimum-fat formula provided 29 kcals per fl oz, so 348 was 

divided by 29 to calculate the minimum-fat-formula volume, 

12 fl oz. 



TABLE 4 

CALCULATION OF MEAL SIZES FOR 
A 59 KILOGRAM WOMAN 

High-fat Meal 

subject's weight = g fat 

g fat = fl oz 
4 g fat I fl oz 

59 = 59 g fat 

59 = 17.7 fl oz 
4 
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fl oz x 40 kcals I fl oz 17.7 x 40 = 708 kcals 

Minimum-fat Meal 

kcals x .09 = t jelly 
15 kcalslt jelly 

708 X .09 = 4.2 
15 

t jelly x 15 kcals I t = kcals jelly 4 x 15 = 60 kcals 

slices toast x 75 kcals I slice 4 x 75 = 300 kcals 
= kcals toast 

total kcals - (kcals jelly + 
kcals toast) = kcals formula 

kcals formula = fl oz formula 
29 kcals I fl oz 

708 - (60 + 300) 
= 348 kcals 

348 = 12 fl oz 
29 



IV. RESULTS AND DISCUSSION 

To determine whether there would be a significant 

difference between the premeal and 5-hour postmeal change in 

ESR when high-fat and minimum-fat test meals were consumed, 

seventeen subjects received each of the test meals and had 

ESRs determined before and 5 hours after each meal. The 

mean pre-high-fat-meal ESR was 13.7~9.1 mm; the mean 

post-high-fat-meal ESR was 14.6=8.8 rrm. Before the 

minimum-fat meal, the mean ESR was 14.3*9.5 mm; after the 

minimum-fat meal, the mean ESR was 15.3•9.7 mm (figure 1). 
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There was no significant difference between the high-fat 

versus minimum-fat premeal values (T=-.10, df=33) or between 

high-fat versus minimum-fat postmeal values (T=-.12, df=33) 

using paired t-test analysis. Since no significant 

difference exists between the premeal values, the ESR 

appears to be stable from day to day. 

The mean premeal to postmeal change was +.43=.93 mm 

when the high-fat meal was consumed, and was +.50=1.17 mm 

when the minimum-fat meal was consumed (figure 2). A paired 

t-test comparing the premeal to postmeal ESR changes 

associated with the two meal types for each subject revealed 

no significant difference in the premeal to postmeal changes 

between the two meal types (T=-.26, df=33). Therefore, the 

null hypothesis is accepted; there is no significant 

difference in the premeal to postmeal change in the ESR for 

the different meal types. 

Because there appeared to be an increase in the ESR 

from the premeal to postmeal values, a paired t-test was 

used to compare premeal to postmeal ESRs. A highly 

significant difference was found for the high-fat meal 

{T=-2.97, df=l6, p=.009), the minimum-fat meal (T=-2.71, 

df=l6, p=.OlS), and both meals combined (T=-4.02, df=33, 

p=.OOO). This analysis indicates that the ESR was greater 5 

hours after the meal than it was before the meal, 

independent of the meal type. 
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To determine whether the large standard deviation was 

related to intra-subject or inter-subject variation, Kendall 

rank correlation coefficients were determined. An extremely 

high correlation (tau•.99) exists between premeal and 

postmeal ESRs for both meals. This correlation is 

indicative of the consistency of the ESR value for each 

subject, as is the scattergram representing the premeal and 

postmeal ESR values (figure 3). 
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The statistical analyses illuminate four findings: 

1) there was no significant difference between premeal ESRs 

or between postmeal ESRs dependent on meal type, 2) there 

was no significant difference in the premeal to postmeal ESR 

change dependent on meal type, 3) there was a significant 

difference in ESR dependent on whether ESR was determined 

before or after the meal, and 4) there was a large degree of 

inter-subject variation, but a small degree of intra-subject 

variation in ESR. 

No major problems with the methodology were evident. 

Subjects tolerated the meals fairly well except for some 

mild nausea after either meal. Most subjects had some 

difficulty consuming the entire minimum-fat meal because of 

its volume or sweetness, but all subjects consumed the 

entire meal. The formulas were acceptable, but the 

sweetness of the minimum-fat formula was considered by some 

subjects to be excessive. 

Only one postprandial blood sample was drawn for ESR 

determination for each subject after each test meal. The 

5-hour postprandial ESR was determined because several 

studies reported increased aggregation at that time (Swank 

1951, Swank 1954, Swank 1959, Swank and Nakumura 1960, 

Williams, Higginbotham, Knisely 1957, Kuo and Joyner 1955) 

and because Pritikin indicates that the greatest fat-induced 

aggregation occurs 5 hours after meals when chylomicron 
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levels peak (Pritikin and McGrady, p. 364, 1979). 

Chylomicron levels actually peak less than one hour after 

fat ingestion (Harper, Rodwell, and Mayes 1979). If 

chylomicrons influence aggregation, the greatest effect 

would occur less than one hour after a meal. By 5 hours 

after meals of varying amounts of fat, the major difference 

in lipoproteins would be in the fatty acid composition of 

the IDLs. 



V. CONCLUSIONS 

No support for the ~ypothesis that a high-fat meal 

induces erythrocyte aggregation 5 hours after meals was 

found when female subjects, aged 23-35 years, were studied. 

ESR was shown to be a stable index in that it did not vary 

significantly from one day to another. There was no 

significant difference in the premeal to postmeal ESR change 

that was dependent on meal type. Since this research does 

not support this hypothesis, no investigation of the theory 

that dietary fat-induced-aggregation causes hypoxia which 

leads to degenerative disease is indicated. However, since 

quantitative differences in blood lipids after high-fat and 

minimum-fat meals would be greater before 5 hours 

postprandial, the premeal to postmeal change in ESR could be 

investigated using an earlier postprandial ESR 

determination. 

An unexpected finding was the significant increases in 

ESR after either meal. This data would indicate that any 

meal would increase ESR. Further investigation might 

illuminate this phenomenon, but little could be done to 

avoid meals even if the increase in ESR could be shown to be 

harmful. Further evaluation of the safety and adequacy of 

the diet would be more practical for promoting health in the 

community. 
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Because Pritikin promises freedom from most of the 

dreaded diseases of our time by altering the diet, his 

theory is popular and appears feasible to the general 

public. It seems peculiar that the burden of testing the 

hypothesis falls not on its proponent, but on he medical 

community. When a theory has some basis for support in the 

literature, scientists do have a responsibility to evaluate 

it thoroughly before pronouncing conclusions. This research 

project was undertaken for that purpose. This research 

provides no support for the major concept in the rationale 

for the diet that Nathan Pritikin has proposed. 



GLOSSARY 

Adsorb: to attract and retain other material on the surface 

Amphiphatic: having polar and non-polar groups 

Amphoteric: having sites for both gaining and losing 
electrons 

Ballistocardiography: recording the recoil motion of the 
body which results from heart and blood movement 

Conjunctiva: delicate membrane that lines the eyelid 

Electrophoresis: application of an electric field to 
separate various molecules according to charge 

Erythrocyte: red blood cell 

Force, shear: an applied force that tends to cause an 
opposite but parallel sliding motion of the planes 

Furuncle: a type of pimple; a boil 

Heparin: a mucopolysaccharide which renders the blood 
incoagulable 

Hyperemic: engorged with blood 

Lactescence, plasma: milky appearance of plasma due to the 
presence of lipoproteins 

Nasopharyngitis: inflammation of the portion of the throat 
which lies above the level of the soft palate 

Oximeter: a photoelectric device for determining the oxygen 
saturation of blood 

Perivascular extravasation: discharge of blood from the 
vessel into the tissue 

Plasma: serum and fibrinogen; liquid portion of the blood 
in which particulate components are suspended 

Polarography: determination of the current voltage curve 
to measure oxygen tension in tissues 
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