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The cortical distribution pattern of diabetic glomerulopathy 
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Summary. In advanced diabetic nephropathy, all nephrons are 
affected. However, glomerulopathy shows some variation in 
severity. The aim of this study was to see whether the distribu- 
tion of glomerular lesions bears any relationship to known 
renal anatomical/functional organization. Autopsy material 
from 12 long-term Type 1 (insulin-dependent) diabetic pat- 
ients was collected retrospectively. Sections presenting the 
whole depth of cortex were subdivided into 3 zones of equal 
width. Two parameters were estimated in the deep and the su- 
perficial zones separately: (1) in open glomeruli, the volume 
of red-stained (PAS-positive) material as a fraction of the total 
glomerular volume, and (2) the number of occluded glomeruli 
as a fraction of the total number. The results show that the vol- 
ume fraction of red-stained (PAS-positive) material, as well as 
the frequency of occluded glomeruli, are similar in the super- 
ficial and the deep zone. In addition, the spatial distribution 

of occluded glomeruli was tested for randomness. The oc- 
cluded glomeruli are not randomly distributed, but show clus- 
tering. Furthermore, they tend to be located in columns per- 
pendicular to the kidney surface, a tendency which cannot be 
explained by the general tendency for glomeruli to show such 
an arrangement. We conclude that it is unlikely that the com- 
bined structural and functional differences that exist between 
the superficial and deep glomeruli play a major role in the de- 
velopment of diabetic glomerulopathy. The kidney topology 
influences the process of glomerular occlusion. Several a prio- 
ri, plausible mechanisms for the process are discussed. 
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Diabetic glomerulopathy causes clinical nephropathy,  
and eventually end-stage renal disease, in a substantial 
proport ion of  long-term Type I (insulin-dependent) dia- 
betic patients. Although all nephrons are involved, the 
severity of  the lesion varies between glomeruli. Some 
are totally occluded, and the remaining ones show vary- 
ing sizes and varying amounts of  solid material relative 
to luminal spaces. 

The aim of  this study was to see whether the distri- 
bution of  the lesions bears any relationship to renal ana- 
tomical / funct ional  organization. Systematic differences 
are known to exist between layers parallel to the cortical 
surface, i.e. between superficial and deep (juxtamedul- 
lary) nephrons. The latter are larger [1, 2], and, in experi- 
mental animals, they reportedly have a higher glomeru- 
lar filtration rate (GFR) and probably a higher intra- 
capillary pressure [3]. 

Another  subgroup of  the nephrons which was con- 
sidered in the present study is that subgroup related to 
units of  glomeruli supplied from the same interlobular 
artery, i.e. columns perpendicular to the kidney surface. 

If  diabetic glomerulopathy exhibits a pattern within 
the kidney related to known structural/functional  orga- 
nization, this may point to possible mechanisms operat- 
ing in its development.  

Materials and methods 

Materials 
Autopsy material from long-term Type I diabetic patients was collect- 
ed retrospectively, disregarding the causes of death. All patients ful- 
filled a set of inclusion criteria: t) they had classical insulin-depen- 
dent diabetes of more than 15 years duration (average 32 years), with 
onset of the disease before the age of 40, 2) the blocks of kidney tissue 
should include the whole depth of cortex from capsule to medulla, 
and 3) unquestionable diabetic glomerulopathy should be present. 
From each block of kidney tissue, new sections were cut and stained 
with PAS. 

Twelve patients were selected for study, six women and six men, 
aged 28-71 years (average age 53). In terms of clinical nephropathy, 
which was not a criterion for inclusion in the study, the whole spec- 
trum was covered: from normal kidney function (albustix-negative 
urine and normal serum creatinine) to death in uraemia. 
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Fig.l .  Section of kidney cortex with renal capsule above and the cor- 
tex-medulla transition at the bottom. The three 'parallel' zones are 
marked off. A few medullary rays are seen (asterisks), demonstrating 
a tendency toward an arrangement of the glomeruli perpendicular to 
the kidney surface 

Methods 

The kidney cortex was subdivided into three zones of equal width by 
drawing lines directly on the cover slips which represented a superfi- 
cial, an intermediate and a juxtamedullary zone (Fig. 1). Two different 
parameters were chosen as expressions of the zonal severity of diabet- 
ic glomerulopathy: 1) in open glomeruli, the volume of red-stained 
material as a fraction of the total glomerular volume, and 2) the num- 
ber of occluded glomeruli as a fraction of the total number. A glomer- 
ulus is categorized as occluded if no open capillaries are seen in the 
section. The term 'glomerulus' is used synonymously with 'glomernlar 
profile', defined as the glomerular tuft itself excluding the capsule of 
Bowman and the capsular space. In the evaluation of zones parallel to 
the kidney surface only the superficial and the deep zones were used. 

The volume fraction of red-stained material was obtained only 
from a total of about 35 open glomeruli in each zone. Measurements 
were performed with the field of vision projected onto the table at a 
final magnification of 1053 • using a Zeiss 40/0.65 objective. Open 
glomeruli were sampled by moving the visual field along two parallel 
lines as illustrated in Fig.2 [4]. The distance between the sampled 
stripes was determined by the approximate number of open glomenl- 
li. The volume fraction of red-stained (PAS-positive) material to total 
glomerular volume, Vv (Red/Glom), was determined by point count- 
ing using the test system shown in Fig. 3. The relative number of oc- 
cluded glomeruli was estimated by simply counting all the open and 
occluded glomerular profiles in each zone. On the average, 375 glo- 
meruli were counted in each patient. The absolute percentage given 
for glomernlar occlusion are underestimations due to the fact that oc- 
cluded glomeruli have a smaller diameter than the open ones [5], and 

Fig.2. Kidney cortex with the sampling lines along which the visual 
fields were moved. Glomeruli between the lines or touching the right- 
hand line were sampled, and those touching the left-hand line were 
excluded to give an unbiased sample [4]. The circular grid divided into 
sectors was used for analysing the neighbour relations between 
glomeruli and the glomerular occlusion pattern. The test system was 
centered on an occluded glomerulus with the arrow perpendicular to 
the kidney surface. The nearest neighbour was considered to be in a 
perpendicular direction if its center was in sector 1 or 5, and in a par- 
allel direction if its center was in sector 3 or 7. If  the nearest neighbour 
was in an oblique direction, i.e. in an even numbered sector, the cen- 
tral glomerulus was excluded from the directional analyses 

small glomeruli have a smaller chance of being hit by the section than 
large glomeruli [6]. This does not, of course, influence the detection of 
gradients or patterns in glomerular occlusion. 

Finally, observations were made to test whether a pattern of glo- 
merular occlusion was detectable. One case (no. 7) was omitted from 
this analysis because only 7 occluded glomeruli were present. The 
analysis is performed in two steps, the first being a search for whether 
there is non-randomness in the 2-dimensional arrangement of oc- 
cluded glomerular profiles. If  the arrangement is not random by the 
criterion used, one can then look, in the second step, for certain speci- 
fied classes of patterns. (For a general account of analysis of point 
patterns, see the recent book by Diggle [7]). 

A rather simple analysis was used to test for non-randomness: the 
relationship between nearest neighbour. If the relationship between 
occluded glomeruli were random, the nearest neighbour to an oc- 
cluded glomerulus would itself be occluded with a frequency equal to 
the average, overall frequency of occlusion among glomeruli. Two 
general classes of non-random relations at the level of individual 
glomeruli are detectable with this analysis: clustered and systematic. 
In clustered arrangements, occluded glomeruli have a larger than av- 
erage frequency of occluded neighbours; in systematic arrangements, 
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Fig.5. The two parameters of diabetic glomerulopathy compared in 
superficial and deep zones. Results in individual diabetic patients are 
connected. Group means are shown as horizontal bars 

Fig.3. Glomernlar profile with test system superimposed. The grid 
with two sets of points (coarse and fine, 1 : 4) was used to determine 
the volume fraction of red stained material with the glomerular tuft as 
the reference volume 
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Fig.4. Simulation of kidney cortex with a non-anatomical arrange- 
ment of open (0) and occluded (o) glomeruli placed at random within 
3 zones parallel to the kidney surface (top)- Glomerular occlusion is 
solely in stripes perpendicular to the kidney surface (corresponding to 
the heavy bars). The results of an analysis of the directional pattern 
are given in the text 

occluded and open glomeruli tend to alternate in some systematic 
way leading to a lower than average frequency of occlusion among 
nearest neighbours to occluded glomeruli. 

As shown below, we found an arrangement of clustered occlusion 
among glomeruli. Obviously there is an infinite number of possible 

patterns in which the dusters can be arranged. We were interested in a 
possible relationship to the known anatomical arrangement of glo- 
meruli in units perpendieularto the kidney surface, and we therefore in 
the next step of the analysis designed a test for such a subclass of clus- 
ter patterns: 'stars in stripes'. 

Two sets of observations were made for all occluded glomeruli (or 
a systematic subsample thereof): 1) the direction in which the nearest 
neighbour is found, parallel or perpendicular to the kidney surface, 
and 2) the status of this nearest neighbour, occluded or open. For this 
analysis, the test system shown in Fig.2 was centered on each oc- 
cluded glomernlus and the 'vertical' direction in it was aligned per- 
pendicularly to the trace of the kidney surface. 

As seen from an occluded glomernlus, the overall ratio between 
nearest neighbours of any status found in directions perpendicular 
and parallel to the kidney surface will depend on the glomerular pat- 
tern in the section. (As shown in column A in Table 2, we found the 
expected preponderance for neighbours to a given glomerulus to be in 
perpendicular, rather than parallel directions). The pattern of glomer- 
ular occlusion is, however, revealed by noticing in the second set of ob- 
servations the ratio between perpendicular- and parallel-aligned near- 
est neighbours to occluded glomernli which are themselves occluded 
(Table 2). If the alignment ratio differs from the general ratio, the oc- 
clusion pattern does not have a random direction. Since the anatom- 
ical arrangement of glomeruli in the sections is to some extent in 
stripes perpendicular to the kidney surface, it is important that the test 
for an occlusion pattern is essentially independent of the underlying 
general pattern. 

Synthetic example 

In order to illustrate that the applied statistical parameter of the occlu- 
sion pattern is independent of the anatomical arrangement, an artifi- 
cial section of kidney cortex was made (Fig. 4). The glomeruli have 
been distributed with a random position within 3 zones parallel to the 
kidney surface. A process occluding all glomeruli has been at play 
within vertical stripes, the limits of which are selected at random. For 
each occluded glomerulus, the direction of its nearest neighbour is 
found using the test system shown in Fig. 2. Occluded glomeruli are 
not sampled within the two rows outside the sampling field (indicated 
by two thin vertical lines) because such glomeruli may have nearest 
neighbours outside the edge of the block. Each arrow points from an 
occluded glomernlus within the sampling field to its nearest neigh- 
hour. Either of two occluded glomeruli joined by a line has the other 
as its nearest neighbour. Only neighbouring relations in directions 
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perpendicular or parallel to the kidney surface are considered, with 
oblique directions as defined by the sectors in the test system being 
excluded. Of the 46 occluded glomeruli within the sampling field, 
8 have nearest neighbours in oblique directions and are given no ar- 
rows, 21 have their nearest neighbours parallel to the kidney surface 
and 17 have them perpendicular to the surface. If the nearest neigh- 
bour to an occluded glomerulus is open the arrow is transversed by a 
bar. Nine out of 21 parallel neighbour relations are occluded-to-oc- 
cluded (43%), whereas 15 of 17 perpendicular relations are occluded- 
to-occluded (88%). There is thus a higher frequency of parallel than 
perpendicular neighbour relations to occluded glomeruli. This re- 
flects the (non-anatomical) arrangement of glomeruli in rows parallel 
to the kidney surface. Despite this arrangement, there are only 9 par- 
allel as opposed to 15 perpendicular occluded-to-occluded neighbour 
relations, reflecting that the occlusion process is confined to perpen- 
dicular stripes. 

Table 1. Neighbour relations of occluded glomeruli 

Patient no. Frequency (%) Frequency of Difference 
nearest neighbour in frequency 
occluded (%) 

1 25 50 25 
2 47 56 9 
3 12 26 14 
4 61 68 7 
5 17 71 54 
6 12 27 15 
8 13 33 20 
9 40 39 - 1  

10 16 22 6 
11 17 48 31 
12 45 69 24 

Mean 18.5 
SEM 4.6 

The overall frequencies of occluded glomeruli in individual patients 
are shown in the second column. The third column shows the fre- 
quency with which the nearest neighbour to an occluded glomerulus 
is itself occluded 

Statistics 

Intra-individual differences were judged by Student's paired t-test, 
and a 2p-value < 0.05 was considered significant. The ratios A and B 
in Table 2 were compared after logarithmic transformation due to the 
rather right-skewed sample distribution of their ratio. 

Results 

The two parameters expressing the severity of diabetic 
glomerulopathy in the superficial and deep zones, re- 
spectively, are shown in Fig. 5; there was no tendency 
towards a preferential occurrence in either one of the 
two zones. 

Table I shows the results of the first part of the anal- 
ysis of the distribution of glomerular occlusion. In 10 of 
11 cases, the nearest neighbour to an occluded glomeru- 
lus was occluded itself with a frequency higher than the 
average frequency (2p=0.0023), i.e. the clustering of 
occluded glomeruli is evident. 

Table 2 gives the result of the directional analysis, in 
which the anatomical distribution of glomerular pro- 
files (as revealed in column A) is taken into account. 
The right-most column shows that, in 10 out of 11 cases, 
the nearest neighbour - when occluded itself - is in the 
perpendicular direction more frequently than expected 
(2p=0.0042), indicating that the occlusion process 
works with some preponderance for stripes perpendicu- 
lar to the kidney surface. 

Discussion 

The results from the first part of the investigation show 
that there is no difference in the severity of glomerulo- 
pathy between the deep and the superficial glomeruli. 

Table 2. Analysis of the directions to nearest neighbour from occluded glomerulus 

Patient 
n o .  

Nearest neighbour open or occluded Nearest neighbour occluded 

No. No. A No. No. B B 
perpendicular parallel Ratio perp. perpendicular parallel Ratio perp: A 

parallel parallel 

1 39 24 1.63 18 13 1.38 0.852 
2 40 28 1.43 28 13 2.15 1.508 
3 24 43 0.56 6 7 0.86 1.536 
4 29 32 0.91 22 19 1.16 1.278 
5 38 27 1.41 28 18 1.56 1.105 
6 23 22 1.05 8 4 2.00 1.913 
8 24 21 1.14 10 6 1.67 1.458 
9 32 29 1.10 16 12 1.33 1.208 

10 40 33 1.21 13 4 3.25 2.681 
11 30 26 1.15 17 6 2.83 2.456 
12 37 31 1.19 27 20 1.35 1.131 

Geometric mean 1.12 1.65 1.47 

The second and the third columns show - with respect to occluded glomeruli - the number of nearest neighbours which are in a direction per- 
pendicular or parallel to the kidney surface. The column marked "A" is the ratios of these numbers. For this part of the analysis the nearest neigh- 
bour was taken into account irrespective of its status (open/occluded). In the right-hand part is shown the corresponding outcome in which only 
occluded nearest neighbours were analysed. The last column shows the 'perpendicularity' of occluded glomeruli as opposed to that of open and 
occluded glomeruli. The geometric mean ratios are shown below 
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This indicates that none of the existing structural/func- 
tional differences between the superficial and deep 
glomeruli plays a major role in the development of the 
glomerulopathy. The data presented here do not, how- 
ever, exclude that a high pressure gradient across the 
capillary wall may be a contributing factor in the pro- 
gression of diabetic glomerulopathy. A similarly uni- 
form distribution among the 'parallel' zones of kidney 
cortex of the glomerular occlusion occurring as an ag- 
ing phenomenon has previously been reported [8]. 

Expectedly, the estimates of Vv (Red/Glom) in 
open glomeruli and the fraction of occluded glomeruli 
s'howed no consistent relationship in individual pat- 
ients. 

The study of the distribution of the glomerular oc- 
clusion was only conducted at a rather low level, asking 
0nly simple questions. Whereas it is quite easy to detect 
and statistically test for non-randomness, the alternative 
- a pattern of the clusters - has an infinite number of 
possibilities. For the second step in the analysis, we 
have therefore used an ad hoc designed test, the positive 
outcome of which is only compatible with a certain pat- 
tern. The existence of any given pattern caflnot, of 
course, be proven in the ordinary sense. It should more- 
over be noted that the analysis is only made on two-di- 
mensional sections - for rather obvious reasons of cost 
and work-load. The conclusions regarding the underly- 
ing three-dimensional structure - glomeruli distributed 
in the cortex - and the temporal and dynamic occluding 
process(es) cannot therefore be more than tentative: the 
process seems to be at play in columns perpendicular to 
the cortical surface rather than at random or in layers 
parallel to the surface. 

A pattern in the glomerular occlusion in the diabetic 
kidney has not previously been studied, and it is as yet 
unknown whether a similar pattern exists in the distri- 
bution of early diabetic glomerulopathy in open glo- 
meruli. Only tentative guesses can be made concerning 
factors that may cause the clustering in columns. Part of 
the explanation may be that, once a glomerulus is oc- 
cluded, it will secondarily affect the neighbouring glo- 
meruli. This could come about by local alterations in 
blood flow in that particular interlobular artery. One 
could also imagine that consequences of stopping effer- 
ent arteriolar flow, i. e. blood supply for the tubular sys- 
tem of neighbouring nephrons and the interstitium, 
would be likely to show up in columns perpendicular to 
the kidney surface due to the orientation of the tubular 
system. Ischaemic changes in the distal part of the 
nephron and/or  the interstitium may then eventually 
affect the glomeruli in question. The tendency for glo- 
merular occlusion to occur in columns perpendicular to 
the kidney surface may also point to possible primary 
factors related to the interlobular arteries. A locally re- 
duced blood flow due to diabetic macroangiopathy in 
these vessels could play a role. Quite a different disease 
process, interstitial nephritis, should also be considered. 
It has been shown that significant bacteriuria occurs 

with increased frequency in diabetic patients [9] and an 
'interstitial nephritis' is not an uncommon finding in 
diabetic patients [10]. In two patients in the present se- 
ries (cases no. 2 and 3), a very marked acute inflamma- 
tory process was ongoing with papillary necrosis, and in 
a further patient (case no. 5) there was a rather marked 
histologically defined pyelonephritis. However, as 
shown in Table 2, these cases did not demonstrate any 
particularly high degree of column arrangement. 

Glomerular occlusion constitutes a very significant 
aspect of advanced diabetic glomerulopathy. Conse- 
quences in terms of loss of renal function are immedi- 
ately comprehensible, since compensatory enlargement 
of the remaining glomeruli cannot prevent the inevi- 
table outcome [5]. The major fundamental cause in all 
likelihood is the continued accumulation of basement 
membrane material characteristic of diabetic glomeru- 
lopathy. It seems, however, that we still need more in- 
formation to understand the mechanisms involved in 
these processes. We also need to learn more about the 
events that take place in the remaining still open and 
functioning glomeruli at this stage of development. 
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