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Two Variants ofNephrosclerosis Separately Related
to Age and Blood Pressure
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Two variants of nephrosclerosis, roughly correspond-
ing to the arterial and the arteriolar forms, have been
examined in a series ofautopsy kidneys by five observ-
ers using quantitative morphometry. These two vari-
ants are both marked by fibroplastic intimal thicken-
ing and medial wastage in the arteries, but one ofthese
affects vessels of sizes that are closer to the heart,
whereas the other affects sizes that are more remote
from the source of arterial pressure. Both types of ne-
phrosclerosis were found to increase with aging in sub-
jects without hypertension. Each year of aging added
0.15 units ofintimal thickening to the close vessels and
0.11 to the remote vessels. Each millimeter ofmercury
of elevated blood pressure was equivalent to 1 year of
aging in the close and 2 years in the remote levels ofthe
arterial tree. The four variables, age, blood pressure,
remote level intimal thickness, and close level intimal

THE KIDNEYS of elderly patients at autopsy reveal
structural differences from those ofyouth in the arcu-
ate and interlobular arteries. Patients with hyperten-
sion tend to manifest these features in such a degree
as to appear older than nonhypertensives. In youth,
the small and smallest arteries (outer diameter [OD]
80-300 Iu in sections of immersion-fixed tissue) have
no intima other than an endothelium sitting upon the
internal elastic membrane. In midlife, some vessels
form a collagenous intima, which is sparsely invested
with longitudinally oriented spindle-shaped cells. At
first, the media is altered little or not at all. Later, the
media withers and disappears, while the intimal thick-
ening increases, and this process extends to all vessels.
Morphometric methods to quantitate these aging

changes have been developed in a number of labora-
tories.5-"2 All of these methods rely upon measuring
the dimensions ofvascular profiles in paraffin sections
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thickness, were found to hold complex curvilinear in-
terrelationships when examined by regression analysis.
A dynamic model was suggested by the following
findings: The earliest changes shown by young normo-
tensives are in the close vessels, possibly because ofthe
aging effect of the normal pulse wave. Later, the
changes extend into the remote level, perhaps because
the thickened intima is rigid and propagates the pulse
wave abnormally far into the smallest arteries. Hyper-
tension could then be viewed either as a cause for an
exaggeration of this normal process or as a conse-
quence of its extension into the remote level vessels
where resistance to blood flow is greater or both. The
objective morphometric method showed good agree-
ment in the findings by independent observers and is
considered to be suitable for epidemiologic studies of
nephrosclerosis. (AmJ Pathol 1988, 131:270-282)

of immersion- or perfusion-fixed specimens. In the
course of exploring these various methods, it became
apparent that vessels of different sizes are not alike in
their relationships with age and blood pressure (BP).
BP was found to relate better to intimal thickening in
vessels of OD 80-140 , than to thickening in OD
150-300 vessels; the reverse was found for age.t3 Rela-
tive to each other, the smaller size range vessels, being
remote from the major arteries, are thought to offer
greater resistance to blood flow, and the larger, being
closer to the source of arterial pressure, to have more
ofa conduit function. 14

The former studies ofdifferent size vessels were car-
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TWO VARIANTS OF NEPHROSCLEROSIS 271

ried out with subjects who were mainly in the age
range of 55-92 years.'3 Subsequently, another series
of 40 cases of ages 25-44 has become available. The
two sets of cases together allow an exploration of arte-
rial dimensions in relation to BP over a range of ages
25-92 years.

Materials and Methods

Selection of Cases

Three collections of cases were combined for this
study. In two of these collections, subjects examined
at autopsy in the LSU service of Charity Hospital in
New Orleans and at the University of Oregon in Port-
land, Oregon, were screened for inclusion in this se-
ries."5 If the hospital chart contained at least one BP
reading in an outpatient visit or hospital admission
workup in each of the 3 years preceding death and
at least ten readings altogether, then the subject was
accepted. From 1965 to 1967, 37 cases were assem-
bled in Oregon; from 1968 to 1972, 89 cases were as-
sembled from LSU Charity Hospital, yielding 30
black men, 23 white men, 46 black women, and 27
white women. In a third collection from 1968 to 1978,
all black and white male residents age 25-44 in Or-
leans Parish who died and were autopsied were exam-
ined by a standardized protocol.'6 Of 1296 subjects
in this collection, 40 had sufficient records of BP for
inclusion here, ie, at least three readings prior to ter-
minal hospitalization. The age structure of the com-
bined samples of 166 cases is given in the tables; only
4 women were under age 45.

Cause of Death

Each case was assigned to a single category on the
basis of the pathologist's decision (Observer B) as to
the underlying cause of death. The diagnosis of coro-
nary heart disease required the presence of coronary
thrombosis or of arteriosclerotic occlusion plus myo-
cardial scar. In many cases of chronic heart failure,
evidence was not sufficient to distinguish between
ischemia, hypertension, cardiomyopathy, or other
specific conditions as underlying the cause of death.
In subsequent analyses, subjects with chronic heart
failure tended to parallel those with coronary heart
disease. These cases were therefore combined into a
pool of "heart disease" cases. In the New Orleans se-
ries, 1 case of rheumatic and 1 case of syphilitic dis-
ease were also placed into the heart disease pool. Sub-
jects with cerebrovascular or chronic renal or aortic

diseases were combined into a pool ofatherosclerosis-
related disorders.

Blood Pressure Records

Mean pressure (one-third pulse pressure plus dia-
stolic) was calculated for every reading. This average
is an estimate of physiologic mean pressure. 17 Unlike
the systolic and diastolic BP, which change with age
because of widening pulse pressure, the mean BP is
independent of age as a measure of hypertension. A
series of averages was computed and subjected to the
t test. The average of the first two was compared with
the average of all remaining values; the average ofthe
first three was compared with all remaining values;
and so on. In this sequence of t tests, the t having the
smallest P value was taken as the place to call "transi-
tion point." Only 2 cases, both of them in the Com-
munity Pathology series, failed to provide "before
transition" as well as "after transition" values. The in-
herent properties of a series ofBP readings that justify
this way to identify the transition point were exten-
sively discussed elsewhere.'5 The average of the mean
pressure before (Pb) and after (Pa) transition and the
duration of Pa (Dur) were tested for relationship with
lesion measures and age. A cutpoint of 115 mm Hg
for mean pressure was identified for separating hyper-
tensive from normotensive subjects in a previous
analysis of these data.'5 This convention is retained
here.

Processing of Tissues

Paraffin-embedded corticomedullary tissue cut per-
pendicular to the capsular surface was sectioned at 6
jq and stained with alcian blue-PAS-metanil yellow. 5
One to six sections were available in these cases, repre-
senting both kidneys. Areas of focal involvement by
scar, abscess, tumor, cyst, etc., were avoided.

Morphometry

A microscope with lOX and 40X objective lenses
and mechanical stage controlled by the left hand was
equipped with an eyepiece ruler marked in units
equivalent to 10 , under the lOX objective lens. All
arterial profiles in the section were examined system-
atically. The OD of the least axis of the elliptic profile
was measured under the lOX objective lens, excluding
the adventitia, and measuring from one outer media
to the other. The thicknesses ofintima and ofthe total
wall were measured under the 40X lens, also along the
least axis, with the better presented ofthe two opposite
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walls (ie, lacking tangential sectioning, branch os-
tium, or artifact). The lumen is the outer diameter mi-
nus twice the wall thickness. This is essentially the
method ofShort'0 adapted to immersion-fixed tissues.
It differs from that of Kernohan7 by the use of elliptic
as well as circular profiles. These modifications were
made to maximize the numbers of observations that
can be made with limited amounts oftissue. However,
unlike the methods of either Short or Kernohan, who
studied mesentery and skeletal muscle, wherein small
arteries typically lack an intima, these studies of the
kidney require that the intima be measured as well as
the media. Vessels with ODs less than 80 ,u (ie, arteri-
oles) were excluded because they often hyalinize, thus
obliterating the intima and media. Vessels over 300 A
were excluded because it is impractical to obtain them
in sufficient numbers in all specimens.

Observers

Samples ofrenal tissue were separated into two rep-
licate sets. Observer A carried out measurements of
both sets, Observers B, C, and D examined only the
first set, and Observer E examined only the second set.
Observer A is a medical student who was a premedical
college student at the time of these studies. Observer
B is the first author ofthis paper and the instructor for
the other four observers. Observers C, D, and E are
graduate students in pathology who hold MD degrees
from foreign medical schools. Each of the observers
A, C, D, and E received approximately 2 hours of in-
struction on the technique for making measurements,
followed by occasional suggestions during a 10-hour
training period. Thereafter, all measurements were
made independently without further discussion or
consultation, and with no effort to obtain consensus.
Diagnoses of specific renal diseases were made solely
by Observer B. Other observers did their measure-
ments without knowledge ofthese diagnoses. The un-
weighted averages of the 5 observers were used in the
analyses reported here, except for Table 2, in which
complete data for only Observers A and C had been
keyed into the computer for this purpose.
Each case yielded 20 data points, four variables re-

corded by each offive observers. Correlations between
observers ranged from 0.69 to 0.97, with 63% of the
tests being over 0.85. By components ofvariance anal-
ysis, the ratio of "specimens" to "error" variance for
the four variables were Rr:3.8, R,:4.0, Wr:4.7, WC:4.8.
These represent, in a sense, the signal/noise ratios. It
should be noted that these do not represent the maxi-
mum values attainable under ideal conditions. Many
of the slides were less than optimal in their technical

preparation, and many also offered undesirably small
samples of tissue. Values similar to those given above
should be easily achieved under most practical cir-
cumstances.

Clinical Features

Heartfailure was coded as present if the clinical re-
cord, at any time, carried this diagnosis. Digitalis was
coded as being in use ifsome form of this medication
was prescribed at any time. Antihypertensive medica-
tions were coded as being in use if any form of these
medications was prescribed at any time; diuretics used
for treatment ofedema were included in this list. Dia-
betes was coded as present if the diagnosis appeared
anywhere in the record, but was also coded separately
if insulin was in use.

Kidney Diseases

A variety of specific renal diseases were diagnosed
at autopsy; The categories encountered, followed by
the numbers of cases, were diabetic nephropathy, 7;
atheroembolus, 5; malignant nephrosclerosis, 5;
chronic nonsuppurative pyelonephritis, 14; and glo-
merulonephritis, 1.

Statistical Descriptions

Basic descriptive statistics are presented in Table 1,
along with a key to the symbols. These linear corre-
lations should be used with caution because multiple
linear regression reveals significant curvatures and in-
teractions in the data. Equations that are of special
interest are listed here. To generally validate these
equations is beyond the scope of this paper; rather,
they are stated here as empirical descriptions of the
data which can in future studies be opened to general
validation. It is sometimes desirable to use kidney tis-
sue at autopsy in estimating the status ofhypertension
in subjects who lack records of blood pressure. 16 The
equations offered here represent a first step toward the
development ofequations that are generally useful for
this purpose. The cubic form y = (kIxI + k2x2 + k3)3
was expanded, and different assortments of the vari-
ables from Table 1 were substituted for x,, x2, and y.
Simplified versions ofthese equations, eliminating the
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Table 1 -Mean, Standard Deviation, Pearson Correlation Coefficients, and Key to Variable Symbols for Selected Variables

Correlation coefficientst

Variable* Symbol Mean SD Rc WC Rr Wr Di L Pa Pb Pp Dur

Age 60.3 16.9 0.52 0.37 0.37 0.23 0.50 [-0.11] 0.15 0.29 0.53 [0.02]
Close intima R, 14.9 5.9 - 0.90 0.87 0.79 0.47 -0.73 0.57 0.45 0.53 [0.09]
Close total wall w" 24.8 5.4 - 0.77 0.86 0.40 -0.87 0.54 0.40 0.52 [0.10]
Remote intima R, 10.4 6.6 - 0.88 0.50 -0.70 0.62 0.51 0.46 [0.10]
Remote total wall W, 22.6 5.5 - 0.41 -0.86 0.61 0.45 0.51 [0.12]
Diameter (outer) DI 137.8 12.4 - [-0.03] 0.25 0.22 0.40 [0.10]
Lumen L 74.4 14.3 - -0.52 -0.38 -0.41 [-0.07]
Mean BP after Pa 109.6 18.9 - 0.55 0.56 0.22
Mean BP before Pb 108.8 18.5 - 0.42 [-0.08]
Pulse Pressure after Pp 65.7 22.0 - [0.00]
Duration of Pa Dw 5.1 5.2

* Age and duration in years; close and remote total wall and intima in percentage of outer diameter; diameter and lumen in micrometers; blood pressure in
millimeters of mercury.

t Correlations in brackets are not significantly different from zero, a = 0.05.

terms that were not significant (a = 0.05), are repro-
duced here.

Pa = 84.3 + 7.55Rr -0.0577Rr2-0.133RrAge
+ 0.000972RrAge2; R2 = 0.433 (1)

Pa = 71.0 + 6.79RC + 0.00872Age2 - 0.154RcAge

+ 0.0042R,2Age - 0.0044lRC3; R2 = 0.372 (2)

Rr = 0.201Pa + 0.109Age - 18.2;

Rc = 0.156Pa + 0.153Age- 11.4;
Di= 104 + 0.118Pa + 0.344Age;

L= 117 -0.39Pa;

Wr = 0.171Pa + 0.047Age + 1.1;

Wc = 0.14OPa + 0.092Age + 4.0;

Results

The intimal thickness of interlot
found to increase with age in noni
jects. Hypertensive subjects manifesi
of intimal thickening, so that the)
older than comparable nonhypertei
different sizes were not entirely alike
ships. Vessels of OD 80-140 ,u rel
150-300 (measured to the nearest
to, respectively, as "remote" and "cl
designated in relation to the heart.
close level, each year of aging ads
thickness 0.15 percent of the OD; e,
mercury ofelevated BP is equivalent
(Equation 4). At the remote level, e
adds 0.11 percentage units to the ir
meter of mercury of pressure corres

of aging (Equation 3). These findings imply the exis-
tence oftwo variants of nephrosclerosis, the close and
the remote level variants, which may relate to the arte-
rial and the arteriolar forms of nephrosclerosis as
given in some classical descriptions. This report dis-
cusses ways to quantitate these pathologic conditions.

Intimal Thickness in Arteries of Different Sizes
R= 0.461 (3) The intima, expressed as a percentage of OD,

R' = 0.512 (4) tended to be markedly thinner in vessels ofdecreasing

R2 = 0.277 (5) size below an OD of 150,u. In subjects of varying age
and blood pressure, the details of this relationship are

R2 = 0.270 (6) complex (Table 2). Certain simplifications, however,
R' = 0.390 (7) seem justified. The vessels of sizes 150-300 u OD can

be approximately described as sufficiently similar to
R2 = 0.371 (8) each other to be combined into a pool. The vessels

of sizes 80-100 and 110-140 were combined into a
second pool, which differed conspicuously from the
150-300-,u vessels.

)ular arteries was The average close level intimal thicknesses of el-
hypertensive sub- derly normotensives (15.0-18.0 %OD) resemble those
ted severe degrees of young hypertensives (15.0-18.4). These results are
y appeared to be seen in Table 2 where ages 55-92 at BP < 15 can be
nsives. Vessels of compared with ages 25-44 at BP > 115 in vessels of
in these relation- OD 150-300. No such overlap was seen at the remote
lative to those of level, where elderly normotensives averaged 8.6 to
10 A) are referred 11.8 %OD, compared with 12.1-15.0 for young hy-
lose" level vessels, pertensives. These resuhts imply that the gap between
For vessels of the normotensives and hypertensives is greater in the re-
is to the intimal mote than in the close levels. This conclusion is illus-
ach millimeter of trated with photographic examples in Figure 1. Four
to I year of aging cases were drawn from the positions marked a, b, c,
ach year of aging and d in Table 2. Representative examples of remote
itima; each milli- (lo) and close (hi) level vessels were chosen from these
sponds to 2 years 4 cases to illustrate typical appearances, in the sense
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Table 2-Means of Intima/Diameter Ratios by Age According to Size of Artery, for Two Levels of Mean Blood Pressure,
in 14,920 Arterial Profiles Measured by Two Observers

Outer diameter (u)

80-100 110-140 150-180 190-220 230-260 270-300

Mean BP <115 mm Hg
Age
25-44 3.0 4.6 7.8 9.1 9.8 9.1
45-54 3.2 a,o 6.5 9.4 13.0 at, 12.7 9.1
55-74 9.6 11.8 15.2 16.5 15.3 15.0
75-92 8.6 CIO 11.5 16.2 16.6 c,m 18.0 16.7

Total 7.6 D 9.9C 13.6 B 14.9 A 14.7 A 14.4 AB

Number of observations 2805 2738 1564 825 584 398

Mean BP> 115mm Hg
Age
25-44 12.1 15.0 18.4 16.2 16.7 15.0
45-54 15.7 b,, 20.1 25.5 19.5 b,, 16.9 15.1
55-74 13.3 16.6 19.1 21.0 19.4 17.8
75-92 16.0 di. 19.3 23.9 22.6 dN 21.7 22.3

Total 13.7E 17.0D 20.2AB 20.4A 19.3 B 18.1 C

Number of observations 1788 1680 1061 577 449 351

The symbols a, b, c, and d with subscripts lo and hi correspond to the labels in Figure 1. These photographs illustrate specific instances of what is "typical"
in the sense of having nearly average ratios of intimal thickness to OD, R = T/D, at these positions in the Table.

Letters A, B, C, D, and E beside row means in the "total" rows refer to Duncan multiple range test results; means with the same letter do not differ
significantly.

of having approximately average intimal thicknesses.
The comparison of Chi with bhi in Figure 1 shows the
similarity between elderly normotensive and young
hypertensive close vessels in the magnitude ofintimal
thickness, T. The contrast between cl. and bl. illus-
trates the substantial gap between these classes of sub-
jects in the remote level vessels.

Intimal Thickening With Age in Nonhypertensives

Whereas the cutpoint of 115 was used in Table 2
to separate hypertension and normotension, for the
construction of Figure 2 a more stringent criterion
was applied. Subjects whose recent mean BPs (Pa) av-

eraged below 104 mm Hg were taken to constitute the
nonhypertensives. This level could represent a read-
ing such as 138/87 for systolic/diastolic, providing a

conservative upper limit of normal for this analysis.
Some of these subjects had past records of mean BP
averaging above the 104 cutpoint, whereas others had
no such past record. Intimal thickness in these nonhy-
pertensive subjects was seen to increase with age, and
this was true even with absence ofelevatedBP in docu-
mentsfrom the past. The 22 subjects receiving medi-

cation for heart failure or high BP were not notably
different in this respect from the 40 subjects not re-

ceiving such medication. Only the most extreme in-
stances of intimal thicknesses attained by some ofthe
elderly nonhypertensives were within the range for the
average hypertensives.

Intimal Thickness and Blood Pressure

BP tended to increase with intimal thickening in
both remote and close level vessels (Table 1). How-
ever, the curve that describes this relationship in the
remote level vessels was different from the compara-

ble curve for the close level. Thickening of the intima
from 0 to 8% of diameter at the remote level was ac-

companied by a rising of mean BP from about 85 to
1 5 mm Hg in young subjects. The rise that accompa-
nied close level thickening from 0 to 8% OD was mod-
est, from about 85 to 99 mm Hg. With thickening
from 8 to 30 percentage units, the situation was re-

versed: BP rose more steeply with close level than with
remote level thickening. The lower right quadrant of
Figure 3 (Pa < 100, intimal thickness > 10%) holds 8
cases in the remote level plot and 32 cases in the close

Figure 1-Four cases were chosen because they typify the average intimal thicknesses observed in young and old hypertensive and normotensive subjects
at the close and remote levels. Age is in the upper left and mean BP (P.) in the upper right of each frame. Outer diameter (D) is approximately 220 u in the
upper four frames, and 100 As in the lower; these exclude the adventitia. Intimal thickness (T) excludes the media. (PAS-Alcian blue, x135 above, X270
below).
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Figure 2-Sixty-two cases with recent mean BP (Pa) less than 104 mm Hg are plotted individually. Means by 1 0-year age group (solid lines) are plotted for
subjects with high BP (P. > 115). Subjects receiving medication for hypertension or heart failure are marked with arrows. Open and closed symbols refer to
subjects with average mean BP over and under 104 mm Hg, respectively.

level plot; for Pa < 90, the result was 1 remote and 13
close level cases with thickness > 10%. Intimal thick-
ening in aging subjects, therefore, was often seen to
takeplace at the close level without elevated BP, but at
the remote level early intimal thickening rarely oc-

curred without rising BP.

Intimal Thickness and Age

The interrelationships ofthe four variables age, BP,
remote level intimal thickening, and close level inti-
mal thickening (age, Pa, Rr, and R&, respectively) re-

quire the depiction of four dimensions. Figure 4 is an
attempt to do this. For the broad groupings of BP
above and below the cutpoint Pa = 1 5, means of Rr
and R, are plotted for 10-year age groups. The values
of Rr and Rc derived from Equations 3 and 4 are

shown in dotted lines, which plot against each other
the two parametric functions ofage and BP.

The patterns in Figure 4 illustrate that young nor-

motensives (age 25-44, Pa < 115) manifest greater in-
timal thickness in the close than in the remote level
vessels, and that subsequent thickenings in aging nor-

motensives are ofapproximately equal proportions in
vessels ofall sizes.

Vessel Size and Age

The average outer and inner (luminal) diameters of
vessels observed in the tissue samples are reported in
Table 3. In these averages, the intimal thickening that
occurs with aging in normotensives is seen to accom-
pany a dilatation of the outer size of the vessel, with
little or no change in the size of the lumen. Hyperten-
sives of all ages tended to resemble elderly normoten-
sives in average OD, but showed a consistently nar-

rower lumen irrespective of age.

Total Wall Thickness

The patterns of interrelationships obtained by re-

placing total wall for intimal thickness in the analyses
are nearly the same as already described. Figure 5

presents the plots relating close level to remote level
total wall thicknesses, W, and Wr, respectively, for the
same age and blood pressure groupings as in Figure 4.
The only striking difference between the two figures is
the shift ofthe origin downward and leftward by about
16 percentage units, which requires the artist to shrink
the scale in order to display the findings.
From Equations 7 and 8, Wr and W, had R2 = 0.390

and 0.371, respectively, compared with 0.461 and
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0.512 from Equations 3 and 4. As a measure of inti-
mal thickness, the total wall thickness loses informa-
tion because of incorporating the media, which has a

contrary trend ofdecreasing with age and BP. It is the
intimal thickness, not the total wall thickness, which
statistically relates best to age and BP.

Past Levels and Duration of Recent Levels
of Blood Pressure

In the relationships of intimal thickness to age and
recent BP, past records of BP were statistically of no
interest (Table 4). Whether the recent habitual level
was attained from a previous high or low level was of
no consequence to the measures of intimal thickness.
Similarly, the duration of the recently attained levels
did not influence the intimal thicknesses. The results
given for remote level vessels in Table 4 were not ap-
preciably different for the close level.

Heart Failure, Digitalis, and Antihypertensive
Medications

These clinical features had no appreciable influence
upon the relationships ofintimal thickness to age and

BP. This result was obtained by carrying out three-
way analysis of variance (ANOVA) upon residuals
from regression equations as done for Table 4. Again,
this result implies that rising or falling of BP over a

period of years in accompaniment with heart failure
or medication was associated with changes of the in-
tima/diameter ratios with no measureable lag. These
results were the same for the remote and close level
vessels.

Cause of Death

Cerebrovascular disease was considered to be the
cause of death in 16 cases. The average mean blood
pressure in these 16 cases was 12.5 mm Hg too high
for their ages and intimal thickness. This was shown
by ANOVA of residuals from Equation 1. Residuals
from Equation 2 indicated 13.1 mm Hg of excessive
blood pressure in these subjects. These blood pressure
measurements were obtained over a period of years
prior to the terminal event and therefore do not reflect
acute changes taking place during the fatal vascular
accident. No other cause of death group was excep-
tional in this respect.
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Mean BP (Pa)
mm Hg

<115 .115
I

Figure 4-Means of R, and Rr by
10-year age group are plotted for
subjects with mean BP above and
below 115 mm Hg. Regression
equations relating R, and R, to age
and BP were used as parametric
functions to compute the dotted
lines representing selected values
of age with P. = 100 and P, = 135.
The circles along the dotted lines
represent ages 30, 40, 50, 60, 70,
80, and 90 as substitute values in
these equations.

5 10 15
Rr = Intimal thickness; % of outer diameter

Remote Level Vessels (od 80-140 pm)

Specific Kidney Diseases

The 25 subjects having either chronic nonsuppura-

tive pyelonephritis, glomerulonephritis, malignant
nephrosclerosis, or atheroemboli showed excessive in-
tima/diameter ratios. This was shown by ANOVA of
residuals from regression as in Table 4. The average

excess was 3.4 %OD at the close and 4.2 %OD at the
remote level. Diabetics, with or without glomerulopa-
thy, had no such excess intimal thickness.

Race, Sex, and Source of Specimens

Residuals from Equations 1, 2, 3, and 4 were exam-

ined by three-way ANOVA. A significant race differ-
ence was found for Rr and R,, and a sex difference was

seen for R,. All other comparisons, including interac-
tions, lacked statistical significance. When adjusted to
age = 60.3 and Pa = 109.6, the 109 blacks had Rr
= 1 1.3 and R, = 15.6, compared with Rr= 8.7 and R,
= 13.5 for the 57 whites. The 73 women had R,
= 15.6, compared with 14.4 in the 93 men.

Discussion

Renal interlobular arteries were seen in this study
to undergo metaplastic replacement of the youthful
muscular media with the fibroplastic intima of old
age. In the absence of hypertension, this fibrometa-
plasia was found to progress steadily throughout life.
Intimal thickening was delayed in the tiny arteries re-

mote from the arcuate branches, and tended to hap-
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Table 3-Mean Ratios of Intima/Diameter and Total Wall/Diameter, Mean Diameter, and Mean Lumen by Age
for Two Levels of Mean Blood Pressure in 166 Cases Measured by Five Observers

Remote (Od 80-140) Close (Od 150-300) Mean
Number

Age Intima Total wall Intima Total wall Diameter Lumen of cases

Mean BP < 115 mm Hg
25-34 3 16 6 18 124 86 11
35-44 4 18 8 20 129 83 20
45-54 4 18 10 22 130 80 5
55-64 10 23 14 25 137 75 17
65-74 10 21 15 25 139 79 36
75-84 9 21 16 25 144 79 11
85-92 9 21 16 26 150 80 5

Mean BP > 115 mm Hg

25-34 14 26 18 28 140 65 3
35-44 14 28 18 29 132 60 11
45-54 15 28 19 29 141 63 3
55-64 14 25 18 28 140 67 11
65-74 15 26 19 28 145 69 18
75-84 16 26 20 28 140 67 11
85-92 17 28 23 31 153 60 4

Intimal and total wall ratios are expressed as percentages of the outer diameter; diameter and lumen are in microns.

pen earlier and faster in the somewhat larger vessels
closer to the arcuates. Intimal thickening was regu-
larly seen in "close" level vessels of young patients
who had no appreciable elevations of BP. The thick-
ening was of marked degree in some elderly subjects
who had no elevated BP throughout a lengthy period
ofdocumentation. This result is in accord with many
prior reports.1"2'3'5'8"12 When seen in the vessels remote
from the arcuate level, however, the same kind of fi-
brometaplasia was typically accompanied by a degree
of blood pressure elevation commensurate with the
severity of the structural alteration. The blood pres-
sure was found to be elevated, by and large, in propor-
tion to the degree of fibrometaplasia in excess ofwhat
is appropriate to a person's age. The statistically ex-
pected magnitudes of these effects can be computed
from Equations 1 and 2.
These findings do not resolve the issue of whether

the arterial changes are the cause or the consequence
of high BP. It seems possible that the "wear and tear"
caused by the pulsations of the normal BP might pro-
mote an accumulation of fibrometaplasia at some ir-
reducibly minimal rate. The remote level of the arte-
rial tree might at first be protected from this process
until the close level is made rigid by "arteriosclerosis";
thereupon, the transmittal of the pulse wave abnor-
mally far into the tiny branches could propagate the
process. The rate of the process would be expected to
respond to the level of the BP. Alternatively, when
"arteriosclerosis" impairs the ability of resistance
level vessels to dilate upon adaptive demand, occa-

sional episodes ofischemia here and there in the renal
cortex might provide the driving force to propel ever
higher and higher elevations of BP. Hence, fibro-
metaplasia could progress for its own reasons without
regard to BP; BP would rise in those patients who
progress most quickly, thereby coming to exceed the
amount of intimal thickening that is tolerable for the
age. Either of these mechanisms, or some combina-
tion ofthem, would yield the same data.
Whatever the mechanism of progression may be,

the data suggest the existence of a kind of lethal limit
at the level ofRc = 16%OD, such that the average inti-
mal thickness of the close level vessels is 16% of the
OD (Figure 4). Ofthe 32 patients above this value, 27
died of cardiovascular diseases. Survival beyond this
degree of involvement seems to be usually brief and
accompanied by ill health.

Ifthe severity offibrometaplasia grows at a rate that
is governed by BP, then past levels of pressure would
be expected to leave some kind of imprint. Subjects of
similar age and BP should show more intimal thicken-
ing if past levels of BP were high and less thickening
if past levels were low. This result was not found.
Rather, these contrasting kinds of cases showed aver-
age degrees of fibrometaplasia that did not differ sig-
nificantly from each other (Table 4). On the face of it,
this result would suggest that the kidney is not an end
organ for the damaging effects of high BP. Rather, the
renal microvasculature could be seen as a register for
showing reversible changes that come and go in keep-
ing with current levels of BP, or as the barostat that

Vol. 1 31 * No. 2
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Mean BP (Pa)
mm Hg

Age <115 >115

25-34 3 m

35-44 4

45-54 5 l5j
55-64 6 I!
65-74 7 lmi

75-84 8 IU1
85-92 9 EM

6

5

Figure 5-Means of W, and Wr by 10-
year age group are plotted for subjects
with mean BP above and below 115 mm
Hg. Regression equations relating W,
and Wr to age and BP were used as
parametric functions to compute the
dotted lines representing selected val-
ues of age with Pa = 100 and Pa = 135.
The circles along the dotted lines repre-
sent ages 30, 40, 50, 60, 70, 80, and 90
as substitute values in these equations.

10 20 30
W r = Total wall thickness; % of outer diameter

Remote Level Vessels (od 80-140 pm)

sets the pressure levels. There is good reason, however,
to hesitate before accepting this conclusion at face
value.
The results given here rest upon data that are

known to be affected by serious sources of method er-

ror. For the estimation of BP, records were used that
had been made by a multitude of observers under un-

controlled circumstances during conditions of illness,
heart failure, medication, and other perturbing
events. In order to minimize these problems, the cases

Table 4-Mean Intima/Diameter Ratios (Adjusted for Age and Recent Blood Pressure) by Duration of Recent Pressure
According to Past Levels of Blood Pressure and Two-Way ANOVA

Duration of recent mean BP

Number
<3 3-5 6-12 >12 Total of cases

Past mean BP
Pb as % P.
>109 0.9 -0.5 1.6 - 0.6 51
100-109 0.9 -0.8 -0.4 - 0.4 36
88-100 -0.8 -1.8 -0.2 -2.9 -1.1 33
<88 -1.6 2.4 1.0 0.1 0.3 46

Total -0.1 -0.2 0.5 -0.7 0.0 66
Number of cases 78 37 36 15 166
ANOVA Interactions 0.93 (P = 0.49)
(Type l1l) Duration 0.36 (P = 0.78)

Past mean BP 1.01 (P = 0.39)

Table entries are in units of %OD computed as residuals from the regression equation R, = (k, Age + k2 Pa + k3)3, which is the unsimplified form of Equation
3. Duration of recent BP (P. = average mean pressure after transition) is in years. Past mean BP (Pb = average mean pressure before transition) is percentage
of the recent level. ANOVA results are from the GLM procedure of SAS.
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were highly selected by requiring that the records
should include multiple outpatient readings over a pe-
riod of years. Moreover, the effects of heart failure,
medication, and category of illness were examined by
analysis ofvariance to show that they could be treated
as negligible. Even so, the records examined in this
study were made without a standardized protocol,
and represent only a short interval in the lifetime of
each patient. For these reasons, we are now in the pro-
cess of repeating these studies in a prospective study,
the Honolulu Heart Project. Equations 1-8, therefore,
represent hypotheses to be tested in an independent
series of cases.
Another source of methodologic concern is the fact

that the dimensions observed in the renal cortical ar-
teries in tissue sections are artifactually affected by
postmortem constriction.9"0' 8 Estimates computed
from the data show that the average OD tended to in-
crease with age, whereas lumen diameter remained
constant, and that OD increased with hypertension,
whereas the lumen was constricted (Table 3). Again,
these results should be viewed with caution. Age and
BP might conceivably bear upon the rigidity of the
arteries and thereby correlate with the degree of post-
mortem constriction. The data given in Table 3 un-
doubtedly reflect a complex interaction of dimen-
sional and rigidity effects of age and blood pressure.
Some of these complex effects might be sorted out by
studies of perfusion-fixed specimens, and such studies
are under way in this laboratory. However, some sam-
pling problems remain. Because hyalinization often
obliterates the vessels less than 80 ,u in size, those
smallest arteries are not equally represented in the ob-
served sample in all kidneys. By excluding all vessels
less than 80 , from the sample, the impact of this bias
is lessened but not entirely eliminated. It seems likely
that in vivo dimensions will never be accurately as-
sessed by any means in postmortem tissue.
Some important uses ofthese data, however, do not

require accurate preservation of in vivo dimensions,
or even an understanding ofthe causal relationship of
blood pressure to nephrosclerosis. The studies re-
ported here were originally undertaken with a view
toward their epidemiologic applications. Whereas hy-
pertension is known to be a "risk factor" for coronary
attacks, heart failure, and stroke, this tells us nothing
about etiology. If we want to know what factors in a
human community are causing hypertension, then
clearly we can just as well ask what factors are causing
nephrosclerosis. Given the close empirical linkages
between these two classes of variables, as detailed in
Equations 1-8, and in Table 1, the finding of etiology
for one class implies the finding of etiology for the

other class of variables. It sometimes happens that au-
topsy tissues are available when BP records are not.
By measuring the severity of nephrosclerosis, one can,
in a sense, indirectly observe BP, and thus compute
correlations with other clinical, pathologic, and epide-
miologic variables that would otherwise be difficult or
impossible to pursue.
Many thousands of studies have been published

comparing BP levels in differently constituted popula-
tions of subjects-some ofthese populations even be-
ing followed prospectively after assessment of sus-
pected causative factors. These data on BP, together
with vital statistics, provide all the information that
we now have concerning the incidence rates of hyper-
tension among populations that are variously exposed
to putative etiologic agents. No study has been done
for comparison of the severities of nephrosclerosis in
samples of kidney tissue brought together from
different sources for objective evaluation in a single
facility. This laboratory is undertaking such studies
for the first time. The method reported here has been
shown to be reproducible by five independent observ-
ers. The severity of nephrosclerotic arterial fibro-
metaplasia assessed in this way has been shown to
hold a close correlation with age-standardized levels
of BP. A strong relationship of fibrometaplasia to car-
diovascular diseases as cause of death has also been
documented. The technique is "robust," in that small
samples of tissue readily available from autopsies re-
quire no special handling, which will facilitate its use
in a wide variety of circumstances wherein records of
BP may be unavailable. For the first time, we are now
in a position to undertake an attempt to correlate the
severity of nephrosclerosis with whatsoever agents of
causation may be proposed, now or in the future.
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