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ABSTRACT

Chronic changes on kidney biopsy specimens include increasing amounts of arteriosclerosis, glomerulosclerosis,
interstitial fibrosis and tubular atrophy, enlarged nephron size, and reduced nephron number. These chronic changes are
difficult to accurately assess by visual inspection but are reasonably quantified using morphometry. This review
describes the various patient populations that have undergone morphometric analysis of kidney biopsies. The common
approaches to morphometric analysis are described. The chronic kidney disease outcomes associated with various
chronic changes by morphometry are also summarized. Morphometry enriches the characterization of chronicity on a
kidney biopsy and this can supplement the pathologist’s diagnosis. Artificial intelligence image processing tools are
needed to automate the annotations needed for practical morphometric analysis of kidney biopsy specimens in routine
clinical care.
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INTRODUCTION structures on the tissue biopsy. As these annotations are typi-
cally two-dimensional, stereological models are often used to es-
timate the three-dimensional properties of the microstructures
from two-dimensional annotations. A common problem is the
variable orientation of tubular structures on two-dimensional
sections. For example, the minor axis of the tubule profile can
be used to approximate the true diameter of a tubular structure
(e.g, proximal tubule diameter) [2]. Another approach is to aver-
age across multiple structures if the orientations are reasonably
‘random’ such that the area of these individual structures is re-
flective of the average orientation (e.g. average cross-sectional
tubular area) [3].

Kidney histological sections have gained a particular interest
in the application of morphometric analyses due to the charac-
teristic organization of nephrons, the spatial distribution of dif-
ferent microstructures, and the biological importance of the size
and density of microstructures [4].

Morphometry is a technique utilized for the analysis of the spa-
tial distribution and size of tissue structures. In practice, it is
accomplished using quantitative image analysis by first anno-
tating with a computer program the different microstructures
on whole slide images of stained histological sections of tissue
biopsies magnified with light microscopy [1]. The annotations
are typically outlines of the individual microstructures seen for
a particular class (e.g. glomerular tufts, proximal tubules, or
arteries) on whole slide images of tissue biopsies. Annotations
can also be applied to the ultrastructures on tissue biopsies mag-
nified with electron microscopy images. Computational pathol-
ogy uses these computer-assisted electronic annotations to
determine counts and areas for each microstructure or ultra-
structure. The counts and areas are then used to estimate
quantitative measures such as the size or density of different
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Figure 1: Example of morphometry to assess nephrosclerosis. (A) An example of the annotations needed to estimate % globally sclerotic glomeruli (GSG) with GSG
traced in red and non-sclerotic glomeruli (NSG) in cyan. The %GSG is calculated by the number of GSG divided by the total number of glomeruli. The %IFTA is calculated
from area of all IFTA foci divided by cortex area. The IFTA foci density is calculated from counts of all IFTA foci divided by cortex area (per cm?). (B) An example of the
annotations needed to estimate % interstitial fibrosis and tubular atrophy (IFTA) with IFTA traced in black and cortex traced in green. (C) An example of the annotation
needed to estimate %luminal stenosis with lumen traced in yellow and intimal thickening traced in red. Arteriosclerosis is assessed by %luminal stenosis from intimal
thickening as calculated from the area of intima divided by the areas of intima and lumen.

Morphometry has been widely applied in kidney tissue
to quantify chronic changes in the glomerular, tubulointer-
stitial, and vascular compartments and to monitor progres-
sion in patients with repeat biopsies [4]. Figure 1 is an ex-
ample of the annotations needed to estimate % globally scle-
rotic glomeruli (GSG), % interstitial fibrosis and tubular atro-
phy (IFTA), and % artery luminal stenosis from arteriosclerosis
(intimal thickening). An important advantage of applying mor-
phometry to detect chronic changes is standardization. In par-
ticular, the common scoring of chronic changes on kidney biopsy
is often inaccurate and there is limited agreement between dif-
ferent pathologists scoring chronic changes [5-7]. Morphometry
can also provide a continuous score that detects subtle variation
in mild chronic changes missed by visual inspection. For exam-
ple, %IFTA of 2% versus 8% is often grouped together as <10% by
visual inspection scoring [8]. This is further complicated by the
need for thresholds that increase with age for chronic changes
that distinguish abnormal from normal [9].

While morphometry is used as a research tool, it has not been
routinely used in clinical workflows to evaluate kidney biopsies
as it is tedious and time consuming. Morphometry may also
oversimplify kidney structures into a set of quantitative mea-
sures that do not account for all important pathological find-
ings of the structures. For example, an estimate of percentage
globally sclerotic glomeruli (GSG) does not account for whether
the GSG have a solidification or ischemic subtype [10]. This is
clinically important as solidification is always due to disease
whereas ischemic GSG also occur in healthy aging [9]. Mor-
phometry can also be inaccurate due to biopsy quality, over-
or under-staining, or inadequate tissue sample to make precise
measures. However, these same factors can also affect kidney

biopsy assessments by visual inspection. This review focuses
on the application of morphometry to clinical biopsies of the
kidney and its prognostic significance. The review was based
on both our knowledge of this field and a literature search us-
ing PubMed, Ovid MEDLINE, and Google Scholar. The following
search terms were used: (‘Renal Biopsy’) AND (‘morphometry’)
AND (‘prognosis’ OR ‘chronicity’ OR ‘diagnosis’ OR ‘manage-
ment’ OR ‘treatment’).

KIDNEY BIOPSY MORPHOMETRY STUDY
TYPES

Kidney biopsy morphometry has been applied to study differ-
ent specific patient populations (Table 1). Morphometry has also
been used to study microstructures and pathology that is prog-
nostic for kidney failure or related outcomes (Table 2). Reviewing
published studies, Periodic acid-Schiff (PAS) stained biopsy im-
ages appear to be the most common used in analyses, followed
by Masson’s trichrome stained biopsy images. Staining with PAS
has been generally preferred by most studies due to stain quality
being more uniform across different histopathologic laborato-
ries. While more labor intensive and requiring experienced lab-
oratory technicians, some pathologists prefer Jones’ silver stain
for %IFTA [11, 12]. Of particular interest is whether morphome-
tric measures are prognostic for outcomes independent of con-
current clinical assessment of kidney function (particularly GFR
and proteinuria) and CKD risk factors (particularly hyperten-
sion, diabetes, and obesity). Such analyses are helpful for de-
termining whether microstructural pathology is prognostic for
outcomes along pathways not well detected by current clinical
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assessments of kidney health. These analyses clarify the added
value of kidney biopsy to the prognostic assessment of various
patient populations.

The ‘unselect’ general population would be of particular in-
terest with respect to prognosis with various kidney microstruc-
tural morphometry measures on kidney biopsy. However, due
to the invasive nature of kidney biopsies, such a study is not
feasible. All human kidney biopsy studies require some clini-
cal justification for obtaining a kidney biopsy. This inherently
leads to selection bias as abnormal kidney function (particularly
proteinuria) influences the selection of patients that undergo a
kidney biopsy. Living kidney donation and radical nephrectomy
for kidney tumor are the unique setting in medicine where a kid-
ney biopsy can be obtained intraoperatively (low risk of bleed-
ing complication) and obtained in patients not selected on ab-
normal kidney function. As both these populations undergo a
nephrectomy, repeat kidney function assessment over time af-
ter the nephrectomy often occurs as part of follow-up care.

Living kidney donors are subjected to a thorough predona-
tion examination of their overall and kidney health status be-
fore the actual donation. Given the requirement of normal kid-
ney function and the presence of relatively low chronic kidney
disease (CKD) risk factor burden prior to kidney donation, donors
provide a particularly useful setting for understanding the nor-
mal age-related changes that occur in healthy kidneys. Kidney
tumor patients that undergo a radical nephrectomy have more
CKD risk factors and abnormal kidney function as a population
than living kidney donors. Similar to donors, they are also not
selected on abnormal kidney function to justify a kidney biopsy.
Large wedge sections of the non-tumor parenchyma from rad-
ical nephrectomy specimens allow unique study of kidney tis-
sue specimens with 20-fold more cortex than the typical needle
core biopsies. Large wedge sections also allow for morphomet-
ric study of microstructural patterns that may vary by depth, a
factor that is difficult to discern from needle core biopsies.

NEPHRON SIZE AND NUMBER

Several studies have utilized morphometry evaluation of both
kidney biopsy images and computed tomography or magnetic
resonance kidney images to calculate the nephron number from
the density of glomeruli in the cortex multiplied with the to-
tal volume of cortex per kidney [13-17]. Low nephron num-
ber predicts adverse kidney function outcomes in both living
kidney donors and tumor patients [16, 18]. Nephron number
and nephron size have a reciprocal relationship due to com-
pensatory enlargement of nephrons with low nephron endow-
ment or nephron loss due to aging and disease. Because ra-
diographic kidney imaging that can accurately delineate corti-
cal volume is often not available, nephron number is not avail-
able in most patients that undergo kidney biopsy. While renal
pathology reports will comment on glomerulomegaly when se-
vere, more subtle manifestations of nephron enlargement may
go unnoticed by visual inspection alone. Morphometry can es-
timate nephron size in a more standardized and quantitative
manner. In particular, nephron size can be assessed by mea-
sures of non-sclerosed glomerular volume or by cortex volume
per non-sclerosed glomerulus (reciprocal of glomerular density).
Morphometric assessment of glomerular volume and glomeru-
lar density can be performed from the areas of glomerular pro-
files and cortex using the Weibel-Gomez stereological model,
though this approach effectively assumes the size of different
glomeruli are relatively similar [19]. An explanation of the un-

Mean slice area = < nr 4
3 Sphere volume = 3 nr

Volume = § x (mean slice area)™
L 1

1
4 4
_ _Sphere volume g _ a3 1382
(mean slice area)™ (%m;)m (%ﬂ)mz

7

Sum of all glomerular profile areas
Mean glomerular area =

5
1.382 x (mean glomerular area)™
1.01

Mean glomerular volume =

Figure 2: Calculation of glomerular volume. A hypothetical example of a biopsy
with five glomerular profiles is shown. Light gray shaded box shows Weibel and
Gomez stereology model for random slices of spheres [17]. The yellow box shows
derivation of 1.382, the coefficient for spheres. If we model glomeruli as spheres,
the mean glomerular profile area is used as the mean slice area. The darker gray
shaded box shows how glomerular volume is calculated. This formula also uses
a coefficient of 1.01 to account for an estimated coefficient of variation of 10%
for glomerular diameters across multiple glomeruli in a patient [18].

derlying math used to calculate the mean volume of glomeruli
on a kidney biopsy section is shown in Fig. 2 [17].

There are several clinical characteristics associated with
nephron number and nephron size. Low birth weight is asso-
ciated with low nephron endowment and enlarged nephrons
(larger glomerular volume and lower glomerular density) [20-
23]. In a large study of living kidney donors and kidney tumor
patients, clinical characteristics that independently associated
with larger glomerular volume were family history of end-stage
kidney disease (ESKD), male, tall stature, obesity, diabetes, and
proteinuria [24]. Larger glomeruli were also associated with
more globally sclerotic glomeruli and with modest increases in
interstitial fibrosis consistent with compensatory enlargement
of remaining nephrons with nephrosclerosis [24]. An autopsy
study also found diabetes and hypertension independently
associate with larger glomerular volume [25]. In biopsy-proven
hypertensive nephropathy, low glomerular density correlated
with overt proteinuria [26]. The association of enlarged nephrons
(larger glomerular volume or lower glomerular density) with
higher BMI or obesity has been well described in many studies
and patient populations [27-29]. An increase in single nephron
GFR is also associated with enlarged glomeruli [30].

Glomerular volume and its clinical associations can also vary
by cortical depths. A study of large wedge sections from kidney
tumor patients, spanning from the capsule to the cortico-
medullary junction, found the glomerular volume was largest
in the mid cortical region and smallest in the superficial region
[31]. Taller stature, obesity, hypertension, diabetes, proteinuria,
and current smoking are associated with larger glomerular
volume at all cortical depths, but obesity is more strongly
associated with glomerular volume in the superficial cortex
[31]. Glomerular volume by depth was somewhat different in an
autopsy kidney study, where the largest glomerular volume was
in deep cortex [32]. However, among patients with preserved
kidney function and nephron number, glomerular volume was
larger in both the middle and deep cortex compared to the
superficial cortex [32].
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Table 3: Risk of CKD outcomes with morphometric of measures of chronic changes across different populations.

Donor biopsy Recipient biopsy Donor biopsy Kidney Native
Morphometric predicting outcome predicting outcome predicting outcome tumor kidney disease
measures in donor in recipient in recipient patients disease patients
Nephron size and number
Glomerular volume T[18]? [34],2 ‘[46]° T[35]? [33],2 3 57
Cortex volume per glomerulus <[18]3, 1[34]2 “[33]2 222
Tubular cross-sectional area ~[18]? [34],2 '[33]? 3R 52
Nephron number “[18]?, [34]3,'[14]2 “[33]2 “[3]3,'[14]2
Glomerulosclerosis
%GSG <[18]° [34],2 1[46]° ~[33]? 13 1[44]? [5],2, <[22
Mesangial expansion t[54]° <[81]° [22],2
Ischemic glomeruli t[a6]P
IFTA and interstitial inflammation
%IFTA <[18]° [34],2 <[54 133 132 [50,2  1[81]° [5],®, < [44]°
IFTA foci density T[18]3, < [34]2 “~[33]7 1[50]2 57
Inflammation <[50]? t[52
Arteriosclerosis
%Artery luminal stenosis “~[34]2 t[54]° “[35]2 [33],2 “[B8]7 “[517
Arteriolar hyalinosis [33],2 52

1: Increased risk with higher values of morphometric measure.
|: Decreased risk with higher values of morphometric measure.
< No risk.

2Adjusted analysis.

bUnadjusted analysis.

Studies reported outcomes as <60 mL/min/1.73 m? eGFR [18], some as <45 mL/min/1.73 m? eGFR [34], >40% decline in eGFR from baseline [14] [3] [50], >50% decline
in eGFR from baseline [5] [22] [81], a 30% decline in eGFR from baseline or end-stage renal disease [44], or graft loss/failure [33] [35] [54] [46].

There is evidence that enlarged nephrons and low nephron
number are associated with a worse kidney prognosis in a va-
riety of patient populations. Larger glomerular volume and low
nephron number predicted a low GFR early and long-term after
kidney donation and graft failure in the recipient [16, 18, 33, 34].
Larger glomerular volume predict outcomes as progressive CKD
in several studies with different population [3, 5, 35]. Table 3
summarizes morphometric measures of chronic changes and
their prediction of adverse kidney outcomes in living kidney
donors, kidney transplant recipients, kidney tumor patients,
and native kidney disease patients.

Glomerular volume can be assessed at the tuft or capsule
level. The Bowman'’s (urinary) space between the capsule and
tuft can also be studied morphometrically. One study in living
kidney donors studied the measurements of all cross-sectional
areas and volumes of glomeruli at the capsule and tuft level and
defined a ratio between the two (i.e. glomerular tuft volume di-
vided by Bowman’s volume or G/B) [36]. While the G/B ratio did
not associate with the same risk factors associated with large
glomerular volume (e.g. obesity) [36], patients with nephroscle-
rosis and a low G/B ratio were at increased risk for progres-
sive CKD [37]. A low G/B ratio (or relatively increased Bowman’s
space) may reflect glomerular hyperfiltration beyond that de-
tected by enlarged glomerular volume alone.

PODOCYTES MORPHOMETRY

Podocyte morphometry usually involves the counts of podocyte
per glomerular tuft, podocyte density, and podocyte volume.
With aging, most losses of podocytes are due to loss of
glomeruli rather than a decrease in podocyte counts among
remaining glomeruli [38]. Hypertension associates with lower
podocyte density and larger podocyte volume. In living kid-
ney donors, hypertension and aging were associated with lower
podocyte count; however, hypertension alone associated with

lower podocyte density and larger podocyte volume indepen-
dent of age [38]. Among normal kidneys at autopsy, those with
more nephrons had more podocytes per glomerulus as well
as higher podocyte density. While the counts of podocytes did
not differ by cortical depth, there was higher podocyte density
in superficial glomeruli due to smaller glomeruli and smaller
podocytes [32]. Older age was associated with lower podocyte
counts, particularly in superficial glomeruli [32], a finding that
parallels a higher frequency of glomerulosclerosis among super-
ficial glomeruli but not deep glomeruli with older age [31]. Fur-
ther studies are needed to understand the prognostic implica-
tions of podocyte morphometry.

GLOMERULOSCLEROSIS

The %GSG is perhaps the one morphometric measure that is
routinely reported in clinical practice. Glomerular counts can
be reported per section or as total count across serial sections,
but undercounting of glomeruli by visual inspection alone is a
common problem. A morphometric approach ensures standard-
ized counting of glomeruli and inclusion of partial counts for
glomeruli bisected by the biopsy needle [16]. Global glomeru-
losclerosis is evident in both aging and in kidney disease.
Among kidney donors, age associated much more strongly with
%GSG than did hypertension [39]. It is perhaps not well ap-
preciated that smaller amounts of cortex tissue on a needle
core biopsy is itself associated with more glomerulosclerosis on
biopsy [40]. This occurs because loss of nephrons itself leads
to smaller cortical tissue biopsy samples, though clinical skill
and chance are often thought to be the only reasons for inade-
quate cortex on a needle core biopsy. The upper reference limit
(defined as 95th percentile) for the number of globally sclerosed
glomeruli (GSG) increases with older age as determined from
normotensive living kidney donor biopsies [41]. These thresh-
olds can help distinguish patients who have glomerulosclerosis
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due to CKD rather than aging alone. Glomerulosclerosis oc-
curs more in the superficial cortex with age and is accom-
panied by non-sclerosed glomeruli with an ischemic appear-
ance (capillary wrinking and capsule thickening [31]). Whereas
low eGFR, hypertension, and interstitial fibrosis associate with
glomerulosclerosis at all cortical depths, and diabetes more
strongly associated with glomerulosclerosis in the deeper cor-
tex [31]. Another study on autopsy kidneys found diabetics
without hypertension had more glomerulosclerosis in the deep
cortex [25].

Numerous studies have linked higher %GSG to a higher risk
of adverse kidney outcomes in a variety of patient populations
[21, 22, 42, 43]. In patients whose kidney biopsy diagnosis was
‘benign nephrosclerosis’, %GSG and proteinuria were the most
significant predictors of a 30% decline in eGFR from baseline [44].
Among nephrotic syndrome patients, an increased risk of pro-
gressive CKD was only evident when the %GSG exceeded age-
based thresholds for GSG [41, 45]. Among kidney allografts at
a 5-year surveillance biopsy, higher %GSG as well as higher %
ischemic-appearing glomeruli were predictive of subsequent al-
lograft loss [46].

INTERSTITIAL FIBROSIS AND TUBULAR
ATROPHY

The severity of IFTA is an important prognostic indicator of
chronic changes on kidney biopsy that is often inaccurately and
imprecisely scored by visual inspection [5]. IFTA occurs on a con-
tinuum with mild forms having basement membrane thicken-
ing without significant atrophy and minimal surrounding inter-
stitial fibrosis to more mature and severe tubular atrophy with
basement membrane disruption and substantial surrounding
interstitial fibrosis. Annotation of IFTA is tedious and one ap-
proach is to identify and annotate clusters of IFTA foci where
atrophic tubules are bunched together and surrounded and con-
nected by interstitial fibrosis. Among the standard stains ob-
tained on clinical biopsies, trichome stained sections are often
used to morphometrically assess severity of IFTA. One study
found collagen III staining optimal for morphometry with bet-
ter interobserver reproducibility compared to morphometry by
visual inspection [7]. The %IFTA (percentage of cortex area that
is IFTA) is often viewed as the best biopsy assessment of CKD; it
is notable that it often has rather modest correlation with eGFR
[47, 48]. When needle core kidney biopsies are mostly or only
medulla, it is worth noting morphometric assessment of %IFTA
in cortex and in medulla are correlated, particularly by PAS stain-
ing (r = 0.85) [49].

While morphometric assessment of IFTA has largely focused
on %IFTA (area of IFTA divided by area of cortex or %IFTA), the
IFTA foci count density (number of IFTA foci divided by area of
cortex) appears to be just as important for assessing chronic
changes in the kidney and their prognosis. One study morpho-
metrically assessed different patterns of IFTA and inflammation
on wedge sections of kidney tumor patients including %IFTA,
IFTA foci density, %striped IFTA, %subcapsular IFTA, %inflam-
mation, and %subcapsular inflammation [50]. After adjusting for
%IFTA, inflammation outside of IFTA predicted a higher risk of
CKD progression and non-cancer mortality, while subcapsular
inflammation predicted a higher risk of non-cancer mortality
[50]. However, neither inflammation outside of IFTA or subcap-
sular inflammation predicted outcomes after further adjusting
for kidney function and CKD risk factors [50]. In renal allografts,
inflammation within IFTA is currently regarded as a component

of chronic active T cell-mediated rejection [51]. In kidney tumor
patients, inflammation within IFTA did not predict outcomes
independent of %IFTA [50]. Striped pattern of IFTA may reflect
chronic ischemia from calcineurin inhibitor toxicity [52]. In kid-
ney tumor patients, striped pattern of IFTA did not predict out-
comes independent of %IFTA [50].

After adjusting for %IFTA and clinical characteristics, only
increased IFTA foci density predicted progressive CKD [50], in
other words, at the same severity of %IFTA, patients who had
more numerous small scattered IFTA foci had a greater risk of
progressive CKD than those with fewer and larger IFTA foci.
The IFTA foci density showed a pattern of stronger correlation
with older age and lower cortical thickness on biopsy and lower
cortical volume on CT or MRI imaging. Loss of nephrons is a
dynamic process and foci of IFTA progressively atrophy leading
to contraction of the kidney cortex. Because progressive atrophy
of IFTA foci both decreases %IFTA and increases IFTA foci
density, both %IFTA and IFTA foci density are complimentary
rather than redundant in assessing IFTA severity. This was
further confirmed in a morphometric study of chronic changes
on native kidney biopsies [5]. Table 4 summarizes studies of
IFTA via manual morphometry.

ARTERIOSCLEROSIS

Arteriosclerosis (due to fibrointimal thickening) and arteriolar
hyalinosis leads to nephron ischemia and nephrosclerosis. Mor-
phometric assessment of arteriosclerosis can be determined by
severity of luminal stenosis by intimal thickening. One approach
is to take the cross-sectional area of intima divided by the com-
bined area of intima and lumen to assess the % luminal stenosis
from intimal thickening [53]. When multiple arteries are present
the severity of arteriosclerosis can be averaged across arteries or
the artery with the most severe arteriosclerosis used for analy-
ses. More work is needed to determine the optimal approach to
quantifying arteriosclerosis that is the most prognostic. Other
approaches to arteriosclerosis involve intimal thickening being
calculated by comparing the thickness of the intima to that of
the media in the same segment of the vessel[26]. Importantly,
not all needle core kidney biopsies will have a medium to large
artery from which luminal stenosis from intimal thickening can
be assessed via morphometry. Orientation of artery profiles and
partial arteries (bisected by the biopsy needle) can also con-
tribute to bias in the assessment of arteriosclerosis. One ap-
proach to deal with tangential sectioning of blood vessels is not
to account for the orientation of the vessel in the calculation but
using the most orthogonal arteries to the plane of the biopsy
available. This has been used successfully to predict outcomes
[53].

Morphometric assessment of arteriolar hyalinosis is even
less developed. The Banff criteria classify arteriolar hyalinosis
based on descriptive categories of no hyalinosis, mild to mod-
erate hyaline thickening in at least 1 arteriole, moderate to se-
vere PAS-positive hyaline thickening in more than 1 arteriole, or
severe PAS-positive hyaline thickening in many arterioles [54].
This approach effectively combines number of involved arteri-
oles with the severity of arteriolar hyalinosis among involved
arterioles. The non-specific nature of arteriolar hyalinosis in kid-
ney allografts and the possibility of chronic calcineurin inhibitor
toxicity complicates the prognostic interpretation of arterio-
lar hyalinosis [55]. Other approaches for arteriolar hyalinosis
consider only the proportion of arterioles exhibiting any hyali-
nosis categorized into <5%, 5%-25%, and >25% [26] . Arteriolar
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hyalinosis can be further subclassified into concentric lesions or
focal (partial) lesions [5].

In living kidney donors, higher levels of arteriosclerosis by
morphometric measures of luminal stenosis by intimal thick-
ening in implantation biopsies associated with hypertension at
a short-term follow-up visit [18]. However, long-term risk of CKD
and incidence of hypertension was neither predicted by mor-
phometric luminal stenosis nor arteriolar hyalinosis in another
study [34]. Among kidney tumor patients, after accounting for
clinical characteristics (particularly age), morphometric artery
luminal stenosis did not predict progressive CKD [3]. However,
kidney allograft loss in kidney recipients was predicted by in-
creased morphometric luminal stenosis of arteries [54]. Mor-
phometirc measures of arteriolar hyalinosis is a better predic-
tors of progressive CKD in native kidney disease patients than is
artery luminal stenosis from intimal thickening [5]. Kidney cor-
tex thinning from arteriosclerosis can also affect the quality of a
kidney biopsy. In particular, presence and severity of arterioscle-
rosis by morphometric luminal stenosis by intimal thickening
is increased when there is less cortex present on a needle core
biopsy [40].

CONCLUSION

Morphometry has proved to be a useful tool in quantifying
chronic changes (essentially CKD) on kidney biopsy specimens
that are prognostic for adverse kidney events such as kidney
failure or a progressive decline in eGFR. Advantages of mor-
phometry are better accuracy and reproducibility than visual
assessment, and a saved and auditable record of annotations
used to quantify severity of structural pathology. The optimal
combination of morphometry measures to assess CKD progno-
sis appears to be one that includes %glomerulosclerosis (GSG,
ischemic glomeruli, and segmental sclerosis), %IFTA, IFTA foci
density, and presence of any arteriolar hyalinosis. This combina-
tion of morphometry measures is superior in predicting progres-
sive CKD and ESKD to commonly used chronicity scores based
on visual inspection [5]. A major limitation is that morphometry
is tedious and time-consuming.

Implementation in the clinical practice will likely require
automation. In particular, artificial intelligence (AI) models are
needed to automate the annotation of microstructures followed
by computer programs that perform morphometric and stereo-
logical calculations. Current limitations for such approaches in-
clude small datasets that come from single institutions, which
can limit generalizability. Collaboration between institutions for
sharing of data can help improve the algorithms leading to bet-
ter performing models. In addition, quality control of the Al gen-
erated annotations by pathologists is needed given the wide
spectrum of pathologies and artifacts that occur on whole slide
images of kidney biopsy sections. Future studies are needed
to determine if the added clinical and prognostic information
from morphometric analysis of kidney biopsy images is of suf-
ficient value to justify the computational costs and quality con-
trol efforts of applying Al models within a clinical practice
workflow.
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