
All of the safety aspects of hydrogen 
utilization will have to be examined, 
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domestic use and the long distance 
transport of hydrogen in pipelines at 
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begin to outline the mode of implement- 
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in the energy economy. The initial 
transition to hydrogen energy derived 
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leum imports may be in excess of the 
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fossil to a predominantly nuclear en- 
ergy economy able to supply abundant 
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thetic fuels will obviously be more 
expensive than fuels now derived from 
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other viable choice. Thus, it is essential 
that the analysis and technological 
feasibility of a hydrogen energy system 
be considered now. It is of vital impor- 
tance to the nation to develop some 
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duced from a variety of domestic en- 
ergy sources and reduce our depend- 
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Atherosclerosis is a disease of large- 
and medium-sized arteries, and is 
characterized by focal thickening of 
the inner portion of the artery wall 
in association with fatty deposits. Most 
commonly affected are the aorta and 
the iliac, femoral, coronary, and cere- 
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bral arteries. Because atherosclerosis 
can progressively or abruptly interfere 
with blood flow, particularly through 
the heart and brain, it often causes 
serious clinical consequences such as 
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heart attack and stroke. Indeed, a 
recently published report (1) by a task 
force of the National Heart and Lung 
Institute (NHLI) indicates that athero- 
sclerosis is the chief cause of death 
in the United States. Nevertheless, 
relatively little is known about the gene- 
sis of the disease. Studies have shown 
clearly that factors such as lipid con- 
centrations of the plasma, blood pres- 
sure, and smoking habits strongly 
influence the development of clinical 
symptoms, but the sequence of patho- 
logical events at the cellular level 
remains to be clarified. Only recently 
have investigators begun to explore 
the disease process in terms of the 
biology of the major cell types involved. 
In this article we will focus on one 
of these, the arterial smooth muscle 
cell, with discussion of some funda- 
mental questions regarding its biology 
and pathobiology, and description of 
some experimental approaches that we 
are using to investigate these questions. 
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The Normal Artery of a narrow region bounded on one muscle cells and extracellular matrix 
side by a single layer of endothelial components accumulate slowly within 

To appreciate the role of the arterial cells that line the lumen of the vessel the intima, increasing its thickness. The 
smooth muscle cell in atherosclerosis, and on the other side by the internal media, or middle layer of the artery, 
it is necessary to know something elastic lamina, a perforated sheet of consists of large numbers of smooth 
about the structure of normal arteries. elastic tissue. Between these two bound- muscle cells, each surrounded by small 
Normal arteries are composed of three aries are occasional smooth muscle amounts of collagen and varying 
morphologically distinct layers (Fig. 1). cells surrounded by various extracel- numbers of small elastic fibers and 
The intima, or inner layer of the artery, lular components of connective tissue other connective tissue matrix corn- 
consists in the newborn and in children matrix. With increasing age, smooth ponents. There are no fibroblasts 
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elements present in the fibrous plaque. Observations made at necropsy, and experiments such as those described in the text, sug- 
gest that this may represent the sequence of events that occurs in man. Fig. 2 (right). Electron micrograph of the right iliac artery from a primate (M. nemestrina) 10 days after the endothelium of the vessel was removed with an intravascular 
balloon catheter. The endothelium has regenerated and portions of several smooth muscle cells (arrow) can be seen within a 
fenestra of the internal elastic lamina (El) presumably in the process of migrating into the intima. The intact unoperated left iliac 
artery from this animal contained only an occasional smooth muscle cell within its intima. 
29 JUNE 1973 1333 



present in the media of mammalian 
arteries in contrast to the arteries of 
other species such as birds (2). Par- 
ticularly large amounts of elastic tissue 
are found in the aorta as compared 
with the smaller, muscular arteries. 
The morphology of the media, in 
contrast to that of the intima, generally 
does not alter with age. The adventitia, 
or outer layer of the artery, consists 
mainly of fibroblasts and loosely ar- 
ranged collagen and glycosaminogly- 
cans (mucopolysaccharides); it is 
generally separated from the media 
by a more poorly defined sheet of 
elastic tissue, the external elastic 
lam ina. 

Lesions of Atherosclerosis 

Of the three layers mentioned, the 
intima is the one predominantly affected 
by the focal lesions of atherosclerosis. 
Three classic types of lesion are rec- 
ognized: the fatty streak, the fibrous 
plaque, and the so-called "complicated 
lesion" (1). Fatty streaks are yellowish, 
relatively flat areas that are readily 
seen when the lumen of an affected 
artery is exposed by gross dissection. 
The yellow color is associated with 
the presence of lipid deposits, found 
mainly within intimal smooth muscle 
cells (foam cells) (Fig. Ic). These 
foamy smooth muscle cells may sur- 
round small irregularly dispersed ex- 
tracellular deposits of lipids (Fig. ld). 
Fibrous plaques are whitish in gross 
appearance and are elevated so that 
they protrude into the lumen. The 
elevation is associated with a focal 
accumulation of intimal lipid-contain- 
ing smooth muscle cells. These cells, 
collagen, and elastic fibers form a 
cap that covers a large, deeper deposit 
of extracellular lipid and cell debris 
(Fig. le). Complicated lesions appear 
to be fibrous plaques that have been 
altered by hemorrhage, calcification, 
cell necrosis, and other changes. They 
are often accompanied by lumenal 
erosion of the arterial wall and mural 
thrombosis. 

Role of Arterial Smooth Muscle 

These descriptions of the classic 

Fig. 3. Light micrographs demonstrating (a) a normal primate iliac artery (M. 
nemestrina) (X 550); (b) an iliac artery 3 months after deendothelialization, showing 
a marked increase in intimal thickness due to accumulation of smooth muscle cells 
and extracellular matrix (X 500); and (c) an iliac artery 6 months after deendotheliali- 
zation, by which time the intimal thickness had returned to one to two layers (X 500). 
This sequence demonstrated the relative reversibility of an experimentally induced 
lesion in a monkey on a normal diet with normal concentrations of plasma lipid. 
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types of lesion emphasize the accu- 
mulation of lipid, connective tissue 
matrix components, calcium, and cell 
debris. It is important to note, however, 
that focal accumulation of intimal 
smooth muscle cells is fundamental to 
the entire process. Indeed, it can be 
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argued that the accumulation of 
smooth muscle cells necessarily pre- 
cedes or accompanies both the deposi- 
tion of lipid and the accumulation of 
extracellular connective tissue matrix, 
because the lipid deposits occur either 
within smooth muscle cells or outside 
them in association with connective 
tissue matrix components which are 
secretory products of smooth muscle 
cells. Thus, one possible sequence of 
events in atherosclerosis is depicted in 
Fig. 1. This diagram suggests a focal 
increase in the number of intimal 
smooth muscle cells as the earliest 
phase of lesion development (see Fig. 
1b), followed by the deposition of 
either intracellular or extracellular lipid 
(Fig. Ic). This sequence would also 
suggest that increased cell proliferation, 
lipid deposition, and synthesis of con- 
nective tissue matrix components ulti- 
mately lead to the formation of fibrous 
plaques (Fig. le), and that subsequent 
cell disintegration, calcification, and 
deposition of blood products eventually 
cause the formation of complicated 
lesions. It must be pointed out that 
this sequence represents only a possi- 
bility that remains to be established, 
since most of the details of the postu- 
lated relationships have not been clari- 
fied. Furthermore, a very real problem 
exists in establishing any type of 
sequence because, as the NHLI task 
force (1) pointed out, we are unable 
"to observe and study a single site 
in the arterial vasculature more than 
once." The fact remains, however, that 
arterial smooth muscle cells and their 
products are of central importance to 
all phases of atherosclerosis irrespective 
of the exact sequence of events. With- 
out smooth muscle cell proliferation 
and the subsequent accumulation of 
connective tissue matrix components, 
the events that in many instances cause 
vascular occlusion and death could 
not occur. 

is evidence about the nature of the 
stimulus to their proliferation. Smooth 
muscle cells normally accumulate in 
the intima at arterial branch points, 
where endothelial permeability appears 
to be increased (3, 4). Similarly, ac- 
cumulation of intimal smooth muscle 
cells can be caused experimentally by 
injuring the endothelium, thereby in- 
creasing its permeability. In our labora- 
tory for example, arterial lesions 
identical in appearance to the "fibro- 
musculoelastic" lesion seen in man were 
induced in nonhuman primates by 
removing the arterial endothelium with 
the aid of an intravascular balloon 
catheter (5). These catheters were 
inserted into the external femoral 
arteries of 1-year-old macaques 
(Macaca nemestrina), inflated, and 
passed through the iliac artery into 
the abdominal aorta, withdrawn back 
into the femoral artery, deflated, and 
removed. This procedure, similar to 
an earlier one used to induce micro- 

thrombi on denuded vessel walls (6), 
selectively removed the endothelium 
from the iliac artery leaving the 
remainder of the artery wall, including 
the internal elastic lamina, intact. 
From 10 minutes to 6 months after 
removal of the endothelium the arteries 
were examined by light and electron 
microscopy. During the first 24 hours, 
platelet microthrombi were seen ad- 
herent to the exposed internal elastic 
lamina; 3 to 5 days after injury the 
endothelium had begun to regenerate, 
and within 1 week after injury medial 
smooth muscle cells were observed 
extending through fenestrae of the 
internal elastic lamina into the intima 
,(Fig. 2). By 14 days the endothelium 
had regenerated, as judged by its 
microscopic appearance, and the intima 
was thickened and contained five to ten 
layers of smooth muscle cells. This 
was in sharp contrast to the normal, 
uninjured intima which, like the intima 
of young human beings, contained only 

Experiments in vivo 

What is known about the biology 
of arterial smooth muscle cells, and 
what are some of the approaches being 
used to investigate the role of these 
cells in atherosclerosis? It is not yet 
clear whether the increased numbers 
of smooth muscle cells found in athero- 
sclerotic lesions are derived from a 
relatively small, preexistent population 
of intimal smooth muscle cells or from 
medial smooth muscle cells that have 
migrated into the intima and sub- 
sequently proliferated. However, there 
29 JUNE 1973 

Fig. 4. Electron micrograph of part of the intima from the right iliac artery of a 
macaque 3 months after the endothelium was removed with an intravascular balloon 
catheter. The lumen (L) is to the upper right. Endothelial cells (E) cover the markedly thickened intima which contains large numbers of smooth muscle cells surrounded by a matrix of small elastic fibers (El), collagen, and proteoglycan. 
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an occasional smooth muscle cell. 
Three months after injury the lesion 
contained as many as 15 layers of 
smooth muscle cells surrounded by 
collagen and immature elastic fibers 
(Figs. 3b and 4). These experiments 
suggest that the intact arterial endothe- 
lium normally acts as a barrier to 
some substance or substances present 
in plasma which upon exposure to 
vascular smooth muscle promote cell 
proliferation. 

Experiments in vitro 

We are currently attempting to 
identify these growth promoting sub- 
stances by growing arterial smooth 
muscle cells in vitro in the presence 
of various serum fractions. Medial 
smooth muscle cells derived from the 
thoracic aorta of macaques (M. nemes- 
trina) are grown in a modified Dul- 
becco-Vogt modification of Eagle's 
medium containing serum from the 
same species (7). In the presence of 

5 percent serum these cells maintain 
their differentiated appearance (Fig. 5), 
produce elastic fiber proteins and col- 
lagen, and grow logarithmically for 
10 to 14 days before entering stationary 
growth. Their growth rate differs from 
that of fibroblasts, and their patterns 
of growth also differ (7, 8). In 1 percent 
serum the cells grow logarithmically 
for only 2 to 4 days before entering 
stationary phase. However, as in the 
case of the assay system used by Paul 
et al. (9), once the cells are stationary 
it is possible to stimulate them to grow 
logarithmically again by increasing the 
concentration of serum (Fig. 6). If 
dialyzed serum instead of whole serum 
is added, the cells also grow logarithmi- 
cally, which suggests that the growth 
promoting factors are proteins. Since 
some serum lipoproteins have been 
strongly implicated in atherogenesis, we 
have been conducting experiments to 
examine the effect of adding serum pro- 
teins from which the lipoproteins have 
been removed by differential flotation 
(10), As shown in Fig. 6, the serum 

Fig. 5. Electron micrograph demonstrating the typical appearance of a macaque aortic 
medial smooth muscle cell after several generations of growth in culture. The cells 
were fixed in situ, embedded, and sectioned parallel to the plane of the surface of the 
culture dish so that an en face view of the cell is seen. The cytoplasm is abundant with 
myofilaments and dense bodies (arrow). Microtubles (mt) and mitochondria (m) also 
are visible. 
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proteins of density greater than 1.25 
grams per milliliter, that is, the fraction 
from which all of the low density lipo- 
proteins (LDL) and most of the high 
density lipoproteins (HDL) had been 
removed, supported cell growth, but did 
so to a considerably lesser extent than 
did a mixture of these proteins with 
LDL, HDL, or both LDL and HDL. 
Presumably, the proteins of density 
greater than 1.25 grams. per milliliter 
contain material similar to that which 
has been found to promote the growth 
of fibroblasts in culture (9, 11). The 
growth promoting effect of the lipopro- 
teins is of special interest in view of the 
established relation between the con- 
centration of plasma lipoprotein choles- 
terol and the extent of atherosclerosis. 
The basis for the growth promoting 
effect of lipoproteins remains to be 
studied. The role played by the protein 
components is unclear, but it seems 
likely that lipoproteins provide lipids 
that can be used in cell membrane 
formation. This has been suggested by 
experiments of fibroblasts in culture 
which have shown that cholesterol bio- 
synthesis is effectively inhibited by the 
presence of lipoproteins in the medium 
(II). These experiments coupled with 
our own suggest that certain cells can 
use lipoprotein cholesterol to form mem- 
branes, and that the rate of biosyn- 
thesis of membrane cholesterol may 
limit cell proliferation in the absence of 
an external lipoprotein source. 

Experiments such as that shown in 
Fig. 6 have demonstrated that LDL 
have a greater growth promoting effect 
than HDL, even when the concentra- 
tions of lipoprotein cholesterol are 
equal. The basis for the difference be- 
tween lipoprotein fractions remains to 
be clarified, but a greater number of 
inclusion bodies are seen in cells grown 
in the presence of LDL than in those 
grown in the presence of HDL (13), 
and this may reflect differences in lipo- 
protein uptake. If the rate of uptake 
exceeds the rate of utilization of lipo- 
protein cholesterol, cholesterol might 
accumulate within cell inclusion bodies. 

This type of phenomenon might also 
explain the extensive vacuolization seen 
in intimal smooth muscle cells in lesions 
resulting from removal of the arterial 
endothelium with a balloon catheter in 
macaques fed a high cholesterol diet 
(14). The diet increased the concentra- 
tion of plasma cholesterol from a nor- 
mal level of about 120 milligrams per 
100 milliliters to approximately 400 mil- 
ligrams per 100 milliliters, and this was 
associated with a severalfold rise in the 
concentration of LDL. Thus, it seems 
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likely that the vacuoles in the prolifer- 
ating smooth muscle cells arose in con- 
nection with the increased uptake of 
LDL from the extracellular fluid in the 
intima. Smith and Slater (12) have al- 
ready obtained evidence that the con- 
centration of LDL even in the normal 
human intima with intact endothelium 
is directly proportional to the concen- 
tration of LDL in the plasma. 

Connective Tissue Metabolism 

The mechanisms that promote cell 
proliferation are not the only ones 
relevant to the pathobiology of arterial 
smooth muscle. Arterial smooth muscle 
cells synthesize extracellular connective 
tissue matrix components including col- 
lagen, elastic fiber proteins and glycosa- 
minoglycans (mucopolysaccharides) and 
so can be regarded as analogs of fibro- 
blasts of tendon, the chondroblasts of 
cartilage, and the osteoblasts of bone 
(15, 16). This is important because at 
least one of these components, collagen, 
is a major constituent of fibrous and 
complicated atherosclerotic plaques (3, 
4, 17, 18). Evidence that arterial smooth 
muscle cells synthesize collagen and 
elastic fibers in vivo (15) and in vitro 
(7) has been obtained by autoradiog- 
raphy, and by electron microscopic 
and chemical analysis. Recent experi- 
ments in our laboratories (19) also have 
shown that arterial smooth muscle cells 
in culture incorporate tritiated lysine 
into a protein of approximately 70,000 
daltons. This protein serves as a sub- 
strate for the enzyme lysyl oxidase, and 
is presumably solulble elastin. Other 
recent experiments in our laboratory 
(20), have shown that the cells incorpo- 
rate isotopically labeled sulfate into 
glycosaminoglycans under similar con- 
ditions, demonstrating their capacity to 
make this connective tissue matrix 
component. The factors that promote 
the synthesis of these connective tissue 
matrix constituents in atherosclerosis 
are not understood nor has the "pro- 
gram" of matrix component biosyn- 
thesis in the experimentally injured 
artery been extensively studied. Fur- 
thermore, essentially nothing is known 
about the mechanisms that remove ex- 
tracellular matrix components during 
the "healing" of injured arteries. How- 
ever, evidence does exist that at least 
partial "healing" occurs. In the balloon 
catheterization experiments already de- 
scribed, the intimal lesion which con- 
tained as many as 15 layers of smooth 
muscle cells with associated connective 
tissue matrix 3 months after injury, 
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was much thinner and contained only 
one to two layers after 6 months in 
animals that were normocholesteremic 
(5) (Fig. 3c). 

If "healing" occurs after experimental 
injury to the intima of nonhuman 
primates, why do atherosclerotic lesions 
progress relentlessly in susceptible 
humans? One possibility is that the 
injury in man is repetitive or continu- 
ous. Another is that humans who are 
at increased risk of developing athero- 
sclerotic heart disease tend to have in- 
creased concentrations of LDL in the 
plasma (21) and probably also in the 
extracellular fluid of the intima (12), so 
that the intimal LDL might increase 
smooth muscle cell proliferation or in 
some unknown way interfere with the 
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metabolism of the cells. Alternatively, 
the LDL might become associated with 
extracellular glycosaminoglycans (22) or 
with elastin (23) and interfere with 
matrix turnover. Still another possibility 
is that lipoproteins become entrapped 
within the matrix, in time spontaneously 
denature, and yield insoluble deposits 
of lipid, no longer capable of diffusing 
away upon removal of the matrix. 

Other Factors in Atherosclerosis 

Although we and others (3, 4, 17, 18, 
24, 25) have focused on the role of 
the arterial smooth muscle cell in 
atherosclerosis, there are other factors 
which are also important. Implicit in 
this discussion are the assumptions that 
the arterial endothelium normally pro- 
vides a barrier to circulating plasma 
factors that influence the metabolism of 
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Fig. 6. Response of arterial smooth muscle to serum fractions. Equal numbers (105) of 
smooth muscle cells were added to a large series of petri dishes and incubated in a 
modified Dulbecco-Vogt modification of Eagle's medium (7) containing 1 percent serum 
pooled from several Macaca nemestrina. After 7 days (arrow), the dishes were 
separated into five groups to be further incubated. One group was incubated in serum- 
free medium. The remaining groups were incubated in media containing: dialyzed 
protein of density greater than 1.25 g/ml from the equivalent of 5 percent serum; this 
protein fraction contained very little high density lipoprotein (HDL) or low density 
lipoprotein (LDL); proteins of density greater than 1.25 g/ml plus HDL (154 nmole 
of cholesterol per milliliter of medium); proteins of density greater than 1.25 g/ml 
plus LDL (154 nmole per milliliter of medium); and reconstituted serum containing 
proteins of density greater than 1.25 g/ml plus HDL (77 nmole of HDL cholesterol 
per milliliter of medium) plus LDL (77 nmole of LDL cholesterol per milliliter of 
medium). The pooled primate serum used as a source of lipoprotein in these experiments 
contained 154 nmole of lipoprotein in 5 percent whole serum. This experiment demon- 
strates that both serum lipoproteins and proteins of density greater than 1.25 g/ml stimu- 
late smooth muscle cell proliferation in vitro and that LDL is at least as effective as a 
combination of LDL and HDL. Thus, these observations support the concept that 
endothelial injury in vivo could promote smooth muscle cell proliferation by increasing 
the concentration of plasma proteins in the extracellular fluid of the vessel wall and 
points to the potential importance of plasma LDL in this response. Vertical bars 
represent standard error of the mean. 
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smooth muscle cells, and that athero- 
sclerosis is associated with the diminu- 
tion of this barrier because of endothe- 
lial injury. The concept that endothelial 
injury promotes atherosclerosis dates 
back to Virchow (26), who in 1856 
noted degenerative changes associated 
with developing atheromata and sug- 
gested that irritation of arterial intima 

by mechanical forces causes degenera- 
tive and inflammatory consequences 
that stimulate a proliferative response 
of the cells. Virchow's hypothesis has 

subsequently been modified by many 
investigators including Duncan '(24), 
who suggested that "injury" to the 
endothelium causes insudation of in- 

flammatory fluid from the plasma into 
the intima followed by degeneration and 

proliferation. French (3) and others (25) 
have also pointed out that endothelial 
injury promotes the formation of micro- 
thrombi that participate in the develop- 
ing atherosclerotic lesions. In view of 
the prolbable importance of the arterial 
endothelium in atherosclerosis it is 

clearly desirable that the normally func- 

tioning role of the endothelium and 
the response of the endothelium to 

injury be understood. In this connec- 
tion it must be emphasized that, al- 

though capillary endothelium has been 
extensively studied, we know little about 
the functional capabilities of the arterial 
endothelium, its permeability charac- 
teristics, turnover, and ability to pro- 
duce extracellular components. 

Another important factor in athero- 

sclerosis, stressed by investigators since 
Anitschkow (27), is lipid. Anitschkow 
and Chalatov (28) showed in 1913 that 
if cholesterol is fed to rabbits there is a 

great increase in the concentration of 
cholesterol in the plasma and choles- 
terol-containing lesions develop in the 

aortas; and Parker and Odland (18) 
showed in 1966 that much lipid ac- 
cumulated within altered intimal smooth 
muscle cells. Other investigators (29) 
have subsequently reported similar ef- 
fects in primates. In addition, the fact 
that cholesterol is a major component 
of human atherosclerotic lesions (30) 
and the well-established correlation be- 
tween the concentration of lipoprotein 
cholesterol in plasma and the incidence 
or prevalence of atherosclerotic heart 
disease (31) support the concept that 
cholesterol, like the arterial smooth 
muscle cell, may be essential to the de- 

velopment of atherosclerosis. Unfortu- 

nately, we understand neither the fac- 
tors that control the concentrations of 
cholesterol in the plasma nor the fac- 
tors that influence the distribution of 
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lipoprotein cholesterol between the 
blood and tissues. It is clear that choles- 
terol is insoluble in aqueous solutions 
except when present as a lipoprotein 
complex, that most of the cholesterol in 
plasma is a component of lipoproteins 
synthesized in the liver or the intestine, 
and that most cells cannot degrade 
cholesterol; but it is by no means clear 
how cholesterol is deposited in arteries, 
how it influences the tissue response of 
arteries, or how it could ever be trans- 

ported away from arteries once de- 
posited. Thus, as in the case of the 
endothelium, many more studies need 
to be done to clarify the physiologic 
and pathologic roles played by choles- 
terol. 

Conclusions: A Modified Hypothesis 

Arterial smooth muscle cells clearly 
play a fundamental role in athero- 
sclerosis. They are the principal cells 
that accumulate, they undoubtedly form 
the extracellular matrix components of 
atherosclerotic lesions, they accumulate 
intracellular lipid in the presence of in- 
creased concentrations of extracellular 
lipoprotein, and they may also promote 
the deposition of lipid in the extracel- 
lular matrix. Although the basis for 
these changes remains to be established, 
there is much to recommend the hy- 
pothesis (24) that endothelial injury is 
involved. Our studies support a modified 
hypothesis that the endothelium nor- 
mally influences the behavior of arterial 
smooth muscle cells by providing a 
barrier to the passage of plasma pro- 
teins and that the major effect of hemo- 
dynamic or other factors that injure 
the endothelium is to decrease this 
barrier. 

According to this hypothesis, local 
injury to the endothelium increases the 
concentration of plasma proteins in the 
vicinity of medial smooth muscle cells, 
and in response to some of these pro- 
teins the cells migrate into the intima 
and proliferate. When these changes in 
tissue architecture are accompanied by 
restoration of the endothelial permea- 
bility barrier, the lesion becomes self- 
limited and may regress. However, 
with continued injury to the endothe- 
lium, the smooth muscle cells that have 

already migrated into the intima are 
stimulated to proliferate further, and a 
critical balance between cell prolifera- 
tion and cell destruction may determine 
whether the lesion enlarges or remains 
of relatively constant size. It may be by 
affecting this balance that factors such 

as hypertension, hormonal imbalances, 
and plasma constituents exert their 
greatest effects. Indeed, plasma lipopro- 
teins such as LDL may convert what 
would ordinarily be a limited tissue re- 
sponse to injury into what is classically 
recognized as atherosclerosis by intro- 
ducing an additional problem of 
balance: that of removing cholesterol 
from arteries once that cholesterol has 
been deposited and is no longer a com- 
ponent of a soluble lipoprotein com- 
plex. When cholesterol deposition ex- 
ceeds cholesterol removal the balance is 
tipped toward irreversibility of the 
lesion and the development of clinical 
disease. Thus, according to this hy- 
pothesis, all individuals could have con- 
tinually forming and regressing lesions, 
while clinical sequelae develop only in 
those in whom imbalance has occurred. 

Clearly, this hypothesis and others 
related to atherosclerosis need to be 
carefully tested. Fortunately, tech- 
niques are now available for studying 
the responses of smooth muscle cells 
at the molecular level, so that new op- 
portunities exist for investigators in- 
terested in studying the fundamental 
biology of cells having immediate rele- 
vance to a catastrophic human disease. 
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The current drive to upgrade the 
health care delivery system lacks a 
vital factor-significant involvement of 
those who develop new technology. A 
whole spectrum of development engi- 
neers and applied scientists is necessary 
to provide support for any massive 
venture requiring the development and 
application of advanced technology, 
and this is exactly the kind of effort 
that will be necessary to help solve 
our "health care crisis." Further, the 
effective implementation of such an 
involvement will require the integration 
of many elements in biomedical science 
and engineering into well-defined, 
multidisciplinary teams organized to 
solve specific problems. 

The problems associated with the 
delivery of health care have sometimes 
been compared with the problem that 
the National Aeronautics and Space 
Administration (NASA) faced in send- 
ing men to the moon, or with the 
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concentrated, cooperative effort neces- 

sary for developing a viable nuclear 
energy industry. These are examples 
of Herculean endeavors that required 
the development of advanced tech- 
nology to successfully achieve national 
goals. In each of these examples, the 
objective was realized when engineers 
and applied scientists became intimately 
involved with the problems, not only 
on an operational basis, but also in 
the formative and conceptual phases. 

Development personnel are not 
effectively employed when the problems 
are narrowly defined and when the 
allowable solutions lie only within the 
realm that is well known to the more 
basic scientist or scientific adminis- 
trator. In the biomedical area, all too 
often a contract approach has been 
used, where the engineer is contracted 
to add the details to a preconceived 
technological concept. As a result, the 
innovative development engineer has 
not been attracted to this area, and 
much of the resulting technology has 
not been founded on the best engi- 
neering principles. 

It is true that we have spent, and 
are still spending, vast sums of money 
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on an operational basis, but also in 
the formative and conceptual phases. 

Development personnel are not 
effectively employed when the problems 
are narrowly defined and when the 
allowable solutions lie only within the 
realm that is well known to the more 
basic scientist or scientific adminis- 
trator. In the biomedical area, all too 
often a contract approach has been 
used, where the engineer is contracted 
to add the details to a preconceived 
technological concept. As a result, the 
innovative development engineer has 
not been attracted to this area, and 
much of the resulting technology has 
not been founded on the best engi- 
neering principles. 

It is true that we have spent, and 
are still spending, vast sums of money 

in the general area of health care. 
Large amounts are allotted by the 
National Institutes of Health (NIH) 
for studying the causes of disease; 
billions are disbursed every year for 
medical services; and the number and 
sophistication of our current health 
care facilities are being increased by 
the Health Services and Mental Health 
Administration (HSMHA). However, 
the amount spent on research and 
development for health care delivery 
by the federal government through the 
Department of Health, Education, and 
Welfare (HEW), recently estimated to 
be $18 to $59 million per year (1), 
is very small in comparison. The 
higher figure also includes funds used 
for the development of manpower, 
system analyses of alternative plans, 
and so forth. This by no means 
represents a national commitment or 
dedication to solving the health care 
problem, at least in the same sense 
that we committed ourselves to travel- 
ing to the moon or developing nuclear 
energy. 

An additional point should be 
stressed. We will not achieve an 
"ultimate" health care delivery system, 
although we must maintain a continuing 
effort in this direction. For as new 
insights into the prevention and treat- 
ment of diseases are attained through 
biomedical research, they must also be 
applied to the health care of the 
general population. 

Why "Advanced" Technology? 

The patient frequently points to two 
major problems in his involvement 
with the health care delivery system: 
the unresponsiveness of the system 
and the high cost. The first problem 
manifests itself in the difficulty of 
entering the health care system, 
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