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EDITORIAL REVIEW

Atherosclerosis and arteriosclerosis in chronic renal failure

Cardiovascular complications are the principal cause of mor-
bidity and mortality in end-stage renal disease patients [1].
Arterial disease is the major underlying factor leading to myocar-
dial infarction and cerebrovascular events [2]. The alterations are
related to occlusive lesions usually due to growth of a thrombus at
the site of an atherosclerotic plaque. For these reasons, research
has concentrated on metabolic and mechanical factors of vascular
remodeling associated with atherosclerotic plaques.

There has been far less concern with the alterations of arteries
as vascular cushions. This is an important aspect, however, since
the function of arteries is not only to conduit blood, but also to
cushion the pulsation due to intermittent ventricular contraction
and flow generation [3]. These two aspects of arterial function can
be dealt with independently since their functional alterations have
different origins and consequences. Disorders of conduit function
by narrowing the vessel lumen affect the tissues and organs
downstream, while disorders of cushioning function by arterial
wall stiffening have deleterious effects on the heart upstream [3].
In the present review we would like to introduce current hemo-
dynamic concepts of arterial function and its alterations in
end-stage renal disease.

Basic principles
The arterial system has two distinct and separate functions: to
deliver blood with minimal loss of mean pressure to bodily tissues
and organs, and to smooth the pulsations resulting from intermit-
tent cardiac ejection so that blood flow through these organs is
almost steady. The arteries thus act as conduits and as cushions
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Conduit function of arteries

The efficiency of conduit function is related to the width of the
arteries and the near constancy of mean blood pressure along the
arterial tree, the mean pressure drop between the ascending aorta
and arteries in the forearm or leg being 2 to 3 mm Hg in a supine
position [3, 4]. Alterations of conduit function occur through
narrowing or occlusion of arteries with restriction of blood flow
and resulting ischemia or infarction of tissues downstream. In
basal resting conditions the conduit function is maintained until
an artery is narrowed to 20% or less of its original diameter [5].
Atherosclerosis characterized by the presence of plaques is the
most common disease that disturbs conduit function. Atheroscle-
rosis is primarily an intimal disease, focal and patchy in its
distribution, occurring preferentially in the carotid bifurcation,
coronaries, renal arteries, infrarenal aorta, and femoral arteries
[6]. Focal compensatory enlargement of arterial lumen occurs at
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discrete sites of narrowing immediately adjacent to more or less
normal areas [7]. Risk factors and mechanisms of atherogenesis
are complex. They include smoking, lipid disturbances, thrombo-
genesis, production of vasoactive substances and growth factors
and mediators of inflammation. Besides these humoral factors
atherogenesis also depends on mechanical factors such as tensile
stress and alterations in shear stress [7-10]. Mechanical factors
exert their deleterious effects by several mechanisms including
increased permeability of endothelium to macromolecules and
activation of the endothelial layer by shear stress alterations. The
role of mechanical factors is confirmed by the high prevalence of
atherosclerosis in hypertension, with a predilection of atheroscle-
rotic plaques for certains sites characterized by disturbances of
flow pattern and shear stress, like orifices, bifurcations, bending or
pronounced tapering [6, 7].

Cushioning function of arteries

During systole around 50% of stroke volume is directly for-
warded into peripheral circulation, and other 50% is stored in the
aorta and major arteries, distending their walls and storing part of
the energy then available in the diastole. In diastole the stored
energy passively recoils the aorta, pressing the stored blood
volume forward into peripheral vessels. This so-called “Windkes-
sel function” transforms pulsatile flow in central arteries to almost
a steady flow in the tissues [3]. This cushioning function is very
efficient in young and healthy humans, and the extra energy lost
on account of the intermittent ventricular ejection is only 10 to
15% greater than if the heart’s output were nonpulsatile and
continuous [11]. The efficiency of cushioning function depends
principally on the viscoelastic properties of arterial walls de-
scribed in terms of compliance, distensibility or stiffness (inverse
of distensibility) [3, 11]. The physical properties of arterial walls
will determine the amplitude of pressure waves, their propagation
and reflection along the arteries. Ejection of blood from the heart
into the aorta generates a primary pressure wave (incident), which
is propelled forward to other arteries throughout the body at a
given velocity (pulse wave velocity-PWV) [3, 11-13]. PWV in-
creases with arterial stiffening and therefore increases progres-
sively from the ascending aorta to the more distal parts of the
arterial tree. The incident pressure wave is reflected at any point
of structural or geometric discontinuity of the arterial tree,
generating a natural counterpulsation (reflected wave) traveling
backward from peripheral reflecting sites towards the ascending
aorta [12, 13]. Incident and reflected waves are in constant
interaction, and they sum up to determine the amplitude and
shape of the measured pulse pressure wave, which depend on the
amplitude and phase relationship (the timing) between the com-
ponent waves. For a given pattern of ventricular ejection, the
amplitude and the timing of incident and reflected wave depend
on the viscoelastic properties of the arterial wall (arterial stiff-
ness). Arterial stiffening is associated with increased systolic and
pulse pressurcs, both directly by increasing the amplitude of the
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Fig. 1. Causes of death in patients aged = 60 years at the start of treatment, starting RRT from 1983-1992 (selected countries). Comparison of mortality
factors in European countries with relatively high and low mortality rates, respectively. A small percentage of cardiogenic mortality is observed in some
countries with a relatively high mortality rate. Abbreviations are: St, standard patients; Diab, diabetic patients; PRD, primary renal discase; AUS,
Austria; SWE, Sweden; NOR, Norway; ITA, Italy; SPA, Spain; POR, Portugal. Symbols are: ((J) unknown; ([) accident; (N) miscellaneous; (&) social;
(@) liver; (B) infection; () vascular; and (M) cardiac (from Valderrabano et al, Annual Report on Management of Renal Failure in Europe, XXV,
1994; oral presentation at the 23rd ERA-EDTA Congress, Athens, 11-14 June 1995; used with permission).

pressure wave and indirectly by increasing PWYV, causing an early
return of reflected wave from the periphery to the aorta [3,
11-13]. The direct mechanism is responsible for an increased
pulse and systolic pressure in the entire arterial system. Because
of the different timing of wave reflections (reflection sites are
closer to peripheral arteries than to the aorta), the indirect
mechanism predominantly increases aortic and left ventricular
pressure in the late systole at the expense of mean diastolic
pressure, which is decreased [11, 13]. This results in increased
hydraulic load imposed on the left ventricle and a reduction in
subendocardial coronary blood supply during diastole [11-15].
Arteriosclerosis is the principal cause altering cushioning func-
tion [11]. Arteriosclerosis is primarily a medial degenerative
condition that is generalized throughout the thoracic aorta and
central arteries, causing dilation, diffuse hypertrophy and stiffen-
ing of arteries. Arteriosclerosis is sometimes considered as a
“physiological” aging phenomenon that is accelerated by hyper-
tension. Arteriosclerosis results in diffuse fibroelastic intima thick-
ening, an increase in medial ground substance and collagen, and
fragmentation of elastic lamellae with secondary fibrosis and
calcification of the media. These changes are more pronounced in
the aorta and central arteries than in the limb arteries [13].
Taken together, atherosclerosis is a disease that typically dis-
turbs conduit function almost exclusively, while arteriosclerosis
does not affect it. Nevertheless, in Western populations these two
conditions frequently coexist, since both progress with aging and
share several common pathogenetic mechanisms, making the
distinction between atherosclerosis and arteriosclerosis some-
times difficult. The development of ultrasound techniques has

permitted a direct visualization of small arterial wall segments
with direct evaluation of the extent of atheromatous plaques and
determination of arterial geometry, with measurements of arterial
diameters and intima-media thicknes in plaque-free segments.
Thus, the characteristics of arterial lesions at the site of athero-
matous plaques yield information concerning pathogenetic factors
that are very different from those at non-atherosclerotic sites.

Atherosclerosis in chronic renal failure
Prevalence and progression of atherosclerosis in uremic patients

Atherosclerosis is a frequent cause of morbidity in patients with
end-stage renal disease. Myocardial infarction and cerebrovascu-
lar events occupy an important place in the mortality of these
patients. This has already been shown in pioneer studies 20 years
ago [2, 16, 17] and led to the hypothesis of the existence of an
accelerated atherosclerosis [2]. The high prevalence of cardiovas-
cular mortality in chronic hemodialysis patients reported in early
reports has been extensively confirmed by numerous subsequent
studies [1, 18-25]. Despite significant progress achieved with
dialysis technology, there is no evidence for a decrease in the
prevalence of atherosclerosis during the last decade, as shown in
a recent study by the ERA-EDTA Registry [1]. Based on this
report, the cardiovascular mortality rate of chronic dialysis pa-
tients, who were stratified into various subcategories according to
age, gender, and geographic origin, was approximately 20 times
higher than that of the general population, and the cerebrovas-
cular death rate was nearly 10 times higher. The relative risk was
thus considerably higher than that of nonuremic diabetic patients
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in whom the increase in risk is “only” threefold {26]. Figure 1
shows the high prevalence of cardiovascular mortality in 60-year-
old dialysis patients in Europe. It is of interest that the well-known
north/south gradient of the general population was observed in
the dialysis population as well, that is, there appears to be a much
lower prevalence of lethal and non-lethal cardiovascular events in
southern Europe than in northern Europe [1). An increase in the
relative risk to develop cardio- and cerebrovascular diseases was
also found in recent studies done in dialysis patients in the United
States [25, 27, 28], in Latin America [29], and in Japan {23, 30]. A
somewhat different conclusion was, however, reached in a recent
analysis by the USRD Annual Data Report of the trends in causes
of death in dialysis patients for the middle to late 1980s. It showed
that the adjusted death rates due to cerebrovascular accidents
actually decreased whereas that of cardiac causes increased [31].
It must be stressed that in most studies of cardiovascular mortality
no distinction has been made between ischemic and non-ischemic
causes. This is of importance since coronary artery-independent
mechanisms equally play important roles in the pathogenesis of
cardiac failure, including myocardial hypertrophy, valvular dis-
ease, intermittent or permanent extracellular volume overload,
and anemia {32, 33]. Interestingly, in a methodologically well-
done study from the most southern part of Japan [23], the
incidence of cerebrovascular events in hemodialysis patients was
extremely high (by a factor of 11.5 compared with the general
population), whereas that of the cardiac events was not increased
(factor 1.1). This incidence clearly is at variance with recent
observations made in the U.S. and in Europe.

The hypothesis by Lindner et al {2] of an accelerated athero-
sclerosis in chronic dialysis patients has been continuously cited
since its publication two decades ago. Its validity appeared to be
supported by several subsequent reports. Thus, Ibels et al showed
in a post-mortem study [34] that dialysis patients exhibited a
higher prevalence of atheromatous changes of the carotid and
femoral vessel wall, compared with age-matched subjects without
renal failure. Very recently, a similar finding has been reported
again in a large patient cohort from Japan, using an ultrasono-
graphic technique, in that there was an increased intima/media
thickness of the carotid artery in chronic hemodialysis patients,
compared with age-matched healthy control subjects (Fig. 2) [30].

However, it remains uncertain whether the atherosclerosis of
dialysis patients is effectively accelerated. The high cardiovascular
mortality rate is not a proof for an acceleration of the disease
process. Many dialysis patients have more or less marked vascular
lesions already at the start of dialysis treatment. The risk factors
present in the predialysis phase may be of primary importance.
Moreover, these patients often exhibit a number of coexistent risk
factors, such as arterial hypertension, dyslipidemia, glucose intol-
erance, and cigarette smoking. These risks clearly are additive. In
contrast, in the general population such risk factors may be more
often present as single, separate items. Therefore, the reality of
accelerated atherosclerosis remains subject to controversy [20, 35,
36]. In fact, this issue represents a preferred matter of discussion
at nephrology meetings [37].

Risk factors for atherogenesis in chronically uremic patients

Physical factors. (1.) Tensile stress—arterial hypertension. Evi-
dence that increased tensile stress is important in the pathogen-
esis of atherosclerosis comes from many observations including
the following: atherosclerotic plaques are virtually confined to
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Fig. 2. Intima/media thickness (IMD) of the carotid artery in healthy control
subjects (N = 81; (0) and in chronic hemodialysis patients (N = 199; W).
Columns represent mean (= sD) values split up into different age groups.
Parentheses show numbers of subjects. *P < 0.001 versus control subjects;
**P < 0.05 versus control subjects (from Kawagishi et al, Kidney Int
48:820-826, 1995, with permission).

systemic arteries where the tensile stress is high; the frequency of
atheromatous plaques is increased in patients with arterial hyper-
tension; in aortic coarctation, atherosclerosis is accelerated in
upper body arteries where the pressure is high, whereas it is
decreased in severity in lower body arteries where the pressure is
lower; and the development of atherosclerosis in autogenous vein
bypass grafts can be experimentally prevented by a rigid external
support that counteracts the increase in transmural pressure of
the graft [38]. It is not known how increased tensile stress
predisposes to atherosclerosis. It seems that high tensile stress
enhances the endothelial permeability to macromolecules,
thereby directly activating stress-sensitive ion channels.
Undoubtedly, hypertension plays an important role in the
pathogenesis of atherosclerosis and vessel alterations associated
with ischemia and hemorrhage [25]. A satisfactory control of
hypertension is associated with a significant decrease in cerebro-
vascular morbidity and mortality [39, 40]. The role of hyperten-
sion in the pathogenesis of ischemic heart disease is less well
established. In several studies, only a borderline effect of blood
pressure control, or even the absence of any effect, was observed,
whereas in other studies the control of hypertension was associ-
ated with an improvement of ischemic cardiac events [39, 40].
Hypertension is a frequent complication in chronic renal dis-
eases, occurring in 80% of patients with end-stage renal disease
before initiating dialysis therapy. After the start of dialysis treat-
ment hypertension persists in a large proportion of patients. In
particular, the physiologic blood pressure nocturnal dip is fre-
quently absent [41]. An association between high blood pressure
and occlusive vessel wall changes was found in chronic hemodi-
alysis patients [25, 42], and a rigorous control of hypertension
already at the time of incipient renal failure led to a significant
decrease of the incidence of myocardial ischemia after initiation
of dialysis therapy [43]. Clinical and epidemiological studies have
shown a high prevalence of isolated systolic hypertension in
ESRD patients [1, 44—-46]. The systolic hypertension was associ-
ated with an increase in pulse pressure due to arterial stiffening. It
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is of note that in several epidemiological studies increased pulse
pressure has been found to be an independent and significant
predictor of myocardial infarction and coronary death [47, 48]. As
discussed later, increased arterial stiffness could be a factor of
myocardial ischemia even in the absence of significant occlusive
atheromatous lesions.

(2.) Shear stress and alterations in blood flow. Changes in shear
stress may play a role in the pathogenesis of atherosclerosis, but
controversy exists whether low or high shear stress would affect
the development of atherosclerotic lesions. Fry [8] demonstrated
that increased blood flow velocity and wall shear stress enhanced
the permeability of the endothelial layers to macromolecules; this
can cause erosions of the endothelium and may result in vessel
wall injury. On the contrary, Caro and Nerem [9] suggested that
low shear stress may adversely affect the mass transport of lipids
across the endothelial layer consistently with the development of
atherosclerotic plaques at the sites of low shear stress like
bifurcations. Lower blood flow velocities and lower shear stress
result in a longer particle residence time at blood-vessel wall
interface, allowing greater interaction between blood and athero-
genic factors as well as facilitating the diffusion of lipids and
macromolecules accross the endothelium. Glagov and Zarins
suggested that low shear stress induces focal thickening of arterial
walls in order to reduce the local diameter and restore wall shear
stress [10]. The multiplicity of theories relating changes in shear
stress to atherogenesis illustrate the difficulty of measuring in vivo
the shear stress at the vascular interface in humans. Nevertheless,
it appears that fluctuating shear related to secondary non-laminar
and pulsatile flow is the major etiologic factor. The role of shear
stress alterations on the development of atherosclerosis in ESRD
patients has not been specifically investigated, principally due to
the difficulty of measuring the level of shear stress in humans.

Metabolic and humoral factors. (1.) Disturbances of lipid metab-
olism. The uremic syndrome is characterized by a number of
quantitative and qualitative derangements of lipoprotein metab-
olism. The resulting disturbances [49] should, at least theoreti-
cally, contribute to the pathogenesis of the atherosclerosis of
chronic renal failure.

The most important anomalies are: (1) an increase in the serum
levels of triglycerides, IDL, cholesterol-rich VLDL and apoli-
poprotein (apo) B, and apo-B containing lipoproteins consisting
of cholesterol-rich lipoprotein-B particles (LP-B) and triglyceride-
rich complex lipoprotein-B particles (LP-Bc); and (2) a decrease
in HDL-cholesterol (expecially HDL2), a decrease of the ratio of
apo-Al/apo-CIII, and a reduction of that of apo-Cll/apo-CIII
[49-51]. Apo-CHI appears to be particularly important since
uremic patients with vascular disease have a significant increase in
the apo-CIHI concentration of their B-lipoparticles, compared
with uremic patients free of vascular lesions [52]. Partially de-
graded triglyceride-rich LP-Bc has been shown to be strongly
associated with the development of small coronary artery athero-
sclerotic disease [53], whereas the level of cholesterol-rich LP-B
was associated with large coronary artery lesions [53, 54].

In addition, there are profound disturbances of the dynamics of
cholesterol transport, including a diminished cholesterol transport
rate in serum from HDL to VLDL and LDL [55] and an inhibition
of reverse cholesterol transport from peripheral cells to the
circulation [56]. Several factors are incriminated in these actions,
such as a decrease in LCAT enzymic activity [57] and the
accumulation of an inhibitor of the cholesterol ester transfer
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protein (CETP) [58]. A decrease of the LDL receptor number at
the cell surface probably contributes to the abnormal lipoprotein
metabolism as well [59].

Furthermore, more recently several qualitative lipoprotein
changes have been shown to occur, including increased oxidation
[60-63], carbamylation [64], and transformation by advanced
glycation end-products (AGE) [65]. Oxidative stress occurs not
only at the lipid level, but also at the protein level [66], and
hypochlorite-modified proteins, including oxidized LDL, are
present in human atherosclerotic lesions [67]. However, it must be
stressed that there are conflicting data in the literature with
respect to excessive oxidation in uremia. Generally speaking,
oxidative processes favor the occurrence of atherosclerosis, prob-
ably via an interference with normal lipoprotein function and the
concomitant production of highly reactive lipid perioxidation
products, such as malonaldehyde, forming adducts with free
amino groups of lysines and other amino acids of apolipoprotein
B [68], and leading to enhanced generation of oxysterols and
depression of lipoprotein lipase mRNA and activity in arterial
foam cells [69]. A profound immunological response against
various epitopes of oxidized LDL generally occurs in patients with
atherosclerotic lesions [70, 71]. The identification of the specific
epitopes inducing this response probably will be assessable in the
near future with the help of natural monoclonal autoantibodies
[72].

Oxidized LDL may be taken up more readily in dialysis patients
than in healthy subjects because of an increased expression of type
I scavenger receptor {73]. An enhanced formation of atheroma-
tous lesions ensues [74]. Similarly, AGE-L.LDL may be available for
uptake into the vessel wall to a larger extent than normal LDL
since such transformed particles have a prolonged stay in the
circulation [65]. Figure 3 shows the pathologically slowed clear-
ance of AGE-transformed LDL-particles in the experimental
animal, compared with that of native LDL particles. AGE-
transformed products of any nature, not only lipoproteins, might
participate in the genesis of vascular lesions, especially in diabetic
patients, via binding to their endothelial receptor, RAGE, the
induction of the vascular adhesion molecule VCAM-1 and the
attraction of circulating monocytes to the vessel wall [75]. Re-
cently, it could be shown that RAGE was expressed in arterial and
capillary endothelial cells of uremic patients, whereas it was not
constitutively expressed in endothelial cells sampled from non-
uremic control individuals [76]. .

The role of the triglyceride-rich lipoproteins as cardiovascular
risk factor remains controversial. However, hemodialysis patients
with coronary heart disease (CHD) generally have increased
serum triglyceride levels together with a diminished serum HDL-
cholesterol concentration [77]. The results of the CLAS study
showed that the progression of myocardial ischemia was associ-
ated with increased circulating levels of triglyceride-rich lipopro-
teins [78]. However, the relatively low degree of hypertriglyceri-
demia seen in the majority of uremic patients corresponds only to
a small increase in cardiovascular risk in the general population
without renal insufficiency [79]. On the other hand, there is an
association between IDL, cholesterol-rich VLDL and the degree
of severity of CHD [80]. In addition, the cholesterol-rich uremic
VLDL have a greater atherogenic potential than normal VLDL.
Furthermore, clinical conditions with an accumulation of residual
lipoparticles and IDL, such as those seen in chronic uremia,
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Fig. 3. Plasma clearance of native and AGL-transformed human LDL in
normal control mice (A) and in transgenic mice for the human LDL-receptor
(B). The animals were injected either native LDL (O) or AGE-LDL (@®).
The control mice without the human LDL receptor exhibit a slow decrease
of native as well as of AGE-LDL (A). In contrast, the transgenic mice
were able to eliminate relatively rapidly native LDL, but not AGE-
transformed LDL. The latter therefore accumulate in serum (from Bucala
et al, PNAS 91:9441-9445, 1995; with permission).

represent an increased risk for the development of ischemic
cardiomyopathy [104].

Only a small number of systematic studies have been done with
the most powerful, recently developed exploratory techniques to
test the hypothesis of an association between disturbances of
lipoprotein metabolism and atherosclerosis in a large population
of chronically uremic patients. [n the majority of studies with a
sufficient sample size that are available to date, only serum levels
of total cholesterol and triglyceride levels have been measured for
this purpose, and it was found that in most of the patients who had
clinical evidence of vascular disease, serum triglycerides were
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Table 1. Anomalies of serum lipids and apolipoproteins in chronically
uremic patients before the start of dialysis treatment who either had
(CVE +) or had not (CVE ~) a history of cardiovascular events

CVE + CVE -
Serum levels (N = 16) (N = 43)
Triglycerides mM 23+03 1.7+ 0.17
Apolioprotein-B mg/liter 1.7 £0.13 1.4 = 0.06°
Apolipoprotein-CII mg/liter 596 44 = 37
Apolipoprotein-CIIL mg/liter 224 £ 22 176 * 12*

AP <0.05°P <001

increased whereas serum total cholesterol was normal. This has
led to the conclusion that lipid disturbances probably do not play
an important role. However, a relationship between the anomalies
of lipoprotein metabolism and atheromatous vessel disease be-
come apparent whenever such anomalies are examined in an
appropriate manner. Hence, it has been shown recently that
dialysis patients with vascular disease had an increase in serum
triglycerides, total cholesterol, and VLDL cholesterol, compared
with patients who had no evidence of vascular disease [81].
However, the former also were approximately 15 years older than
the latter. Dialysis patients with type I diabetes and a history of
myocardial infarction had significantly higher serum levels of total
cholesterol and LDL/HDL-ratio than comparable patients with-
out myocardial infarction [26]. In a personal study done at our
institution in patients with advanced chronic renal failure who
were not yet on dialysis and who were matched for sex and age
(Lacour et al, unpublished study), we found significant differences
for several lipoprotein parameters between a group of patients
who had, and an another group who did not have, clinical
evidence of cardiovascular disease (Table 1). There was no
difference between the two groups with respect to age, body wt, or
plasma concentrations of total cholesterol, HDL cholesterol, apo
A or apo E.

In a recent study from Italy in which chronic hemodialysis
patients were examined using carotid ultrasonography, a signifi-
cant association was observed between the intima/media thickness
of the vessel wall and the serum concentration of LDL cholesterol
[82]. In contrast, in two other recent ultrasonographic studies
done in dialysis patients no association was found, based on
multivariate regression analysis, between the degree of severity of
atheromatous lesions of the carotid and the femoral artery and
the serum levels of a variety of lipid parameters, including apo-Al,
apo-B, total or HDL cholesterol, LDL cholesterol, and triglycer-
ides [30, 83]. Similarly, in a recent personal study (unpublished
results) no difference in commonly measured serum lipid levels
was observed between hemodialysis patients with or without
ultrasonographically-proven atheromatous plaques of the carotid
artery (Table 2). However, in none of these studies was a
comparison made between lipid parameters and clinically evident
cardio- or cerebrovascular events. Morover, the plaques could be
the result of long-standing lipid abnromalities that have been
changed with the advent of uremic or dialysis. For instance, the
serum level of total cholesterol decreases in the case of malnutri-
tion. Consequently, this parameter probably loses its predictive
value for vascular risk [84].

Another independent, genetically-determined vascular risk fac-
tor in the general population is the serum level of lipoprotein(a)
or Lp(a) [85]. However, its predictive value remains controversial
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Table 2. Atheromatous plaques prevalence and comparison of clinical
parameters in ESRD patients

Plaques absent Plaques present

Parameters N =45 N =262
Age years 439 = 144 61.7 = 13.5%
Sex M/F ratio 1.42 = 0.50 1.31 =047
Body surface area m” 1.68 + 0.26 1.70 £ 0.16
Systolic BP mm Hg 144.0 = 248 151.6 = 33.0
Diastolic BP mm Hg 87.0 = 13.9 78.6 * 14.6*
CCA diameter mm 591 +0.79 6.64 = 0.87*
CCA IMT pm 722 = 107 838 = 87*
CCA distensibility 21.5+95 12.9 = 6.4*
KPa™7- 1077

Aortic PWV cm/second 908 = 163 1247 + 352*
Total cholesterol mmol/liter 5.03 £ 1.00 487 = 1.54
HDL cholesterol mmol/liter 1.07 = 0.35 112 £ 0.47
Triglyceride mmol/liter 1.90 * 0.98 1.93 = 0.87
Fibrinogen g/liter 420 = 0.88 5.67 = 1.00*
Smoking status packet - years 515 = 11.00 16.00 + 22.00*

Data are mean * $D.

Abbreviations are: CCA, common carotid artery; IMT, intima-media
thickness; PWV, pulse wave velocity

ap < 0.01

[86]. Apparently, the risk increases in case other lipidic risk factors
are present, such as increased LDL, apoB, or decreased HDL [85,
87]. A correlation between low molecular apo(a)-phenotypes and
CHD has been found in several studies [88]. The potential value
of serum Lp(a) as a risk factor has been examined in uremic
patients by numerous authors in recent years. In practically all
these studies an increase of serum Lp(a) was found in a more or
less large proportion of the patients examined [83, 89-93]. Figure
4 shows the increase of the percentage of uremic patients at our
institution with high serum Lp(a) levels, compared with age- and
sex-matched healthy control subjects [93]. This increase was
partially reversible after successful renal transplantation [93].
Moreover, a recent report showed that the serum Lp(a) concen-
tration was increased most often in hemodialysis patients with low
serum albumin levels, that is, in patients with malnutrition, as
compared to a normal serum Lp(a) concentration in dialysis
patients with normal serum albumin [94].

The increase of serum Lp(a) in end-stage renal disease appears
to be limited to patients with the high molecular isoform of the
various Lp(a) phenotypes [92]. In accord with the findings in the
population at large, higher serum Lp(a) concentrations were also
found in uremic patients with a history of ischemia [90, 91].
Surprisingly, a correlation existed on the one hand between the
serum level of Lp(a) and the number of ultrasonographically
demonstrated lesions of the carotid artery, and on the other hand
between the apo(a) phenotype and the presence of atheromatous
vessel changes [83].

The complex relationship between serum Lp(a) and atherogen-
esis in chronic renal failure requires further scrutiny [85, 86]. A
recently proposed mechanism for the induction or aggravation of
atheromatous lesions by Lp(a) is an impairment of vascular
relaxation by oxidized Lp(a) [95]. The latter may involve the
formation of O,— radicals, the production of which has been
shown by some groups to be enhanced in chronic renal failure
patients [96]. Enhanced oxidation not only occurs at the lipid
level, but also at the protein level [66]. Table 3 summarizes the
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most important atherogenic factors associated with lipoprotein
metabolism.

(2.) Disturbances of glucose metabolism. Uremic patients suffer
from a variety of anomalies of carbohydrate metabolism. Insulin
resistance has been a well-known feature for many years. The
myocardial tissue is involved as well since insulin-dependent
glucose uptake is diminished in experimental uremia [26]. Insulin
resistance also is in part responsible for the disturbed activation of
lipoprotein lipase and the accumulation of VLDL and IDL in
renal failure. In the experimental animal, this anomaly can be
corrected by the administration of exogenous insulin [97]. It is also
frequently improved after the start of intermittent hemodialysis
treatment [98]. On the other hand, the increased glucose input
into the organism under CAPD treatment may have an athero-
genic potential via the induction of a variety of lipid disturbances,
such as an increase in the production of VLDL with hypertriglyc-
eridemia and a decrease in HDL cholesterol [99]. It is of note that
the recently described, so-called “metabolic syndrome” of patients
with essential hypertension, in particular in association with
obesity, relies on the hypothesis of a relationship between insulin
resistance and an increased tendency to develop atherosclerotic
vascular disease [100]. Hyperinsulinemia recently has been shown
to be an independent risk factor for ischemic heart disease {101].

It is well known that diabetic patients with advanced renal
failure have a mediocre vascular prognosis. This could be related
not only to the numerous metabolic anomalies linked to this
pathologic condition, but also to the induction of tissue damage
via slow, irreversible changes in extracellular molecules due to
hyperglycemia-induced covalent modification. The best studied
example of such changes is covalent modification of proteins by
advanced glycation end products (AGEs). The endothelial cell is
a primary target site. Reactive oxygen species, which may be
excessively formed in uremic patients, particularly under specific
hemodialysis conditions, contribute to sugar-adduct autoxidation
and AGE formation. Interestingly, inhibition of oxidant pathways
by antioxidants is capable of preventing intracellular AGE pro-
duction [102].

(3.) Hyperhomocysteinemia. Homocysteine can exert toxic ef-
fects on vascular endothelium via an acceleration of LLDL au-
tooxydation {103] or via a mechanism favoring vascular thrombo-
sis [104]. Recently, homocysteine has also been shown to enhance
vascular smooth muscle cell proliferation, via an induction of
cyclin A [105]. Chronic renal failure is associated with an increase
in the plasma homocysteine level [106]. This is true for patients
before [107] as well as after the start of dialysis therapy [42, 108].
The increase generally persists after successful renal transplanta-
tion [109]. Hyperhomocysteinemia has been recognized as an
important vascular risk factor in the general population [110, 111].
Figure 5 demonstrates the prevalence of carotid artery stenosis as
a function of plasma homocysteine levels in non-uremic patients.
Recently, a similar relationship has been reported for hemodial-
ysis patients [42] and kidney graft recipients [109]. An insufficient
intake of folic acid could be the main cause of homocysteine
accumulation [110]. In addition, under hemodialysis treatment, a
state of relative folic acid deficiency can occur easily since folic
acid is a water soluble, dialyzable vitamin that is regularly cleared
during the dialysis session [112]. However, according to a recent
report only the total and the free forms, but not the reduced form,
of plasma homocysteine are increased in chronically uremic
patients [108], and only the reduced form is supposed to act as a
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Fig. 4. Percentage of (A) healthy control subjects (N = 33), (B) chronically uremic patients not yet on dialysis (N = 46), (C) hemodialysis patients (N =
46), and (D) renal transplant recipients (N = 165) with increasing serum Lp(a) levels from left to right. A clear-cut shift to the right is seen in the patients,
which is particularly marked in the hemodialysis patient population (after [93], with slight modifications).

pro-atherogenic factor. Another recent report found plasma
homocysteine levels to be elevated in many patients, despite
adequate blood folate levels, suggestive of an altered homocys-
teine metabolism (Note added in proof, A). Of note, an associa-
tion has recently been found in dialysis patients between total
plasma homocysteine and occlusive vascular disease [42]. It is
possible that in renal failure reduced plasma homocysteine is
formed in increased amounts which subsequently could be rapidly
oxydized [108], due to the increased oxydative stress activity in
uremia [96]. Interestingly, treatment with supraphysiologic doses
of folic acid, vitamin B6 and vitamin B12 can decrease or even
normalize plasma homocysteine levels in dialysis patients {113].

(4.) Cigarette smoking. The major role of cigarette smoking
needs not be discussed in any detail. Chronically uremic patients
are by no means protected against the deleterious effects of
tobacco consumption [30, 114].

Other potential risk factors. (1.) Disturbances of calcium and
phosphorus metabolism. Complicated atheromatous lesions with
vascular calcifications probably have a greater prevalence in
uremic than in non-uremic patients. Following percutaneous
transluminal catheter angioplasty (PTCA), the one-year reocclu-
sion rate was as high as 70% in dialysis patients, which is
considerably higher than in other patient categories with an
increased vascular risk, including non-uremic diabetic patients
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Table 3. Potentially atherogenic factors related to the disturbed
lipoprotein metabolism chronic renal failure

(1) Static quantitative and qualitative anomalies

% Increase of the serum levels of:
~triglycerides
—intermediary lipoproteins (IDL)
—cholesterol-rich low-density lipoproteins (VLDL)
—apolipoprotein-B (apo-B)
-Lp(a)

* Decrease of the serum levels of:
—cholesterol in high-density lipoproteins (HDL-cholesterol)
—-apo-Al/apo-CIII ratio
—apo-CIl/Apo-CIII ratio

* Physical changes of lipoproteins
—oxydation
—carbamylation
—transformation through “advanced glycation end-products” (AGE-

transformation)

(2) Dynamic anomalies
* Diminished reverse cholesterol transport
—~decrease of LCAT, LPL and HTGL enzyme activities
~accumulation of an inhibitor of cholesterol ester transfer protein
(CETP)

[26]. The calcification of atheromatous plaques probably is fa-
vored by an increased calcium-phosphate product, be it in asso-
ciation with secondary hyperparathyroidism or with adynamic
bone disease. This is also true for the higher risk of developing
aortic valve calcification [115]. Recently, a significant relation was
also found in dialysis patients between the degree of carotid
intima/media thickness and the plasma levels of phosphate and
parathyroid hormone [30]. Vascular calcifications may be favored
by long-term vitamin D therapy [116]. Clearly, a satisfactory
control of calcium and phosphate metabolism is mandatory not
only for an optimal skeletal stability but also with respect to
vascular risk. Finally, arterial hypertension also promotes vascular
calcium deposit, as has been recently shown for the coronary
artery in asymptomatic men [117].

(2.) Vitamin E deficiency. Several pieces of evidence have
emerged in favor of a potential enhancing role of vitamin E
deficiency in the occurrence of coronary heart disease of the
population at large [118, 119]. The protective role suggested from
these epidemiologic studies is in apparent contradiction with a
first large intervention study where the administration of vitamin
E for several years was not associated with a decrease in the
cardio- or cerebrovascular mortality of Finnish smokers in a
recently published intervention study [120]. However, the primary
end-point of that study was different, namely the prevention of
cancer. A recent randomized, controlled trial of vitamin E admin-
istration to patients with coronary heart disease concluded that
such a treatment substantially reduced the rate of non-fatal
myocardial infarction [121]. However, in that study there was no
apparent benefit on overall cardiovascular deaths either. Clearly,
further work will be required to show the patient groups for whom
these findings are applicable [121].

Vitamin E could afford protection against cardiovascular dis-
ease by several mechanisms, including antioxydative properties
allowing to limit lipoprotein oxydation [122], inhibitory effects on
platelet adhesion and aggregation {123] and on monocyte adhe-
sion to the endothelial cell [124], antiproliferative effects on
vascular smooth muscle [125] and intracellular effects on the
monocyte leading to a decreased ability to release oxygen radicals
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and cytokines such as IL-18 [126]. To date, there is only limited
evidence in favor of a vitamin E deficiency state in uremic
patients. In one recent study there was no difference in the
vitamin E content of LDL between three uremic groups, including
patients either in the predialysis state, under hemodialysis, or
under CAPD treatment [63]. However, subclass analysis of these
patients revealed that prolonged dialysis treatment was associated
with a decrease of the vitamin E content in LDL. The underlying
cause has not been elucidated. In particular, the possible role of
malnutrition has not been excluded. Since the efficiency of vitamin
E to protect uremic LDL against oxidation appears to be dimin-
ished, relatively high doses of the vitamin are likely to be required
to obtain that protection [63]. In another recent study, serum
vitamin E was not different between hemodialysis patients and
healthy subjects, although the content of tocopherol in red blood
cells and in HDL was lower in the dialysis patients [127].

(3.) Vasoactive, endothelium- and platelet-derived compounds.
Strictly speaking, endothelial and platelet dysfunction most often
is the consequence of the noxious action of many of the risk
factors that have been discussed, and not a risk factor by itself.
The vessel wall produces a variety of locally active vasoconstrictor
and vasodilator substances, some of which exert pro-atherogenic
or anti-atherogenic actions. The former include the endothelins,
and the latter several prostaglandin derivatives such as prostacy-
clin and nitric oxide (NO or EDRF). The plasma level of
endothelin-1 is increased in uremic patients, before as well as
after the dialysis session [128, 129]. To what extent its increase in
the circulation reflects local endothelin-1 concentration and the
propensity to favor atheromatous changes of the vessel wall,
remains to be seen. Prostacyclin production by the vessel wall is
increased in chronic renal failure whereas the synthesis of throm-
boxane by platelets is diminished [130]. Enhanced synthesis and
activity of NO synthase leading to increased NO production has
been shown to occur with hemodialysis using cellulosic mem-
brane, but not polymethylmethacrylate membrane [131]. On the
other hand, the formation and retention of the competitive
inhibitor of NO synthase, asymetric dimethyl-L-arginine, may
favor a decrease in NO generation [132]. Furthermore, NO also
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could be more rapidly inactivated in dialysis patients, due to the
excessive generation of oxygen-derived free radicals [96]. This
process is particularly pronounced in diabetics and can be re-
versed by administering the antioxidant, vitamin C [133]. It is of
note that hemodialysis patients may have a relative [134], and less
frequently an absolute [135], ascorbic acid deficiency. Collectively,
the physiologic equilibrium between locally formed vasoactive
compounds clearly is perturbed in the uremic state, either inter-
mittently or chronically.

A variety of other factors reflect an activation and/or dysfunc-
tion of the vascular endothelium in chronic renal failure in
association with changes of the coagulation system, such as
increased plasma levels of von Willebrand factor, plasminogen
activators, thrombomodulin, fibrinogen, proconvertin and the
inhibitor of type-1 plasminogen activator [114, 136, 137].

(4.) Cytokines. Some cytokines such as interleukin-1 have been
ascribed pro-atherogenic actions as well [138]. The balance be-
tween IL-12 and IL-10 production might contribute to the level of
immune-mediated tissue injury in atherosclerosis [139]. The en-
hanced generation of a variety of cytokines in uremic patients and
in particular the activation of monocytes and platelets through the
contact with bioincompatible dialysis membranes could favor
atherosclerosis, according to this hypothesis [26].

(5.) Miscellaneous factors. Estrogens exert a protective action
against the development of atheromatous vessel changes, proba-
bly not only via a more favorable constellation of plasma lipopro-
teins, but also via an inhibition of LDL-oxidation [140]. Estrogens
probably act in a similar way in uremic patients who frequently
exhibit a relative estrogen deficiency.

In the general population, angiotensinogen—and less convinc-
ingly the ACE enzyme— have been proposed to be two other risk
factors [86]. However, a possible role of these factors has not yet
been demonstrated in chronic renal failure.

The vitamin B6 deficiency frequently observed in uremic dial-
ysis patients [112] could also favor the occurrence of atheroscle-
rosis, as is the case in non-renal patients in whom a negative
relation has been found between the plasma level of pyridoxal-5’'-
phosphate (the co-enzyme of vitamin B6) and the prevalence of
extracranial carotid artery stenosis [110].

The progression from the advanced atherosclerotic lesion to
vessel occlusion involves neutrophil (PMN) adhesion to the
vascular endothelium. Neutrophils exert both scavenger and
damaging effects, via the increased expression of adhesion mole-
cules, including ICAM-1 and L-selectin. Neutrophil-depleted and
ICAM-1-deficient mice have been shown to be relatively resistant
to stroke [141]. In hemodialysis patients, neutrophil L-selectin
decreases during the dialysis session with cellulosic membrane
whereas plasma L-selectin increases, possibly in association with
pulmonary leukoaggregation and neutrophil activation [142].
Such intermittent changes of neutrophil function could have
relevance for the progression of atherosclerotic vessel disease.

Viral infections, which occur more frequently in uremic patients
than in the general population, could play a role as well, as has
been seen with cytomegalovirus (CMV) or adenovirus infection,
possibly via the induction of vascular smooth muscle cell prolif-
eration secondary to changes of lipid metabolism, immunologic
injury, or impairment of vessel repair of atherosclerotic lesions
[143-145; Note added in proof, B]. Prior exposure to CMV
infection has been recently shown to be a strong independent risk
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factor for restenosis after coronary angioplasty and atherectomy
[146).

The prolonged administration of immunosuppressive drugs
such as corticosteroids and cyclosporine also must be considered.
Both compounds may be atherogenic via their negative effects on
lipoprotein metabolism, that is an increase in circulating total
cholesterol and triglycerides [147].

Cyclosporine may also increase the development of atheroscle-
rotic lesions via its suppression of cell-mediated immunity [148].
In addition, cyclosporine has been suspected to exert a stimulating
effect on Lp(a), although a study done by our group failed to
confirm this contention, at least for the case of renal transplant
recipients [93].

Diuretics and antihypertensive drugs such as thiazides and beta
adrenergic receptor blockers also could theoretically be athero-
genic since they often induce an increase in serum triglyceride and
LDI.-cholesterol concentration and/or a decrease in LPL activity
(149, 150]. Their positive effect in terms of blood pressure control
must, however, be regarded as more important than their poten-
tially negative effects via minor changes of lipoprotein metabolism
[151].

The regular administration of heparin leads to a depletion of
the pools of the two major lipolytic enzymes, LPL and HTGL
through an intermittent liberation during each hemodialysis ses-
sion [152]. Moreover, heparin interferes with the action of the
third key enzyme of lipoprotein metablism, namely LCAT, via an
excessive liberation of free fatty acids. The use of low molecular
weight heparin is able to prevent such negative effects [153, 154].

Antiatherogenic mechanisms. (1.) Uremia and dialysis dependent
factors. As mentioned above, the predominance of locally synthe-
sized vasodilatory and antiatherogenic compounds such as pros-
tacyclin and NO theoretically should be protective against athero-
sclerosis. The same is true for the diminished liberation of
thromboxane and the mitogenic factor PDGF by platelets [26].

Anemia could be considered to be partially protective against
atherogenesis because anemia interferes with the interaction of
platelets with the arterial wall, decreasing platelet aggregation,
thereby decreasing the risk of thrombogenesis. However, in a
recent prospective study done in a large cohort of dialysis patients
anemia had no independent association with the development of
ischemic heart disease, whereas it was associated with clinical and
echocardiographic cardiac disease, as well as with overall mortal-
ity [155].

Vitamin A levels are often increased in chronic renal failure
[156]. Since the most common substrate of vitamin A is -caro-
tene, and since several epidemiological and animal studies suggest
that B-carotene supplements are associated with a decreased risk
for coronary artery disease [157], one could speculate that uremic
patients are relatively protected via elevated plasma vitamin A.
However, in a recent randomized, double-blind, placebo-con-
trolled study the long-term supplementation of 22,071 physicians
with beta carotene had no effect on the incidence of cardiovascu-
lar disease [158]. Moreover, it must be stressed that in chronic
renal failure patients in whom the circulating vitamin A-binding
protein is increased, retinol-binding protein is also elevated [159],
so that free plasma vitamin A levels are probably normal [160].

The frequently diminished plasma concentrations of the most
active vitamin D metabolite, calcitriol, which has been shown to
be proatherogenic, also might be considered to be a rather
favorable condition [26].
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Table 4. Atherogenic risk factors in chronic renal failure

(1) Generally recognized risk factors
~hypertension
—pathologically altered lipoproteins
~increased serum homocysteine levels
—cigarette consumption
(2) Other potential risk factors
—disturbances of calcium phosphate metabolism
~vitamin E deficiency
—excessive local generation of pro-atherogenic substances
(angiotensinogen, endothelin-1, thromboxane B, cytokines)
~viral infections
—estrogen deficiency
drugs (antihypertensive and immunosuppressive agents, heparin)
(3) Potentially protective factors
—decreased formation of thromboxane, calcitriol
—increased liberation of prostacyclin
—biocompatible (versus bioincompatible) dialysis membrane
-moderate alcohol consumption (wine)
(4) Co-morbid states aggravating ischemia
—myocardial hypertrophy
—anemia
—hypotensive episodes during the dialysis session
—arteriovenous fistula with excessive blood flow rates

The treatment of uremic patients with biocompatible, highly
permeable dialysis membranes could theoretically oppose athero-
genesis by exerting a positive influence on lipid metabolism, for
instance through an improved function of the LPL enzyme or a
decrease of apo-CII [161].

(2.) Uremia independent factors. To date, the regular, moderate
intake of alcohol, especially of wine, is considered by many
authors as a favorable measure against the development of
atheromatous lesions [162]. One of the various, as yet hypothet-
ical, mechanisms proposed in the literature is an inhibition of
LDL oxydation by phenolic substances contained in wine [163].
Another possible mechanism is a decrease in platelet aggregation
[164]. The relatively high wine consumption in the southern part
of Europe compared with that in the northern part could explain,
at least in part, the north-south gradient of the prevalence of
atherosclerosis, which also has been found in dialysis patients
despite a much higher frequency of ischemic syndromes in the
latter {1]. However, reduced risk of coronary heart disease is also
seen with moderate consumption of other alcoholic beverages [165].
Reduced risk is observed only in individuals with increased LDL-~
cholesterol levels, not in those with normal or low levels [166].

Table 4 summarizes the most important atherogenic risk factors
in chronic renal failure.

Arteriosclerosis in chronic renal failure

The arterial system in ESRD patients undergoes structural
remodeling very similar to changes with aging, and is character-
ized by diffuse dilation, hypertrophy and stiffening of the aorta
and major arteries (Table 5) [30, 167-169]. Although part of the
arterial alterations in ESRD patients are associated with the aging
process (Fig. 6), several features of arterial remodeling observed
in chronic uremia are different from those of the natural aging
process. Remodeling is an active process whose aim is to maintain
a constant tensile and/or shear stress. Arterial remodeling usually
occurs in response to long-term changes in hemodynamic (phys-
ical) conditions, in interaction with locally generated growth
factors, vasoactive substances and inflammatory mediators [170].
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Table 5. Common carotid artery geometry and functional indexes in
ESRD and controls

Controls ESRD
Parameters N =55 N =107
Age years 48.4 = 149 54.4 = 16.9
Sex M/F ratio 1.41 = 0.50 1.37 £ 049
Body surface area m’ 1.84 024  1.68 = 0.20°
Systolic BP mm Hg 1440 =219 149.0 = 30.7
Diastolic BP mm Hg 86.9 £ 13.7 81.7 £ 14.8%
CCA diameter mm 5.64 = 0.69 6.37 = 0.91°
CCA IMT pm 720 + 88 794 + 111°
CCA distensibility KPa 7 - 1077 214+ 109 159 = 8.7
Aortic PWV cm/second 987 £ 179 1117 + 340°
DTTI/STTI % 170.0 = 28.9 150 = 31.9°
Subjects with atheromatous plaques % 21.8 57.9°

Data are mean = SD. Abbreviations are: CCA, common carotid artery;
IMT, intima-media thickness; PWYV, carotido-femoral pulse wave velocity;
DTTI/STTI, subendocardial viability index. This Table is from [145],
expanded data.

2P <005 °P <001

The endothelium plays a prominent role in the remodeling
process.

Hemodynamic factors of arterial remodeling in chronic uremia

Arterial walls and endothelial surface are exposed to the
influence of mechanical factors such as flow and pressure stresses.
Changes in blood flow and flow velocity alter the shear stress while
changes in pulsatile blood pressure alter the circumferential
tensile stress. Mechanical stresses alter the properties of arterial
wall leading to acute functional or chronic structural adaptive
changes [171-176].

Arterial changes associated with alterations in flow. Acute varia-
tions in flow and shear stress modulate arterial diameter through
the phenomenon of flow dependent vasodilation. When increased
during an augmentation in blood flow, shear stress induces an
adaptive and functional enlargement of the vessel radius that acts
as negative feedback to normalize the stress. This is accomplished
through shear stress release of nitric oxyde (endothelium-depen-
dent relaxing factor), hyperpolarizing factor and release of pros-
tacyclin [177-180]. A chronic increase in blood flow modulates the
vessel growth by inducing a structural enlargement of the arterial
caliber by the reorganization of vascular wall cellular and extra-
cellular components. Experimental studies have shown that re-
ductions in blood flow produced smaller arterial diameters and
medial tissue mass, while the creation of arteriovenous fistulas
and chronic increase in flow induced dilation of the arteries [171,
172]. In ESRD patients a similar effect of chronically increased
blood flow was observed in arteries of the arm bearing dialysis
fistula [181]. On the other hand, in ESRD, conditions such as
anemia, arteriovenous shunts and overhydration induce a state of
chronic volume/flow overload associated with increased systemic
and regional blood flow and flow velocity, creating conditions for
systemic arterial remodeling [169]. This has been illustrated by
cross sectional studies which showed a direct relationship between
the diameter of the aorta and of major arteries and blood flow
velocity [169], as well as by studies indicating that arterial enlarge-
ment could be limited by adequate fluid removal during dialysis
[168]. Therefore, it appears that the systemic arterial enlargement
observed in ESRD results in part from chronic volume and flow
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overload, and from this point of view differs from changes
observed during normal aging.

Arterial changes associated with increase in tensile stress. Tensile
stress is an important determinant of the vascular structure. A
chronic increase in tensile stress, such as that which occurs during
hypertension, induces vascular hypertrophy associated with an
increase in the arterial intima-media layer and a decrease in
lumen diameter, resulting in an increase in media/lumen ratio
[182, 183]. According to Laplace’s law whereby wall tension is
directly proportional to arterial radius and intraarterial pressure,
and inversely proportional to wall thickness, hypertrophy compen-
sates for the increase in blood pressure or radius to maintain
normal stress. In comparison with non-uremic patients, the inti-
ma-media thickness of major central arteries is increased in
ESRD patients [169]. Like in the general population, in ESRD
patients arterial wall thickness increases with age, distending
pressure, and arterial diameter [169]. The increase in wall thick-
ness is proportional to changes in diameter, and this is a logical
consequence of Laplace’s law, whereby wall tension is directly
proportional to arterial radius. Nevertheless, according to the
same law, when the blood pressure increases, and whatever the
internal radius, the wall-to lumen ratio should increase in order to
normalize the tensile stress. This is observed in nonuremic
populations where the wall-to-lumen ratio of arteries has been
reported to increase with intravascular pressure [182, 183}, but not
in ESRD patients [169]. The reason for this difference is not clear.
It is possible that conduit arteries have a limited capacity to
respond adequately to a combined flow and pressure overload.
This was observed on radial artery on the side of arteriovenous

CCA intima-media
cross-sectional area, mm?

distensibility (B; r = —0.57, P < 0.0001) in
ESRD patients (from London et al, Kidney Int
50:600 to 608, 1996, expanded data).

fistula in ESRD patients [181] and in experimental conditions.
Indeed, in vein grafts subjected to separate mechanical factors
such as circumferential stretching and changes in blood velocity,
Dobrin, Littooy and Endean [184] demonstrated that changes in
flow influence intimal thickening, whereas medial thickening
responds to changes in wall stress. Intimal thickening occurs in
response to low flow velocity, whereas medial thickening occurs in
response to increased parietal tension.

In ESRD, the increase in arterial intima-media thickness (Fig.
7) is associated with decreased arterial distensibility, increased
PWYV, and early return of wave reflections {169]. Arterial disten-
sibility decreases with increasing blood pressure {3, 13]. In essen-
tial hypertensive patients, Laurent et al [185] have shown that the
decrease in arterial distensibility was primarily due to higher
distending blood pressure rather than to structural modifications,
and when adjusted for differences in blood pressure, hypertro-
phied arteries of essential hypertensive subjects were more dis-
tensible and had lower elastic modulus than those of normoten-
sive controls. In ESRD patients decreased arterial distensibility
results directly from arterial wall hypertrophy, and incremental
modulus of elasticity is increased in comparison with age- and
pressure-matched non-uremic controls {169]. The different rela-
tionship between hypertrophy and intrinsic elastic properties in
nonuremic subjects and ESRD points to qualitative differences in
the “hypertrophic process,” being in favor of altered intrinsic
elastic properties as observed in experimental uremia and in virro
in arteries of uremic patients, namely fibroelastic intimal thicken-
ing, calcification of elastic lamellae and ground substance depo-
sition [34].
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Nonhemodynamic regulators of arteriosclerotic remodeling in ESRD

It is beyond the scope of the present review to provide a
detailed description of factors that modulate the growth of
vascular smooth muscle cells and mediators of remodeling in
extracellular matrix in general. Numerous growth factors and
inhibitors are implicated in the pathogenesis of both atheroscle-
rosis and arteriosclerosis. The role of some factors has already
been discussed in the section concerning atherogenesis. In ESRD
patients, the number of studies dealing specifically with the role of
growth promoters or inhibitors is limited, and usually concern
atherosclerosis and not arteriosclerosis. Recent studies performed
on endothelial cells in vitro have shown that uremic serum has a
direct effect on vascular subendothelium, characterized by a less
intricate network of fibrils of extracellular matrix, and by a
decreased attachment of endothelial cells to that matrix [186]. It
would be of interest to analyze the potential effect of active
vitamin D compounds on the mechanical properties of the vessel
wall. Experimental studies have shown that calcitriol enhances
resistance artery force generation in vitro [187] and, in concert
with nicotine, diminishes arterial distensibility in vivo [188}.

Consequences of arteriosclerosis for ESRD patients

The most important consequence of arteriosclerosis is arterial
stiffening resulting in an increased left ventricular systolic stress
and an abnormal relationship between systolic and diastolic
tension-time integrals [3, 11, 13]. The principal consequences of
these alterations are left ventricular hypertrophy and altered
coronary perfusion with a decrease in subendocardial flow [11-
15].

The important factors relating the pressure load to LV hyper-
trophy and altered LV function are the peak and end-systolic
pressures in the aorta and central arteries, which are critically
dependent on arterial stiffness and the intensity and timing of
arterial wave reflections, that is, on the physical properties of
arteries [3, 11, 13]. Previous studies have shown that LV hyper-
trophy in ESRD was correlated to increased pulsatile pressure
load due to increased arterial stiffness and wave reflections [46,
167, 189]. Among ESRD patients, significant relations existed
between comparable cardiac and vascular parameters {169]. LV
diameter and arterial diameters are correlated and significant
correlations were observed between the common carotid artery
intima-media thickness and/or intima-media cross-sectional area
and LV wall thickness and/or LV mass (Fig. 8). These relation-
ships are independent of other factors like age, body surface arca,

CCA diameter, mm

area and interventricular septal thickness (A; r =
9 0.59, P < 0.0001) and CCA diameter and left
ventricular (LV) diastolic diameter (B; r = 0.39,
P < 0.0001) in ESRD patients (from London et
al, Kidney Int 50:600-608, 1996, expanded data).

and gender [169]. Moreover, independently from the blood
pressure level, the extent of left ventricular hypertrophy is directly
proportional to the decrease in aortic distensibility (Fig. 7).
However, in ESRD patients a significant correlation was observed
between arterial diameter and LV diastolic diameter (Fig. 8), also
suggesting the existence of a direct link between arterial dilation
and LV hypertrophy [169]. Indeed, the inertial effects are greater
in enlarged arteries since larger blood-filled arteries require the
heart to produce excess work in order to accelerate blood against
larger inertial forces during ejection. An important consequence
of LVH is reduction of coronary reserve, and myocardial hyper-
trophy has long been known as a major factor in the pathogenesis
of myocardial ischemia.

The second most important consequence of arterial stiffening is
compromised coronary perfusion. Canine studies have shown that
aortic stiffening directly decreased subendocardial blood flow
despite an increase in mean coronary flow, and that chronic aortic
stiffening reduced cardiac transmural perfusion and aggravated
subendocardial ischemia [11, 13, 14, 171]. Cardiac ischemia and
alterations in subendocardial perfusion are frequently observed in
uremic patients despite patent coronary arteries [20, 21]. This has
been recently shown in ESRD patients in which the changes in
large artery structure and function were associated with decreased
diastolic/systolic tension-time integral (subendocardial viability
index) (Fig. 9), an index of the propensity for myocardial ischemia
when there are altered hemodynamic forces in the absence of
occlusive arterial lesions [169]. Due to decreased arterial disten-
sibility and increased PWV, wave reflections return earlier and
impact on the incident wave during systole, increasing aortic and
CCA pressures, and increasing the LV systolic stress and the
systolic tension-time index, an index of LV oxygen and blood
demand. On the other hand, the impact of the reflected wave in
systole decreases the mean and telediastolic pressures, decreasing
the diastolic tension-time index, an index of LV perfusion capacity
[3, 13, 14}. Besides the role of abnormal structure and function of
aorta and major arteries, these alterations are partly related to
structural abnormalities of intramyocardial microvasculature. In
uremic rats, Amann et al [190] have shown that diminished
myocardial capillary density and thickening of intramyocardial
arterioles are due to smooth muscle cell hyperplasia.

At this point of the discussion a special mention should be
made concerning the role of anemia in the pathogenesis of
arterial disorders and their clinical manifestation. By contributing
to maintain volume and flow overload, anemia is an important
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Fig. 9. Scatterplot showing the correlation between the CCA compliance and
subendocardial viability index (diastolic/systolic tension-time ratio) in ESRD
patients (r = 0.51, P < 0.0001) (from London et al, Kidney Int 50:600- 608,
1996, expanded data).

factor in the pathogenesis of left ventricular hypertrophy and its
consequences [191-193]. Anemia induces an increased venous
return and left ventricular preload, and by contributing to arterial
remodeling also increases the ventricular afterload [169]. On the
other hand, anemia per se induces an alteration of the coronary
pressure-flow relationship, inducing an upward shift of the auto-
regulatory plateau and a decrease in coronary reserve. Therefore,
the nearly constant anemia in uremic patients, although it does
not appear to contribute per se to the development of ischemic
heart disease [155], plays an important role in the occurrence of
ischemic symptoms, whether or not in conjunction with the
presence of atheromatous plaques. This condition is frequently
underestimated or even ignored by cardiologists who take care of
such patients. Fortunately, the introduction of erythropoietin into
clinical practice has improved the therapeutic approach, and
myocardial hypertrophy generally regresses and myocardial isch-
emia may improve [191-193]. Nevertheless, it remains to be
determined whether the anemia should be entirely or only partly
corrected, since major changes of blood viscosity could alter the
shear stress applied to the vascular wall, with unpredictable
consequences.

Conclusion and perspectives

The cardiovascular complications of chronic renal failure pa-
tients can be schematically ascribed to two different major mech-
anisms: arteriosclerosis and atherosclerosis. Whereas the latter is
a disease that typically disturbs conduit function almost exclu-
sively, the former does not affect it. Most of the underlying
mechanisms and risk factors are different, however, some are
shared by the two conditions, including arterial hypertension,
hormonal disturbances, and dependence on growth factors.

Most of the factors that have been mentioned with respect to
the pathogenesis of arteriosclerosis, based on studies in the
general population, recently have been shown to play a similar
role in patients with end-stage renal disease. In contrast, several of
the above evoked mechanisms in the atherogenesis of chronic
renal failure remain hypothetical at present. One of the main
reasons is that no long-term, well-controlled studies have been
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available in this area that would have systematically tested, in
uremic patients, the importance of factors such as high blood
pressure, via the use of antihypertensive drugs, or disturbances of
lipoprotein metabolism, via the use of lipid lowering medications.
Current clinical practice as to the use of the latter has been
extensively reviewed in a recent meta-analysis by Massy et al [194].
The majority of studies have been limited to relating hemody-
namic or metabolic parameters to parameters of ischemia. It is
only during recent years that a small number of controlled studies
has been conducted that were aimed at examining the effect of
antihypertensive drugs on static and dynamic parameters of the
vessel wall, in particular the pathologically increased arterial
stiffness [168, 195, 196]. Thus, London et al [196] could show that
the administration for 12 months of either the calcium channel
blocker, nitrendipine or the ACE inhibitor, perindopril led to a
decrease in arterial pulse wave velocity and pulse wave reflection,
indicative of an improvement of vessel wall elasticity. In addition,
the administration of perindopril, but not of nitrendipine, was
associated with a decrease in left ventricular myocardial mass,
primarily via a decrement of the left ventricular volume, although
both drugs led to an improvement of left ventricular function.

Controlled long-term studies are time and energy consuming,
but they are indispensable to reach valid conclusions on the
implications of the numerous factors which theoretically may play
a role in the ischemic syndromes of chronic renal failure patients.
This is also true for therapeutic interventions such as the use of
lipid lowering agents, vitamins, or dietary maneuvers. Prospective,
randomized, large-scale trials in uremic patients are urgently
required to answer this question.

GERARD M. LONDON AND TILMAN B. DRUEKE
Paris, France

Reprint requests to Tilman Driieke, M.D., Département de Néphrologie,
Hépital Necker, 161, Rue de Sévres, 75730 Paris Cedex 15, France.

Note added in proof

A. TaMuRra T, JounsTOoN KE, BERGMAN SM: Homocysteine and folate
concentrations in blood from patients treated with hemodialysis. J Am Soc
Nephrol 7:2414-2418, 1996

B. Zuoou YF, GuerTA E, YU ZX, FINKEL T, EpsTEIN SE: Human
cytomegalovirus increases modified low density lipoprotein uptake and
scavenger mRNA expression in vascular smooth muscle cells. J Clin Invest
08:2129-2138, 1996

References

1. RaiNE AEG, MARGREITER R, BRUNNER FP, EHRICH JHH, GEELINGS
W, LANDAIS P, LOIRAT C, MALLICK NP, SELwooD NH, TUEVESON G,
VALDERRABANO F: Report on the management of renal failure in
Europe, XXII, 1991. Nephrol Dial Transplant (Suppl 2):7-35, 1992

2. LINDNER A, CHARRA B, SHERRARD DJ, SRIBNER BH: Accelerated
atherosclerosis in prolonged maintenance hemodialysis. N Engl
J Med 290:697-701, 1974

3. NicHors WW, O’ROURKE MF: Vascular impedance, in McDonald’s
Blood Flow in Arteries: Theoretic, Experimental and Clinical Principles,
edited by ArRnoLD E, London, Great Britain, 1991, pp 276-278

4. KROOKER EJ, Woop EH: Comparison of simultaneously recorded
central and peripheral arterial pressure pulses during rest, exercise
and tilted position in man. Circ Res 3:623-632, 1955

5. GouLp L: Physiological basis for assessing critical coronary stenosis.
Am J Cardiol 33:87-94, 1976

6. GLaGov S, ZarRINs C, GIDDENS DP, Ku DN: Hemodynamics and
atherosclerosis: Insights and perspectives gained from the studies of
human arteries. Arch Pathol Lab Med 112:1018-1031, 1988



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

32

London and Driieke: Hemodynamics of arterial function in CRF

. GLAGOV S, WEISENBERG E, ZARINS C, STANKUNAVICIUS R, KOLETTIS

GJ: Compensatory enlargement of human atherosclerotic coronary
arteries. N Engl J Med 316:1371-1375, 1987

. Fry DL: Acute vascular endothelial changes associated with in-

creased blood flow velocity gradients. Circ Res 22:165-197, 1968

. Caro CC, NEREM RM: Transport of '“C-4-cholesterol between

serum and wall in the perfused dog common carotid artery. Circ Res
32:187-205, 1973

Gracov S, Zarins C: Is intimal hyperplasia an adaptive response or
a pathologic process? Observations on the nature of nonatheroscle-
rotic intimal thickening. J Vasc Surg 10:571-573, 1989

O’ROURKE M: Mechanical principles in arterial disease. Hypertension
26:2-9, 1995

MURGO JP, WESTERHOF N, GioLMmA JP, ALTOBELLI SA: Aortic input
impedance in normal man: Relationship to pressure wave forms.
Circulation 62:105-116, 1980

O’ROURKE M: Vascular impedance: The relationship between pres-
sure and flow, in Arterial Function in Health and Disease, Edinburgh,
Churchill Livingstone, 1982, pp 94-132 and pp 185-243

BucCKkBERG GD, TOWERS B, PaGLiA DE, MULDER DG, MALONEY JV:
Subendocardial ischemia after cardiopulmonary bypass. J Thorac
Cardiovasc Surg 64:669-687, 1972

WATANABE H, OHTSUKA S, KaKIHANA M, SUGISHITA Y: Coronary
circulation in dogs with an experimental decrease in aortic compli-
ance. J Am Coll Cardiol 21:1497-1506, 1993

LowrieE EG, Lazarus EG, HamMpeERs CL, MERRILL JP: Cardiovas-
cular disease in dialysis patients. N Engl J Med 290:737-738, 1974
Lazarus EG, Lowrlie EG, HaMpPERS CL, MERRILL JP: Cardiovas-
cular disease in uremic patients on hemodialysis. Kidney Int 7(Suppl):
S167-S175, 1975

BRUNNER FP, BRYNGER R, CHANTLER C, DONCKERWOLCKE RA,
HAtHAwWAY RA, Jacoss C, SELwooDp NH, WING AJ: Combined
report on regular dialysis and transplantation in Europe. Proc EDTA
16:3-82, 1978

NicHoOLLS AJ, EDWARD N, CaTTO GRD, ENGESET J, MACLEOD M:
Accelerated arteriosclerosis in long-term dialysis and transplant
patients: Fact of fiction? Lancet 1:276-278, 1980

RosTAND SG, GRETES JC, KIRK KA, RuTsky EA, ANDREOLI TE:
Ischemic heart disease in patients with uremia undergoing mainte-
nance hemodialysis. Kidney Int 16:600-611, 1979

RosTAND SG, Kirk KA, Rutsky EA: Relationship of coronary risk
factors to hemodialysis-associated ischemic heart disease. Kidney Int
22:304-308, 1982

RENALDATASYSTEM US: Annual data report. Survival probabilities
and causes of death. Am J Kidney Dis 18(Suppl 2):49-60, 1991
Isexi K, Kinjo K, KIMURA Y, Osawa A, Fukivyama K: Evidence of
high risk of cerebral hemorrhage in chronic dialysis patients. Kidney
Int 44:1086-1090, 1993

BrownN JH, HunT LP, VITES NP, SHORT CD, GOKAL R, MALLICK
NP: Comparative mortality from cardiovascular disease in patients
with chronic renal failure. Nephrol Dial Transplant 9:1136-1142, 1994
PARFREY PS, GrIFFITHS SM, HARNETT JD, KENT GM, MURRAY D,
BARRE PE: Outcome and risk factors of ischemic heart disease in
chronic uremia. Kidney Int 49:1428-1434, 1996

Ritz E, DEPpPISCH R, STIER E, HANSCH G: Atherogenesis and cardiac
death: are they related to dialysis procedure and biocompatibility?
Nephrol Dial Transplant 9(Suppl 2):165-172, 1994

RostaND SG, BRUNZELL JD, CANNON RO, VicTorR RG: Cardiovas-
cular complications in renal failure. J Am Soc Nephrol 2:1053-1062,
1991

BLOEMBERGEN WE, PorT FK, MAUGER EA, WOLFE RA: Causes of
death in dialysis patients: Racial and gender differences. J Am Soc
Nephrol 5:1231-1242, 1994

MazzucHr N: Registro Latinamericano de Dialisis y Trasplante Renal.
Informe del afio 1993. Comite de Registro, Montevideo, Uruguay,
1995, pp 1-85

KawacisHl T, NisHizawa Y, KonisHi T, Kawasaki K, EMOTO M,
Snoi T, TaBata T, INoug T, Mornt H: High-resolution ultrasonog-
raphy in evaluation of atherosclerosis in uremia. Kidney Int 48:820-
826, 1995

USRDS: Annual Data Report. VII. Causcs of death. Am J Kidney Dis
24(Suppl 2):S88-595, 1996

HARNETT JD, Ki:NT GM, BARRE PE, TAYLOR R, PARFREY PS: Risk

33.

34.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

1691

factors for the development of left ventricular hypertrophy in a
prospectively followed cohort of dialysis patients. J Am Soc Nephrol
4:1486-1490, 1994

LonpoN GM, MaRrcHAIS ST, GUERIN AP, FaBiant F, METIVIER F:
Cardiovascular function in hemodialysis patients. Adv Nephrol 20:
249-273, 1991

IBELS LS, ALFREY AC, HUFER WE, CRASWELL PW, ANDERSON JT,
WEiL R: Arterial calcification and pathology in uremic patients
undergoing dialysis. Am J Med 66:790-796, 1979

. BUrkE JF, FrRancos GC, Moore LL, CHO SY, LASKER N: Acceler-

ated atherosclerosis in chronic dialysis patients—Another look.
Nephron 21:181-185, 1978

LunDIN AP, FRIEDMAN GA: Vascular conscquences of maintenance
hemodialysis—An unproven case. Nephron 21:177-180, 1978

Ri1z E, QUERFELD U: Atherogenesis—Is it accelerated in uremia?
Semin Dial 2:252-256, 1989

BATELLIER J, WASSEF M, MERVAL R, DuUriEz M, TEDGUI A:
Protection from atherosclerosis in vein grafts by rigid external
support. Arterioscler Thromb 13:379-374, 1993

CoLLiNs R, PETO R, MACMAHON S: Antihypertensive therapy:
Effects on stroke and coronary heart disease, in Textbook of Hyper-
tension, edited by SwaLrs JD, Oxford, Blackwell Scientific, 1994, pp
1156-1164

Lurt FC: Treatment and prevention of hypertension: Where have
we been and where are we going? Kidney Int 48(Suppl 50):514-S18,
1995

Luik AJ, STRUUK DG, GLapZIWA U, VAN OLDEN RW, vaAN HOOFF
JP, LEeuw PWbD, LeEuNiSSEN KML: Diurnal blood-pressure varia-
tions in hacmodialysis and CAPD patients. Nephrol Dial Transplant
9:1616-1621, 1994

BAacHMANN J, TEPEL M, RaIDT H, RIEZLER R, GRAEFE U, LANGER
K, ZipEk W: Hyperhomocysteinemia and the risk for vascular
disease in hemodialysis patients. J Am Soc Nephrol 6:121-125, 1995
VINCENT! F, AMEND WIJ, ABELE J, FEDUSKA NJ, SALVATIERRAIR O:
The role of hypertension in hemodialysis-associated atherosclerosis.
Am J Med 68:363-369, 1980

PiccoLt G, BoNELLO F, SALOMONE M, Boerc R, Picconr GB,
BErGia R, SEGoLONI GP, QUARELLO F: Epidemiology of arterial
blood pressure and hypertension in maintenance hemodialysis, in
IXth Symposium Gambro, “La Pression Artérielle chez I'Urémique,”
1988, pp 177-183

SiMON P, ANG KS, BENZIANE A: Hypertension artérielle systolique
isolée chez l'urémique chronique hémodialysé. Arch Mal Coeur
84:1205-1210, 1991

LonDoN GM, GUERIN AP, PANNIER B, MARCHAIS SJ, BENETOS A,
SAFAR ME: Increased systolic pressure in chronic uremia: Role of
arterial wave reflections. Hypertension 20:10-19, 1992

DARNE B, GIRERD X, SAFAR M, CaMBIEN F, GUIZE L, DARNE B,
GIRERD X, SAFarR M, CaMBIEN F, GuizE L: Pulsatile versus steady
component of blood pressure: A cross-sectional and prospective
analysis of cardiovascular mortality. Hypertension 13:392-400, 1989
MADHAVAN S, Qo1 WL, CoHEN H, ALDERMAN MH: Relation of
pulse pressure and blood pressure reduction to the incidence of
myocardial infarction. Hypertension 23:395-401, 1994

Lacour B, DRUEKE T: Lipid metabolism, in Textbook of Nephrology,
edited by Massry SG, Grassock RC: Baltimore, Williams and
Wilkins, 1995, pp 1395-1404

ATTMAN PO: Hyperlipoproteinemia in renal failure: Pathogenesis
and perspectives for intervention. Nephrol Dial Transplant 8:294-
295, 1993

Massy ZA, JUNGERS P, ROULLET J-B, DRUEKE T, LACOUR B:
Disturbances of apolipoprotein distribution in lipoproteins of uremic
patients. J Nephrol 6:153-158, 1993

Parsy D, DracoNn M, CacHERA C, PARRA HJ, VANHOUTTE G,
TACQUET A, FRucHART JC: Lipoprotein abnormalitics in chronic
haemodialysis patients. Nephrol Dial Transplant 3:51-56, 1988
Hobis HN, Mack W1, AZeN SP, ALAUPOVIC P, POGODA JM, LABREE
L, Casnin-HempHILL L, KRAMSCH DM, BLANKENHORN DH: Triglyc-
eride- and cholesterol-rich lipoproteins have a differential effect on
mild/moderate and severe lesion progression as assessed by quanti-
tative coronary angiography in a controlled trial of lovastatin.
Circulation 90:42-49, 1994



1692

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Avraupovic P, KNIGHT-G1BSON C, Hobis HN, Mack WJ, CASHIN-
HempHILL L, BLANKENHORN DH: Effect of apo-B containing lipopro-
tein particles on the progression of atherosclerotic lesions in the
Monitored Atherosclerosis Study (MARS). (abstract) Atherosclerosis
109:154, 1994

Hsia SL, Perez GO, MENDEZ AlJ, SCHIFFMAN J, FLETCHER S,
STOUDEMIRE JB: Defect in cholesterol transport in patients receiving
maintenance hemodialysis. J Lab Clin Med 106:53-61, 1985
DiepLINGER H, SCHONFELD PY, FIELDING CJ: Plasma cholesterol
metabolism in end-stage renal disease. Difference between treatment
by hemodialysis or peritoneal dialysis. J Clin Invest 77:1071-1083,
1986

McLeop R, Reeve CE, FrROHLICH J: Plasma lipoproteins and
lecithin:cholesterol acyltransferase distribution in patients on dialy-
sis. Kidney Int 25:683-688, 1984

MENDEZ Al, PErREz GO, Hsia SL: Defect in cholesteryl ester
transport in serum of patients with uremia receiving maintenance
hemodialysis: Increased inhibitor activity for cholesteryl ester trans-
fer. J Lab Clin Med 111:677-683, 1988

PorT™MAN RJ, Scotrr RC, ROGERS DD, Loose-MITCHELL DS,
LEMIRE JM, WEINBERG RB: Decreased low-density lipoprotein
receptor function and mRNA levels in lymphocytes from uremic
patients. Kidney Int 42:1238-1246, 1992

TOBOREK M, WasIK T, DrRozDz M, KLIN M, MAGNER-WROBEL K,
KoprieczNA-GRzEBIENIAK E: Effect of hemodialysis on lipid peroxi-
dation and anti-oxidant system in patients with chronic renal failure.
Metabolism 41:1229-1232, 1992

PauL JL, SaLL ND, Soni T, PoIGNET JL, LINDENBAUM A, MAN NK|
Moattt N, RaiCHVARG D: Lipid peroxidation abnormalities in
hemodialyzed patients. Nephron 64:106-109, 1993

DaeErRrR WH, WinDLER ETE, GRETEN H: Peroxidative modification
of very-low-density lipoproteins in chronic hemodialysis patients.
Nephron 63:230-231, 1993

MAGGI E, BELLAZZI R, FaLAascHI F, FRATTONI A, PERANI G, FINARDI
G, Gazo A, Na1 M, Romanint D, BELLoMO G: Enhanced LDL
oxidation in uremic patients: An additional mechanism for acceler-
ated atherosclerosis? Kidney Int 45:876-883, 1994

HORKKO S, SAVOLAINEN MJ, KERVINEN K, KESANIEMI YA: Carbamy-
lation-induced alterations in low-density lipoprotein mectabolism.
Kidney Int 41:1175-1181, 1992

BucaLa R, MAkITA Z, VEGA G, GRUNDY S, KOSCHINSKY T, CERAMI
A, VLAssARA H: Modification of low density lipoprotein by advanced
glycation end products contributes to the dyslipidemia of diabetes
and renal insufficiency. Proc Natl Acad Sci USA 91:9441-9445, 1994
WITKO-SARSAT 'V, FREIDLANDER M, CAPEILLEFRE-BLANDIN C,
NGUYEN-KHOA T, THUNGUYEN A, ZINGRAFF J, JUNGERS P, DEs-
CAMPS-LATSCHA B: Advanced oxidation protein products as a novel
marker of oxydative stress in uremia. Kidney Int 49:1304-1313, 1996
HazeLL LJ, ARNOLD L, FLOWERS D, WAEG G, MALLE E, STOCKER
R: Presence of hypochlorite-modified proteins in human atheroscle-
rotic lesions. J Clin Invest 97:1535-1544, 1996

Parinskt W, OrD V, PLump AS, BResLow JL, STEINBERG D,
Wrtztum JL: ApoE-deficient mice are a model of lipoprotein
oxidation in atherogenesis: Demonstration of oxidation-specific
epitopes in lesions and high titers of autoantibodies to malonalde-
hyde-lysine in serum. Arterioscler Thromb 14:605-616, 1994
HurteENn LM, LINDMARK H, DiczFaLUsY U, BIORKHEM I, OTTOSSON
M, Liu Y, BoNDJERS G, WIKLUND O: Oxysterols present in athero-
sclerotic tissue decrease the expression of lipoprotein lipase messen-
ger RNA in human monocyte-derived macrophages. J Clin Invest
97:461-4068, 1996

SALONEN JT, YLA-HERTTUALA S, YamMaMOTO R, BUTLER S, KOR-
PELA H, SALONEN R, NYYSSONEN K, PaLinski W, WiTzTuM JL:
Autoantibody against oxidised LDL and progression of carotid
atherosclerosis. Lancet 339:883—-887, 1992

BERGMARK C, WU R, FAIRE Up, LEFVERT AK, SWEDENBORG J:
Patients with earl-onset peripheral vascular disease have increased
levels of autoantibodies against oxidized LDL. Arterioscler Thromb
Vasc Biol 15:441-445, 1995

PALINSKI W, HORKKO S, MILLER E, STEINBRECHER UP, PoweLL HC,
CurTiss LK, Witzrum JL: Cloning of monoclonal autoantibodies to
epitopes of oxidized lipoproteins from apolipoprotein E-deficient
mice. J Clin Invest 98:800-814, 1996

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

9l.

92.

London and Driieke: Hemodynamics of arterial function in CRF

ANDO M, LUNDKVIST I, BERGSTROM J, LinpHOLM B: Enhanced
scavenger receptor expression in monocyte-macrophages in dialysis
patients. Kidney Int 49:773-780, 1996

WitztuM JL: The oxidation hypothesis of atherosclerosis. Lancer
344:793-795, 1994

ScHMIDT AM, Hor1 O, CHEN JX, L1 JF, CRANDALL J, ZHANG J, Ca0
R, YaN SD, BRreTT J, STERN D: Advanced glycation endproducts
interacting with their endothelial receptor induce expression of
vascular cell adhesion molecule-1 (VCAM-1) in cultured human
endothelial cells and in mice. J Clin Invest 96:1395-1403, 1995
GRETEN J, KrEIS I, WIESEL K, STIER E, SCHMIDT AM, STERN DM,
Ritz E, WALDHERR R, NAWROTH PP: Receptors for advanced
glycation end-products (AGE)—Expression by endothelial cells in
non-diabetic uraemic patients. Nephrol Dial Transplant 11:786-790,
1996

HanN R, OerTE K, MONDORF H, FINKE K, SizBERTH HG: Analysis
of cardiovascular risk factors in chronic hemodialysis patients with
special attention to the hyperlipoproteinemias. Atherosclerosis 48:
279-288, 1983

BLANKENHORN DH, ALAupovic P, WickHaM E, CHIN HP, AZEN SP:
Prediction of angiographic changes in native human coronary arter-
ies and aorto-coronary bypass grafts: Lipid and non-lipid factors.
Circulation 81:470-476, 1990

HuLLEY SB, RosenMAN RH, BawoLD RD, BRanD RJ: Epidemiol-
ogy as a guide to clinical decisions: The association between triglyc-
eride and coronary heart disease. N Engl J Med 302:1383-1389, 1980
Tatami R, MaBuchi H, Uepa K: Intermediate-density lipoprotein
and cholesterol-rich very low density lipoprotein in angiographically
determined coronary artery disease. Circulation 64:1174-1184, 1981
ATTMAN PO, ArLaupovic P: Lipid and apolipoprotein profiles of
uremic dyslipoproteinemia. Relation to renal function and dialysis.
Nephron 57:401-410, 1993

BURDICK L, PERITI M, SALVAGGIO A, BERTOLI S, MANGIAROTT! R,
CASTAGNONE D, ANGuissoLa G: Relation between carotid artery
atherosclerosis and time on dialysis. A non-invasive study. Clin
Nephrol 42:121-126, 1994

KRONENBERG F, KATHREIN H, KONIG P, NEYER U, STURM W,
LHotTA K, GROCHENIG E, UTERMANN G, DIEPLINGER H: Apoli-
poprotein(a) phenotypes predict the risk for carotid atherosclerosis
in patients with end-stage renal disease. Arterioscler Thromb 14:1405—
1411, 1994

Ritz E, VALLANCE P, Nowickl M: The effect of malnutrition on
cardiovascular mortality in dialysis patients: Is L-arginine the an-
swer? Nephrol Dial Transplant 9:129-130, 1994

KRONENBERG F: Lipoprotein(a) in renal disease: What we have, what
we need, what we can forget. Nephrol Dial Transplant 10:766-769,
1995

HABER E: Angiotensin-converting enzyme and lipoprotein(a) as risk
factors for myocardial infarction. Circulation 91:1888-1890, 1995
CaLLow MJ, VERSTUYFT J, TANGIRALA R, PaLinskl W, RuBiN EM:
Atherogenesis in transgenic mice with human apolipoprotein B and
lipoprotein (a). J Clin Invest 96:1639-1646, 1995

SANDHOLZER C, SAHA N, KARK JD: Apo(a) isoforms predict the risk
for coronary heart disease: A study in six populations. Arterioscler
Thromb 12:1214-1226, 1992

KaNDoOuUssI A, CACHERA C, PAGNIEZ D, DRACON M, FRUCHART JC,
TACQUET A: Plasma level of lipoprotein Lp(a) is high in predialysis
and hemodialysis, but not in CAPD. Kidney Int 42:424-425, 1992
CressMaN MD, HEvka RJ, Pacanint EP, O’NEIL J, SkiBinsk1 JI,
Horr HF: Lipoprotein(a) is an independent risk factor for cardio-
vascular disease in hemodialysis patients. Circulation 86:475-482,
1992

SHout T, NisHIzawA Y, NisHITANI H, YAMAKAWA M, Mori1 H: High
serum lipoprotein(a) concentrations in uremic patients treated with
continuous ambulatory peritoneal dialysis. Clin Nephrol 38:271-276,
1992

DierLINGER H, LACKNER C, KRONENBERG F, SANDHOLZER C,
Luorra K, HorpicHLER F, GRAF H, KOniG P: Elevated plasma
concentrations of lipoprotein(a) in patients with end-stage renal
disease are not related to the size polymorphism of apolipopro-
tein(a). J Clin Invest 91:397-401, 1993

. Massy ZA, BADER CA, CiIEVALIER A, CHAUVEAU P, ZINGRAFF J,

LAMBREY G, DRUEKE TB, JUNGERS P, KrEls H, LACOUR B: Serum



94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111

112.

113.

114.

115.

London and Driieke: Hemodynamics of arterial function in CRF

lipoprotein (a) levels in chronic renal failure and renal transplant
patients. J Nephrol 7:229-236, 1994

YanG WS, Kim SB, Min WK, LeEe MS, Park JS: Atherogenic lipid
profile and lipoprotein(a) in relation to serum albumin in haemodi-
alysis patients. Nephrol Dial Transplant 10:1668-1671, 1995

GALLE J, BENGEN J, SCHOLLMEYER P, WANNER C: Impairment of
endothelium-dependent dilation in rabbit arteries by oxidized lj-
poprotein(a). Circulation 92:1582-1589, 1995

NGUYEN A, LeETHAIS C, ZINGRAFF J, HERBELIN A, NAREeT C,
DEescamps-LatscHA B: Hemodialysis membrane-induced activation
of oxydative metabolism detected in vivo and in vitro within microa-
mounts of whole blood. Kidney Int 28:158-167, 1986

RouLLeT J-B, Lacour B, YverT JP, DRUEKE T: Correction by
insulin of disturbed TG-rich LP metabolism in rats with chronic renal
failure. Am J Physiol 250:E373-E376, 1986

DEFRONZO RA, TosIN JD, RowE JW, ANDRE R: Glucose intoler-
ance in uremia. J Clin Invest 62:425-435, 1978

LinpHOLM B, Norseck HE: Serum lipids and lipoproteins during
continuous ambulatory peritoneal dialysis. Acta Med Scand 220:143~
151, 1986

LitHeLL H: Pathogenesis and prevalence of atherosclerosis in hyper-
tensive patients. Am J Hypertens 7:25-68S, 1994

DEsPRES J-P, LAMARCHE B, MAURIEGE P, CANTIN B, DAGENAIS GR,
Mooriant S, LupiEN P-J: Hyperinsulinemia as an independent risk
factor for ischemic heart disease. N Engl J Med 334:952-957, 1996
GIARDINO 1, EDELSTEIN D, MRWONLEE M: BCL-2 expression or
antioxidants prevent hyperglycemia-induced formation of intracellu-
lar advances glycation endproducts in bovine endothelial cells. J Clin
Invest 97:1422-1428, 1996

HEINECKE JW, RoseN H, Suzuki LA, CHaiTt A: The role of
sulfur-containing amino acids in superoxide production and modifi-
cation of low density lipoprotein by arterial smooth muscle cells.
J Biol Chem 262:10098-10103, 1987

RoDGERS GM, Conn TM: Homocysteine, an atherogenic stimutus,
reduces protein C activation by arterial and venous endothetial cells.
Blood 75:895-901, 1990

Tsal J-C, WANG H, PERELLA MA, YOosHIzuMI M, S1BINGA NES, TAN
LC, HABeR E, CHANG THT, SCHLEGEL R, LEE M-E: Induction of
cyclin A gene expression by homocysteine in vascular smooth muscle
cells. J Clin Invest 97:146-153, 1996

Massy ZA: Moderate hyperhomocyst(e)inemia in renal failure—
What are the implications? Nephrol Dial Transplant (in press)
CHAUVEAU P, CHADEFAUX B, COUDE M, AUPETIT J, HANNEDOUCHE
T, KAMOUN P, JUNGERS P: Increased plasma homocysteine concen-
tration in patients with chronic renal failure. Miner Electrol Metab
18:196-198, 1992

HULTBERG B, ANDERSSON A, ARNADOTTIR M: Reduced, free and
total fractions of homocysteine and other thiol compounds in plasma
from patients with renal failure. Nephron 70:62-67, 1995

Massy ZA, CHADEFAUX-VEKEMANS B, CHEVALIER A, BADER CA,
DrUEKE T, LEGENDRE C, LAcour B, Kreis H: Hyperhomocysteine-
mia: A significant risk factor for cardiovascular disease in renal
transplant recipients. Nephrol Dial Transplant 9:1103-1108, 1994
SELHUB J, JacQUES PF, Bostom AG, ’AGOSTINO RB, WiLsoN PWF,
BELANGER AF, O’LearYy DH, WoLF PA, SCHAEFER EJ, ROSENBERG
IH: Association between plasma homocysteine concentrations and
extracranial carotid-artery stenosis. N Engl J Med 332:286-291, 1995
GLUECK CJ, SHAW P, LaNG JE, TrRacY T, SIEVE-SMITH L, WAN Y:
Evidence that homocysteine is an independent risk factor for ath-
erosclerosis in hyperlipidemic patients. Am J Cardiol 75:132-136,
1995

DEescomses E, HANCK AB, FELiAY G: Water-soluble vitamins in
chronic hemodialysis patients and need for supplementation. Kidney
Int 43:1319-1328, 1993

BostoMm AG, SHEMIN D, LApANE KL, HuME AL, YOBURN D,
NADEAU MR, BENDICH A, SELHUB J, ROSENBERG TH: High dose-
vitamin B treatment of hyperhomocysteinemia in dialysis patients.
Kidney Int 49:147-152, 1996

HaaBer AB, EiDEmak I, JEnSsEN T, FELDT-RASMUSSEN B,
STRANDGAARD S: Vascular endothelial cell function and cardiovas-
cular risk factors in patients with chronic renal failure. J Am Soc
Nephrol 5:1581-1584, 1995

RINEHART AL, HErzoG CA, CouLLINs Al, Frack JM, Ma JZ,

116.

117.

118.

119.

120.

121.

122,

123.

124.

125.

126.
127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

1693

OpsaHL JA: Greater risk of cardiac events after coronary angioplasty
(PICA) than bypass grafting (CABG) in chronic dialysis patients.
(abstract) J Am Soc Nephrol 3:389, 1992

MILLINER DS, ZINSMEISTER AR, LIEBERMAN E, LANDING B: Soft
tissue calcification in pediatric patients with end-stage renal disease.
Kidney Int 38:931-936, 1990

MEGNIEN JL, SIMON A, LEMARIEY M, PLAINFOSSE MC, LEVENSON J:
Hypertension promotes coronary calcium deposit in asymptomatic
men. Hypertension 27:949-954, 1996

STAMPFER MJ, HENNEKENS CH, MANsoON JE, CoLbitz GA, ROSNER
B, WiLLETT WC: Vitamin E consumption and the risk of coronary
disease in women. N Engl J Med 328:1444--1449, 1993

KusHi LH, FoLsoMm AR, PrRiNEAS RJ, MINK PJ, WU Y, Bostick RM:
Dietary antioxidant vitamins and death from coronary heart disease
in postmenopausal women. N Engl J Med 334:1156-1162, 1996
THE ALPHA-TOCOPHEROL, BETA CAROTENE CANCER PREVENTION
STupY GROUP: The effect of vitamin E and beta carotene on the
incidence of lung cancer and other cancers in male smokers. N Eng/
J Med 330:1029-1035, 1994

STEPHENS NG, PARSONS A, SCHOFIELD PM, KELLY F, CHEESEMAN K,
MITcHINSON MJ, BRowN MJ: Randomised controlled trial of vitamin
E in patients with coronary disease: Cambridge Heart Antioxidant
Study (CHAOS). Lancer 347:781-786, 1996

LaroNT AM, CHar YC, CornHILL JF, WHITLOW PL, Lowge PH,
CHisHoLM GM: Effect of alpha-tocopherol on restenosis after angio-
plasty in a model of experimental atherosclerosis. J Clin Invest
95:1018-1025, 1995

SALONEN JT, SALONEN K, SEPPANEN M, Kikkas MR, KorrELA H,
ALFTHAN G, KantoLa M, ScuaLch W: Effect of antioxidant supple-
mentation on platelet function: A randomized pair-matched, place-
bo-controlled, double blind trial in men with low antioxidant status.
Am J Clin Nutr 53:1222-1229, 1991

Farual R, MotTe C, DicorLETO PE: Alpha tocopherol inhibits
agonist-induced monocytic cell adhesion to cultured human endo-
thelial cells. J Clin Invest 94:592-600, 1994

OzER NK, PaLozza P, BoscoBoINIK D, Azzi A: D-alpha tocopherol
inhibits low density lipoprotein adhesion and protein kinase C
activity in vascular smooth muscle cells. FEBS Lert 322:307-310, 1993
Devarar S, Li D, JiaLaL I: The effects of alpha tocopherol supple-
mentation on monocyte function. J Clin Invest 98:756-763, 1996
PasTtor MC, SIERRA C, BoNaM J, TEIXIDO J: Serum and erythrocyte
tocopherol in uremic patients. Am J Nephrol 13:238-243, 1993
Koyvama H, TABATA T, NisHZAWA Y, INOUE T, Moru H, Yamain T:
Plasma endothelin levels in patients with uraemia. Lancer 1:991-992,
1989

WARRENS AN, Cassinpy MID, TakanasHl K, GHATEI MA, BLoom
SR: Endothelin in renal failure. Nephrol Dial Transplant 5:428-422,
1990

Remuzzi G, MARCHESI D, Livio M, LAVENAGHI AE, MEcca G,
DoNaTi MB, GAETANO GD: Altered platelet and vascular prosta-
glandin generation in patients with renal failure and prolonged
bleeding time. Thromb Res 13:1007-1015, 1978

AMORE A, BoNnauDpo R, GHiGO D, ARESE M, COSTAMAGNA C,
CiriNA P, GianoGLIO B, PERUGINI L, Copro R: Enhanced produc-
tion of nitric oxide by blood-dialysis membrane interaction. J Am Soc
Nephrol 6:1278-1283, 1995

VALLANCE P, LEONE A, CALVER A, COLLIER J, MONCADA S: Accu-
mulation of an endogenous inhibitor of nitric oxide synthesis in
chronic renal failure. Lancet 339:572--575, 1992

Ting HH, Timimi FK, BoLes KS, CREAGER SJ, GaNz P, CREAGER
MA: Vitamin C improves endothelium-dependent vasodifation in
patients with non-insulin-dependent diabetes mellitus. J Clin Invest
97:22-28, 1996

GASTALDELLO K, VEREERSTRAETEN A, NzZAMi-NzE T, VANHER-
wiGHEM JL, TieELEMANS C: Resistance to erythropoietin in iron-
overloaded haemodialysis patients can be overcome by ascorbic acid
administration. Nephrol Dial Transplant 10(Suppl 6):44-47, 1995
PONKA A, KUuHLBACK B: Serum ascorbic acid in patients undergoing
chronic hemodialysis. Acta Med Scand 213:305-307, 1983
NaAKAYAMA M, YamMADA K, YAMAMOTO Y, YOKOYAMA K, NAKANO
H, Kuso H, SHIGEMATSU T, KAwAGucH! Y, Sakal O: Vascular
endothelial dysfunction in patients on regular dialysis treatment. Clin
Nephrol 42:117-120, 1994



1694

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

Gris JC, BRANGER B, VECINA F, SaBaDaNI BA, FOURCADE J,
ScHVED JF: Increased cardiovascular risk factors and features of
endothelial activation and dysfunction in dialyzed uremic patients.
Kidney Int 46:807-813, 1994

NiLsson J: Cytokines and smooth muscle in atherosclerosis. Cardio-
vasc Res 27:1184-1190, 1993

UyvemURA K, DEMER LL, CasTLE SC, JULLIEN D, BERLINER JA,
GATELY MK, WARRIER RR, PHAM N, FOGELMAN AM, MoDLIN RL:
Cross-regulatory roles of interleukin (IL)-12 and IL-10 in atheroscle-
rosis. J Clin Invest 97:2130-2138, 1996

Sack MN, Raper DJ, III ROC: Oestrogen and inhibition of
oxidation of low-density lipoproteins in postmenopausal women.
Lancet 343:269-270, 1994

ConNoLLY ES, WINFREE CJ, SPRINGER TA, NakA Y, Liao H, Yan
SD, STERN DM, SoLoMON RA, GUTIERREZ-RAMOS J-C, PINSKY DJ:
Cerebral protection in homozygous null ICAM-1 mice after middle
cerebral artery occlusion. Role of neutrophil adhesion in the patho-
genesis of stroke. J Clin Invest 97:209-216, 1996

RaBs H, Acosti SJ, BITTLE PA, FERNANDEZ M, RAMIREZ G,
TepDER TF: Alterations in soluble and leukocyte surface L-selectin
(CD 62L) in hemodialysis patients. J Am Soc Nephrol 6:1445-1450,
1995

MELNICK JL, ADAaM E, DieBakey ME: Possible role of cytomegalo-
virus in atherogenesis. JAMA 263:2204-2207, 1990

CHANG MW, BARR E, Lu MM, BARTON K, LEIDEN JM: Adenovirus-
meidated over-expression of the cyclin/cyclin-dependent kinase in-
hibitor, p21 inhibits vascular smooth muscle cell proliferation and
neoinitma formation in the rat carotid artery model of balloon
angioplasty. J Clin Invest 96:2260-2268, 1995

Nieto FJ, Abam E, SORLIE P, FARZADEGAN H, MELNICK JL,
Comstock JW, Szki.o M: Cohort study of cytomegalovirus infection
as a risk factor for carotid intimal-medial thickening, a measure of
subclinical atherosclerosis. Circulation 94:922-927, 1996

ZHou YF, LEoN MB, WacLawiw MA, Popma JF, Yu ZX, FINKEL T,
EpsTEIN SE: Association between prior cytomegalovirus infection
and the risk of restenosis after coronary atherectomy. N Engl J Med
335:624-630, 1996

DRrRUEKE TB, ABDULMASSIH Z,, LACOUR B, BADER C, CHEVALIER A,
Krers H: Atherosclerosis and lipid disorders after renal transplan-
tation. Kidney Int 39(Suppl 31):524-828, 1991

RoOSELAAR SE, SCHONFELD G, DAUGHERTY A: Enhanced develop-
ment of atherosclerosis in cholesterol-fed rabbits by suppression of
ccll-mediated immunity. J Clin Invest 96:1389~1394, 1995

GriMM RH, LEON AS, HUNNINGHAKE DB, LEnz K, HANNAN P,
BrLacksurN H: Effects of thiazide diuretics on plasma lipids and
lipoproteins in mildly hypertensive patients. Ann Intern Med 94:7-11,
1981

TANAKA N, SAKAGUCHI S, OsHIGE K, NiMURA T, KanHisa T: Effect
of chronic administration of propranolol on lipoprotein metablism.
Metabolism 25:1071-1075, 1976

SwaLks JD: Pharmacological treatment of hypertension. Lancet
344:380-385, 1994

HUTTUNEN J, PASTERNAK A, VANTTINEN T, EHNHOLM C, NIKKILA
EA: Lipoprotein metablism in patients with chronic uremia. Effect of
hemodialysis on serum lipoprotein and post-heparin plasma TG
lipases. Acta Med Scand 204:211-218, 1978

DeuBer HI, ScnuLz W: Reduced lipid concentrations during four
years of dialysis with low molecular weight heparin. Kidney Int
40:496-500, 1991

SCHNEIDER H, ScHMITT Y: Niedermolekulares Heparin: Wie beein-
flusst es den Fettstoffwechsel bei chronischen Himodialysepati-
enten? Klin Wochenschr 69:749-756, 1991

. FoLey RN, PARFREY PS, HarNETT JD, KENT GM, MURRAY DC,

BARRE PE: The impact of ancmia on cardiomyopathy, morbidity,
and mortality in end-stage renal disease. Am J Kidney Dis 28:53-61,
1996

. WERB R, CLARK WF, LINDSAY RM, JoNES EOP, LINTON AL: Serum

vitamin A levels and associated abnormalities in patients on regular
dialysis treatment. Clin Nephrol 12:63-68, 1979

. SHaistt A, DAUGHERTY A, O’SULLIVAN F, SCHONFELD G, HEINICKE

JW: Beta-carotene inhibits atherosclerosis in hypercholesterolemic
rabbits. J Clin Invest 96:2075-2082, 1995

. HennNERENS CH, BURING JE, MANSON JE, STAMPFER M, ROSNER B,

159.

160.

161.

162.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

London and Driieke: Hemodynamics of arterial function in CRF

Cook NR, BELANGER C, LAMOTTE F, GaziaNno JM, RIDKER P,
WILLETT W, PETO R: Lack of long-term supplementation with beta
carotene on the incidence of malignant neoplasms and cardiovascu-
lar discase. N Engl J Med 334:1145-1149, 1996

STEWART WK, FLEMING LW: Plasma retinol and retinol-binding
protein concentration in patients on maintenance hemodialysis with
and without vitamin A supplements. Nephron 30:15-20, 1982

STEIN G, SCHONE S, GEINITZ D, ABENDROTH K, KokoTt F, FUNF-
sTUCK R, SPERSCHNEIDER H, KEIL E: No tissue level abnormality of
vitamin A concentration despite clevated serum vitamin A of uremic
patients. Clin Nephrol 25:87-92, 1986

BrankestunN PJ: Hemodialysis using high flux membranes improves
lipid profiles. Clin Nephrol 42(Suppl 1):S48-S51, 1994

FrieDMAN GD, KrATsKy AL: Is alcohol good for your health?
N Engl J Med 329:1882-1883, 1993

3. FRANKEL EN, KANNER J, GERMAN JB, Parxs E, KINSELLA JE:

Inhibition of oxidation of human low-density lipoprotein by phenolic
substances in red wine. Lancet 341:454-457, 1993

RENAUD S, DELORGERIL M: Wine, alcohol, platelets, and the French
paradox for coronary heart disease. Lancet 339:1523-1526, 1992
RiMM EB, KiaTsky A, GROBBEE D, STAMPFER MJ: Review of
moderate alcohol consumption and reduced risk of coronary heart
disease: Is the effect duc to beer, wine, or spirits? Br Med J
312:731-736, 1996

Hein HO, Suapicant P, GYNTELBERG F: Alcohol consumption,
serum low density lipoprotecin cholesterol concentration, and risk of
ischaemic heart disease: Six year follow up in the Copenhagen male
study. Br Med J 312:736-741, 1996

LONDON GM, MARCHAIS SJ, SAFAR ME, GENEST AF, GUERIN AP,
METIVIER F, CHEDID K, LONDON AM: Aortic and large artery
compliance in end-stage renal failure. Kidney Int 37:137-142, 1990
BARENBROCK M, SPIEKER C, LASKE V, HEIDENREICH S, HOHAGE H,
BacHMANN J, Hoeks APG, RaHN KH: Studies of the vessel wall
properties in hemodialysis patients. Kidney Int 45:1397-1400, 1994
LoNDON GM, GUERIN AP, MARCHAIS ST, PANNIER B, SAFAR ME,
DAy M, MeTIviER F: Cardiac and arterial interactions in end-stage
renal disease. Kidney Int 50:600-608, 1996

Dzau VIJ: The role of mecchanical and humoral factors in growth
regulation of vascular smooth muscle and cardiac myocytes. Curr
Opin Nephrol Hypertens 2:27-32, 1993

Kamivya A, Tocawa T: Adaptative regulation of wall shear stress to
flow change in the canine carotid artery. Am J Physiol 239:H14-H21,
1980

LanGILLE BL, O’DonNELL F: Reductions in arterial diameters
produced by chronic decrease in blood flow are endothelium-
dependent. Science 231:405-407, 1986

HARDER DR: Pressure-induced myogenic activation of cat ccrebral
arteries is dependent on intact endothelium. Circ Res 60:102-107,
1987

Tozz1 CA, PoiaNnt GJ, HARANGOZO AM, Boyb CD, RiLEY DIJ:
Pressure-induced connective tissue synthesis in pulmonary artery
segments is dependent on intact endothelium. J Clin Invest 84:1005—
1012, 1989

Isa T, SHIN T, Sonopa T, RosaLes O, Sumpio BE: Stimulation of
endothelial secrction of tissue-type plasminogen activator by repet-
itive stretch. J Surg Res 50:457-460, 1991

Davies PF, TriraTHI SC: Mechanical stress mechanisms and the
cells: An endothelial paradigm. Circ Res 72:239-245, 1993
Furcncorr RF, Zawapskl JW: The obligatory role of endothelial
cells in the relaxation of arterial smooth muscle by acetylcholine.
Nature 288:373-376, 1980

FRANGOS JAES, MCINTIRE LV, IVES CL: Flow effects on prostacyclin
production by cultured human endothelial cells. Science 227:1477-
1479, 1985

OLESEN SP, CrLariaM DE, Davies PF: Haemodynamic shear stress
activates a K* current in vascular endothclial cclls. Nature 331:168—
170, 1988

CookE JP, E RossITCH JR, ANDON NA, LoscaLzo J, Dzau VI: Flow
activates an endothelial potassium channcl to release an endogenous
nitrovasodilator. J Clin Invest 88:1663-1671, 1991

GIRERD X, LonpON G, BOUTOUYRIE P, MOURAD JJ, LAURENT S,
SAFAR M: Remodelling of radial artery and chronic increase in shear
stress. Hypertension 27(part 2):799-803, 1996



182.

183.

184.

185.

186.

187.

188.

189.

London and Driieke: Hemodynamics of arterial function in CRF

RomaN MJ, Sasa PS, Pint R, SpiTzER M, PICKERING TG, ROSEN S,
ALDERMAN MH, DevVeEReux RB: Parallel cardiac and vascular
adaptation in hypertension. Circulation 86:1909-1918, 1992
BouTouyRIE P, LAURENT S, GIRERD X, BENETOS A, LACOLLEY P,
ABERGEL E, SAFAR M: Common carotid artery stiffness and patterns
of left ventricular hypertrophy in hypertensive patients. Hypertension
25(part 1):651-659, 1995

Dosrin PB, Litrooy FN, ENnpeEan ED: Mechanical factors predis-
posing to intimal hyperplasia and medial thickening in autogeneous
vein grafts. Surgery 105:393-400, 1989

LAURENT S, GIRERD X, MOURAD 1, LACOLLEY P, Beck L, Bout-
OUYRIE P, MIGNOT J-P, SAFAR M: Elastic modulus of the radial
artery wall material is not increased in patients with essential
hypertension. Arterioscler Thromb 14:1223-1231, 1994
AZNAR-SALATTI J, ESCOLAR G, CASES A, GOMEZ-ORTIZ G, ANTON P,
CastiLrt.o R, REVERT L, OrDINAS A: Uraemic medium causes
endothelial cell dysfunction characterized by an alteration of the
properties of its subendothelial matrix. Nephrol Dial Transplant
10:2199-2204, 1995

Bian K, IsHmasHr K, Bukoskr RD: 1,25(OH),D; modulates intra-
cellular Ca?* and force generation in resistance arteries. Am J
Physiol 270:H230-H237, 1996

ATKINSON J, PorreviN P, CHILLON J-M, LarTauD I, LEvY B:
Vascular Ca overload produced by vitamin D3 plus nicotine dimin-
ishes arterial distensibility in rats. Am J Physiol 266:H540-H547,
1994

MARCHAIS SJ, GUERIN AP, PanNiER B, Lfvy BI, Sarar ME,

190.

191.

192.

193.

194.

195.

196.

1695

LonpoN GM: Wave reflections and cardiac hypertrophy in chronic
uremia: Influence of body size. Hypertension 22:876-83, 1993
AMaNN K, NEusUB R, Ritz E, IrzynIEC T, WIEST G, MALL G:
Changes of vascular architecture independent of blood pressure in
experimental uremia. Am J Hypertens 8:409-417, 1995

LonpoN GM, ZiNs B, PANNIER B, NAReT C, BERTHELOT IM,
JacouoT C, SAFAR ME, DrRUEKE TB: Vascular changes in hemodi-
alysis patients in response to recombinant human erythropoietin.
Kidney Int 36:878-882, 1989

SILBERBERG JSRN, BArRE PE, SNIDERMAN AD: Regression of left
ventricular hypertrophy in dialysis patients following correction of
anemia with recombinant human erythropoietin. Can J Cardiol
6:1-4, 1990

ManN JFE: Hypertension and cardiovascular effects—Long-term
safety and potential long-term benefits of r-HuEPO. Nephrol Dial
Transplant 10(Suppl 2):80-84, 1995

Massy ZA, Ma JZ, Louis TA, Kasiske BL: Lipid-lowering therapy
in patients with renal disease. Kidney Int 48:188-198, 1995
LONDON GM, MARCHAIS SJ, GUERIN AP, METIVIER F, SAFAR ME,
FaBiant F, FROMENT L: Salt and water retention and calcium
blockade in uremia. Circulation 82:105-113, 1990

LoNDON GM, PANNIER B, GUERIN AP, MARCHAIS SJ, SAFAR ME,
CucHE J-L: Cardiac hypertrophy, aortic compliance, peripheral
resistance, and wave reflection in end-stage renal disease. Compar-
ative effect of ACE inhibition and calcium channel blockade Circu-
lation 90:2786-2796, 1994





