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mouse studies

Jessica M. Snyder & Timothy A. Snider & Marcia A. Ciol & John E. Wilkinson &

Denise M. Imai & Kerriann M. Casey & Jose G. Vilches-Moure & Christina Pettan-Brewer &

Smitha P. S. Pillai & Sebastian E. Carrasco & Shabnam Salimi & Warren Ladiges

Received: 24 April 2019 /Accepted: 31 July 2019 /Published online: 29 August 2019
# American Aging Association 2019

Abstract An understanding of early-onset mechanisms
underlying age-related changes can be obtained by eval-
uating changes that precede frailty and end of life using
histological characterization of age-related lesions.
Histopathology-based information as a component of
aging studies in mice can complement and add context
to molecular, cellular, and physiologic data, but there is
a lack of information regarding scoring criteria and
lesion grading guidelines. This report describes the val-
idation of a grading system, designated as the
geropathology grading platform (GGP), which generat-
ed a composite lesion score (CLS) for comparison of
histological lesion scores in tissues from aging mice. To
assess reproducibility of the scoring system, multiple

veterinary pathologists independently scored the same
slides from the heart, lung, liver, and kidney from two
different strains (C57BL/6 and CB6F1) of male mice at
8, 16, 24, and 32 months of age. There was moderate to
high agreement between pathologists, particularly when
agreement within a 1-point range was considered. CLS
for all organs was significantly higher in older versus
younger mice, suggesting that the GGP was reliable for
detecting age-related pathology in mice. The overall
results suggest that the GGP guidelines reliably distin-
guish between younger and older mice and may there-
fore be accurate in distinguishing between experimental
groups of mice with more, or less, age-related
pathology.
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Introduction

Aging is the process of growing old. It is characterized
by a progressive decline of various physiological func-
tions in tissues and organs and is often associated with
numerous neoplastic and chronic degenerative, non-
neoplastic disorders. Why these conditions develop,
and how they progress with increasing severity with
increasing age, is not well understood. While clinical
studies are highly informative relative to human health,
they are time intensive and generally limited in depth
and scope for understanding underlying basic mecha-
nistic causes and associations. Extensive preclinical
studies using animal models are being conducted that
provide meaningful insight into molecular and cellular
pathways mediating pathophysiology of aging and the
development of parameters that can distinguish between
healthy aging and unhealthy aging. The laboratory
mouse is extensively used as a preclinical animal model
for aging research (Nadon 2007; Brayton et al. 2012).
Accumulated evidence from aging studies has solidly
established it as a robust model of human aging
(Sundberg et al. 2011; Yuan et al. 2011). Mouse models
have been instrumental in uncovering basic mechanisms
involved in aging processes as well as in extending
understanding of disease-associated phenotypes in the
human population (Vanhooren and Libert 2013; Koks
et al. 2016). Mice have short lifespans and are econom-
ical to maintain for longitudinal studies and share many
physiological and genetic attributes with humans
(Sundberg et al. 2011; Ray et al. 2010; Yuan et al.
2011). In addition, large numbers of strain-specific mice
can easily be generated for adequate cohort numbers to
achieve statistical power in genetic- or pharmacologic-
based aging intervention studies.

The traditional assessment of age-related mouse stud-
ies has generally consisted of molecular, physiological,
and clinical phenotypes such as gene expression,
lifespan, and frailty (Burch et al. 2014; Treuting et al.
2016; Kane et al. 2015; Ladiges et al. 2009). These
endpoints have been very helpful in identifying gene-
driven pathways and potential pharmacologic targets in
late life conditions. However, to understand early-onset
mechanisms underlying age-related changes, it is nec-
essary to evaluate changes that precede frailty and end

of life, such as response to physiological stress or histo-
logical characterization of age-related lesions. There is
evidence to suggest that histological lesions may be
detected before clinical phenotypes are apparent
(Adissu et al. 2014). Histopathology-based information
can therefore be extremely valuable. Pathology, as a
component of aging studies in mice, complements and
adds context to other molecular, cellular, and physiolog-
ic data (Ikeno et al. 2003; Treuting et al. 2016;
Wilkinson et al. 2012). Unfortunately, even in studies
with histopathological examination and the reporting of
age-related lesion scores, a lack of information regard-
ing which parameters are scored and detailed descrip-
tions of the scoring criteria may impair critical evalua-
tion of the pathologic results. This, coupled with differ-
ences in tissue and lesion evaluation, may also compli-
cate comparison of results from study to study (Neff
et al. 2013; Wilkinson et al. 2012) and deter more
extensive pathology-based investigations.

In 2015, the National Institute on Aging funded the
Geropathology Initiative (R24 AG047115, PI Ladiges)
designed to enhance the integration of pathology into
preclinical aging studies by providing an environment to
promote learning and exchange of scientific information
and ideas for the aging research community with an
interest in pathological analysis through a series of
symposia and network conferencing formats. The term
“geropathology” was used to designate the study of
aging and age-related lesions and diseases in the form
of whole necropsies/autopsies, surgical biopsies, histol-
ogy, and molecular biomarkers encompassing multiple
subspecialties including geriatrics, anatomic pathology,
molecular pathology, clinical pathology, and gerontolo-
gy. An Anatomic Working Group was established to
develop uniform ways of integrating pathology into
mouse lifespan and healthy aging studies, for example,
by providing consensus recommendations for standard-
izing the histological grading of lesions and performing
statistical analyses designed to integrate pathology data
with longitudinal and cross-sectional lifespan data and
physiological function data for more relevant translation
to human studies. The working group quickly
transitioned into an active Geropathology Grading
Committee (GGC) with the objective of developing
pathology endpoints that could provide reliable and
responsive readouts for aging processes and interven-
tions targeting biology of aging, i.e., a pathology-based
surrogate of aging, spanning young to old, using the
mouse as a prototype animal model of aging.
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The GGC considered that the ideal pathology assess-
ment plan for aging mouse studies would provide the
ability to comprehensively and efficiently detect and
grade standard lesions in organs in an age-dependent
manner, and generate a numerical index that would cap-
ture clinical as well as subclinical alterations at the tissue
level. This index could then be used as a tool to compare
animals in the same cohort and across various cohorts by
tabulating composite lesion scores (CLS). Coupled with
physiological and clinical pathology data, the pathology-
based index could be a robust means of evaluating aging
and aging intervention cohorts. This report describes the
validation of guidelines for a scoring system to evaluate a
series of organs in agingmice with the goal of assigning a
numerical score representing the degree of organ age-
related pathology, using two mouse strains (C57BL/6
and CB6F1) each at four different ages and evaluated
by multiple pathologists.

Materials and methods

Histological grading system

A histological grading system, designated as the
Geropathology Grading Platform (GGP) and developed
by the Geropathology Grading Committee (GGC), was
used to evaluate and score target organs from the two
different mouse strains and four different age groups
(described below). Organ-specific lesions selected for
inclusion within the grading platform were based on the
combined experience of pathologists within the grading
committee as well as documented lesions that had been
reported to naturally develop in mice as a function of
age (Berridge et al. 2016; Frazier et al. 2012; Thoolen
et al. 2010; Renne et al. 2009). Then, the GGC devel-
oped guidelines based on the intent to (1) detect the
histological presence or absence of uncommon but po-
tentially severe lesions and (2) determine the level of
severity of common age-related lesions. Specific lesions
were graded with a numerical score, with 0–1
representing presence or absence of a lesion, and 0–4
representing the increasing severity of a lesion (0 =
none, 1 = minimal, 2 = mild, 3 = moderate, 4 = severe).
It was then possible to add the individual lesion scores
for that organ from each mouse to generate a composite
lesion score (CLS). Neoplasms were graded separately.
The proportion of mice with benign and malignant
neoplasms and the proportion with specific neoplasms

were calculated for each group. The presence of a be-
nign neoplasm in all organs received a score of 1, and
presence of extensive multifocal benign or malignant
neoplasm(s) received a score of 2. In a few mice, not all
anatomic structures (e.g., heart valves) or slides were
available to score and thus, not all possible specific
lesions could be assessed. Thus, to calculate a score
for every mouse, we took the average score of the
observed lesions for each mouse and called it standard-
ized CLS. This approach assumed that the missing
specific scores would have the same value as the aver-
age of the observed scores and avoids that a mouse
missing a specific slide or anatomic structure would
have lower scores than a mouse with all slides available,
simply because of the missing data. In addition, for each
mouse, we calculated the mean of the two or three
standardized CLS (given by different pathologists),
denominated averaged standardized CLS score.

This approach allowed multiple pathologists to read
the same slides using a standardized grading system. In
order to validate the GGP, two to three pathologists
reviewed the same slide set for at least one of the four
organs: the liver; heart; lungs; and kidney. In a blinded
fashion, organ-specific lesions were either graded as
present/absent for a score of 0 or 1 or assigned a severity
score from 0 to 4. Neoplasms were scored from 0 to 2.
Lesions for the heart that were scored as present (1) or
absent (0) included atrial thrombosis, which represented
a rare pathologic finding. Other lesions were scored by
severity from 0 to 4, and included arteriosclerosis,
cardiomyopathy/myocardial fibrosis, myocardial in-
flammation, myxomatous change of the valve(s), and
lymphoid aggregates. Lesions for the lung scored as
present (1) or absent (0) included airway metaplasia or
hyperplasia, vascular hypertrophy, atelectasis, and pul-
monary fibrosis. Lung lesions scored by severity from 0
to 4 included eosinophilic crystalline (acidophilic alve-
olar macrophage) pneumonia, alveolar histiocytosis, al-
veolar foam cells, heart failure cells (chronic passive
congestion), interstitial pneumonia/pneumonitis,
perivascular inflammation, bronchial/bronchiolar in-
flammation, and lymphoid aggregates (peribronchiolar,
perivascular, and/or pleural/subpleural). Lesions for the
liver scored as present (1) or absent (0) included central
venous congestion (chronic passive congestion), Ito cell
hyperplasia/lipidosis, and telangiectasia/angiectasis.
Liver lesions scored by severity from 0 to 4 included
hepatocellular degeneration/necrosis, hepatic lipidosis,
periportal inflammation, bile duct hyperplasia/cysts,
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lymphoid aggregates, and microgranulomas. Lesions
for the kidney scored as present (1) or absent (0) includ-
ed infarction, mineralization, and amyloidosis. Lesions
scored by severity from 0 to 4 included nephropathy,
pyelonephritis/nephritis, and lymphoid aggregates.

Source of mouse tissues

Paraffin-embedded blocks and hematoxylin and eosin
(HE)–stained glass slides of tissues from C57BL/6 to
CB6F1 (BALB/cBy × C57BL/6) male mice were ob-
tained from the Geropathology Rodent Tissue Bank at
the University of Washington. The mice were wild type,
from the National Institute on Aging (NIA) contract
facility (Charles River) in age groups of 4, 12, 20, and
28 months, and originally used in a 4-month physiolog-
ical assessment study. During this period, mice were
housed at the University of Washington under a
12:12 h light:dark cycle in individually ventilated cages
(Allentown, Allentown, NJ) containing corncob bed-
ding (Andersons, Maumee, OH) and Nestlets nesting
material, and fed irradiated rodent chow (Rodent Diet,
Lab Diet, St. Louis, MO) with autoclaved, acidified
(pH 2.4–2.8) water. Physiologic assessments in this
original study were performed in succession over the
4-month period and included 3-day wheel running,
echocardiography, rotarod, open field activity, cognitive
radial water tread maze, grip strength, indirect calorim-
etry, corneal opacity, and a 2-week tumor response
procedure following subcutaneous injection of B16F0
melanoma cells (ATCC) 2 weeks prior to euthanasia
(Pettan-Brewer et al. 2012). After 4 months and at the
time of euthanasia by CO2, the cohort ages were 8, 16,
24, and 32 months. Tissues were collected, weighed,
and placed in 10% neutral buffered formalin. Samples
were routinely processed, paraffin embedded, sectioned
at 4–5 μm thickness, stained with HE, and deposited in
the Geropathology Rodent Tissue Bank. Blocks and
HE-stained slides were randomly selected from the tis-
sue bank for this validation study such that each strain
and age cohort represented 12 mice.

Statistical analysis

The aim of this study is to show that the GGP provides
CLS, standardized CLS, and averaged standardized
CLS that are valid (measure age-related lesions as de-
sired) and reliable. To accomplish that, the proportion of
agreement between two or three pathologists and the

proportions of higher or lower scores by the type of
lesion within an organ were calculated to assess agree-
ment or reliability in scoring between independent pa-
thology readers (Fayers and Machin 2007). The results
for two or three pathologists were compared using the
proportion of agreement on the exact value of CLS and
on the CLS within one point of difference. Pathologic
lesions occur on a continuum, so differences in scores
are inevitable with borderline lesions. Medians of CLS
between two readers were compared using a Wilcoxon
signed rank test for paired data. Finding statistically
significant median differences would be evidence that
agreement between the raters has not been yet achieved.

Another form of instrument validation is the concept
of known-groups (Fayers and Machin 2007). For this
validation, we compared groups of mice that might, in
principle and from what is known in the literature,
produce different lesion score values according to their
age. The expectation was that scores from the grading
system would be larger for older mice, as a function of
developing more lesions with increasing age. For this
validation, we used the averaged standardized CLS
scores (mean of the two or three pathologist scores) as
the final score for a mouse and compared the scores by
age and strain through visual display and a two-way
analysis of variance (ANOVA) including an interaction
of age by strain, with post hoc comparisons using
Scheffe’s method. When the interaction was not statis-
tically significant, it was dropped of the final model.
Here, finding statistical significance for age or strain
would be evidence that the averaged standardized score
is detecting differences in strain or age groups, which is
an instrument characteristic that is desirable.

Significance level was kept to 0.05 for all statistical
tests, since this is an exploratory validation study. Anal-
yses were performed in SPSS version 25 for Mac and
figures were produced using RStudio version 1.1.383.

Results

Agreement of lesion scores varied by organ

Composite lesion score (CLS) agreement between two
or three pathologists varied from organ to organ. CLS
was standardized by dividing it by the number of scored
lesions to account for missing scores for certain lesions
and to allow for comparison of scores between the
organs. When three instead of two pathologists were
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assessing the same slide, comparisons were made by
two pathologists at a time. The agreement did vary not
only by organ using standardized CLS but also when
individual lesion scores were compared among pathol-
ogy readers, agreement varied by lesion.

The CLS for the heart scored by two independent
pathologists showed exact agreement 54% of the
time (Table 1A). However, there was some variation
for the scoring of individual lesions. Using arterio-
sclerosis as a lesion example, there were 96 slides
with a possible range of scores from 0 to 4, but only

scores of 0 to 2 were observed in the sample of slides.
Both pathologists agreed 66% of the time, while
reader 1 scored a higher value than reader 2 in 33%
of the slides and reader 2 scored higher in 1% of the
slides. Even though the pathologists agreed only 54%
of the time on the exact total CLS, the proportion
increased to 91% when considering agreement within
1 point of difference. When comparing the CLS for
the two pathologists, the test was statistically signif-
icant (p < 0.001), signaling that the median difference
between the two readers was not zero.

Table 1 The range of observed composite lesion scores (CLS)
and proportion of agreement for two independent pathology
readers are shown for the (A) heart and (B) lungs. The total
number of slides read for each lesion was 97 except for valvular
myxomatous change because, based on section-to-section variabil-
ity, valves were not present in all sections. The reader agreement

columns provide insight into the reader-dependent aspects of the
data and how each reader is scoring a specific lesion compared
with the second reader starting with agreement followed by how
often reader 1 scored higher or lower than reader 2. The greater the
difference, the more likely there is a need to further adjust the
lesion guidelines

A. Heart lesions Potential range Observed
range

Proportion of

Agreement Reader 1 > Reader 2 Reader 1 < Reader 2

Arteriosclerosis 0–4 0–2 0.66 0.33 0.01

Cardiomyopathy/myocardial fibrosis 0–4 0–2 0.91 0.06 0.03

Myocardial inflammation 0–4 0–1 0.96 0.03 0.01

Valvular myxomatosis† 0–4 0–2 0.89 0.05 0.05

Lymphoid aggregates 0–4 0–1 0.92 0.03 0

Atrial thrombosis 0–1 0 1 0 0

Tumor 0–2 0–2 0.99 0 0.01

CLS
CLS, 1 point*

0–23 0–7 0.54
0.91

0.42
0.07

0.04
0.02

B. Lung lesions

Alveolar acidophilic macrophage pneumonia 0–4 0–3 0.88 0.01 0.11

Alveolar histiocytosis 0–4 0–2 0.59 0.20 0.21

Foam cells 0–4 0–1 0.97 0.01 0.02

Heart failure cells (chronic passive congestion) 0–4 0–3 0.99 0 0.01

Interstitial pneumonia 0–4 0–2 0.66 0.14 0.21

Perivascular inflammation 0–4 0–4 0.46 0.04 0.50

Bronchial/bronchiolar inflammation 0–4 0–2 0.64 0.01 0.35

Airway metaplasia or hyperplasia 0–1 0–1 0.88 0.01 0.10

Vascular hypertrophy 0–1 0–1 0.99 0 0.01

Pulmonary fibrosis 0–1 0–1 0.96 0 0.04

Atelectasis 0–1 0 1 0 0

Lymphoid aggregates 0–4 0–4 0.45 0.49 0.06

Tumor 0–2 0–2 0.90 0.05 0.05

CLS 0–39 0–12 0.26 0.43 0.31

CLS, 1 point* 0.65 0.15 0.21

*Starting with agreement followed by how often reader 1 scored higher or lower than reader 2

† stand for "greater than" and "less than" depending on the point of direction
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For the lungs, lesions scored by two independent
pathologists showed exact agreement 26% of the time
(Table 1B). This agreement increased to 65%within one
point of difference. When comparing the CLS for the
two pathologists, the test was statistically significant
(p < 0.001), signaling that the median difference be-
tween the two readers was not zero. Tumor score agree-
ment between the two pathologists was high at 90%.

When three pathologists independently scored liver
lesions, there was exact agreement only 5% of the time,
but this increased to 13, 19, and 36% when comparing
scores by any two pathologists (Table 2A). Agreement

between any two pathologists varied from 42, 49, and
71% when considering scores within 1 point. All
pairwise comparisons of CLS resulted in statistically
significant difference between two pathologists
(p < 0.001 for all). The three pathologists had a good
overall agreement in tumor score (92%).

Results for lesion assessment of kidney tissue scored
by three independent pathologists showed that agree-
ment was mostly moderate to high for specific lesions,
but exact agreement by all three on the CLS was only
29% among the three readers. Exact agreement between
any two pairs of pathologists varied from 43, 44, and

Table 2 The range of observed CLS and proportion of agreement
for three independent pathology readers are shown for the (A) liver
and (B) kidney. The total number of slides read for each lesion was
93–96. For agreement, and two-by-two comparisons, the order of
presentation is Readers 1 and 2, Readers 1 and 3, and Readers 2

and 3. The reader agreement columns provide insight into the
reader-dependent aspects of the data and how each reader is
scoring a specific lesion compared to the second reader or third
reader

A. Liver lesions Potential range Observed
range

Proportion of

Agreement* Reader 1 > 2
Reader 1 > 3
Reader 2 > 3

Reader 1 < 2
Reader 1 < 3
Reader 2 < 3

Hepatic degeneration/necrosis 0–4 0–4 0.78/0.75/0.89 0.20/0.20/0.04 0.02/0.05/0.05

Hepatic lipidosis 0–4 0–4 0.47/0.57/0.59 0.48/0.36/0.09 0.04/0.04/0.32

Central venous congestion 0–1 0 1 for all 0 for all 0 for all

Periportal inflammation 0–4 0–4 0.48/0.54/0.87 0.52/0.42/0 0./0.04/0.13

Bile duct hyperplasia/cysts 0–4 0–4 0.32/0.33/0.81 0.65/0.62/0.13 0.03/0.05/0.07

Lymphoid aggregates 0–4 0–4 0.62/0.64/0.75 0.13/0.15/0.16 0.25/0.21/0.19

Microgranuloma 0–4 0–4 0.56/0.54/0.68 0.20/0.0.03/0.00.03/0.03/0.03 0.24/0.33/0.25

Ito cell hyperplasia 0–1 0–1 0.89/0.78/0.82 0/0/0.01 0.07/0.19/0.15

Telangiectasia 0–1 0–1 0.97/0.97/0.98 0.02/0.04/0.04 0.03/0.03/0.01

Tumor 0–2 0–2 0.96/0.95/0.95 0.02/0.01/0.01

CLS 0–30 0–9/0–21 0.13/0.19/0.36 0.76/0.64/0.18 0.12/0.17/0.46

CLS, 1 point** 0.42/0.49/0.71 0.53/0.40/0.06 0.05/0.11/0.23

B. Kidney lesions

Nephropathy 0–4 0–4 0.52/0.44/0.56 0.14/0.35/0.40 0.35/0.21/0.04

Pyelonephritis 0–4 0–3 0.98/0.97/0.99 0.02/0.02/0 0/0.01/0.01

Infarct 0–1 0–1 0.95/0.98/0.95 0.04/0.01/0.01 0.01/0.01/0.04

Lymphoid aggregates 0–4 0–4 0.69/0.62/0.57 0.09/0.02/0.09 0.22/0.35/0.33

Mineralization 0–1 0–1 0.81/0.76/0.76 0.08/0.22/0.23 0.10/0.02/0.01

Amyloid 0–1 0–1 0.98/0.98/1 0.02/0.02/0 0/0/0

Tumor 0–2 0–2 0.98/0.84/0.84 0/0/0.01 0.02/0.16/0.15

CLS 0–17 0–10/0–7 0.43/0.44/0.47 0.16/0.22/0.31 0.25/0.24/0.22

CLS, 1 point** 0.77/0.85/0.88 0.06/0.04/0.08 0.17/0.10/0.04

*Proportions comparing two readers are presented in the following order: Readers 1 and 2, Readers 1 and 3, and Readers 2 and 3

**Proportion of agreement within one point of difference. Proportion of agreement within one point was not calculated for all three readers at
once
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47%, while agreement within 1 point varied from 77,
85, and 88% (Table 2B). Pairwise comparisons of the
CLS yielded p values of 0.003, 0.05, and 0.16, signaling
that some pathologists agreed among themselves but not
with the third pathologist.

The scoring system distinguished age differences
in multiple organs but strain differences only
in the kidney

When standardized CLS was averaged between patholo-
gists, mostly significant increases in scores were seen
with increasing age in all the four organs (Fig. 1) showing
the expected pattern for known-groups validation analy-
sis. For this analysis, the averaged standardized CLS
from either two or three pathologists was the response

variable in the ANOVA. For all models, there was no
statistically significant interaction between age and strain.
Specifically, for the heart (Fig. 1A), post hoc multiple
comparisons showed differences between ages 8 and 24
and 32 months, between 16 and 24 and 32 months, and
between 24 and 32 months (p ≤ 0.04 for all). For the
lungs (Fig. 1B), post hoc multiple comparisons showed
differences between ages 8 and 16, between 24 and
32 months (all p ≤ 0.05), between 16 and 32 months
(p < 0.001), and 24 and 32 months (p = 0.008). For the
liver (Fig. 1C), post hoc multiple comparisons showed
differences between ages 8 and 24 and 32 months
(p < 0.001 for both), between 16 and 24 and 32 months
(p < 0.001 for both). For the kidney (Fig. 1D), post hoc
multiple comparisons showed differences between all
age groups (p < 0.03 for all), except between ages 8 and

Fig. 1 Distribution of averaged standardized CLS in C57BL/6
and CB6F1 mice stratified by age group shows that lesion grading
can distinguish between older and younger age groups in the a
Heart; b Lungs; c Liver; and dKidney. The “score” is the averaged
standardized CLS from each mouse. Each mouse’s score is
depicted by a dot. The gray line depicts the median score and the

diamond depicts the mean score in each age group and mouse
strain. Increasing values in median and mean by age group can be
observed, while the two strain groups (side-by-side plots) show
little difference in medians, except for Kidney scores. Lesion
gradings were different between the two strains in the kidney
(d), but not the other three organs
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16 months (p = 0.09). Clearly, there was an increase in
the median and mean scores with increasing age for all
the four organs from both mouse strains. These results
show that the averaged standardized CLS can find dif-
ferences between mean scores according to age groups.

Significant differences in lesion scores between tis-
sues from the two strains were seen in the kidney as
expected, but not in any of the other three organs, when
standardized CLS was averaged between pathologists
(Fig. 1). Kidneys from the C57BL/6 strain had averages
and medians significantly higher than kidneys from the
CB6F1 strain (p = 0.001). These results show that the
averaged standardized CLS can find differences in the
studied strains for kidney lesions.

Discussion

This report describes a grading system designated as the
geropathology grading platform (GGP) and shows that
it can be useful to distinguish age-related differences
regarding the absence or presence and severity of spe-
cific histological lesions. The GGP consists of guide-
lines for a scoring system to evaluate organs from aging
mice with the goal of assigning a numerical score
representing the presence and degree of organ age-
related pathology. The data provide validation of the
GGP using the heart, lung, liver, and kidney from two
different strains (C57BL/6 and CB6F1) of male mice at
8, 16, 24, and 32 months of age. The scoring system
includes not only lesions that are suspected to have a
negative effect on systemic health and homeostasis
(clinically significant lesions) but also lesions that have
no known negative effect but occur or increase with age
(incidental age-related lesions).

Scoring systems for histological lesions need to be
reliable and reproducible in order to be valid (Ward and
Thoolen 2011). In our study, averaged standardized
composite lesion scores (CLS) for all organs were sig-
nificantly higher in older versus younger mice, suggest-
ing that the GGP was reliable for detecting age-related
pathology in mice. There was more variation in the
scores of older-aged mice most likely as a natural con-
sequence of age, but variability in slide reading may
have also been a contributing factor. Nevertheless, dif-
ferent pathologists were independently able to assess
reproducibility by scoring the same histology tissues
with an overall favorable agreement between scores,
particularly, when a 1-point range was considered.

Unexpectedly, pathologist agreement was better for
some organs (heart, kidney) than others (lung, liver).
This result may have been influenced by the number of
parameters scored for each organ (Gibson-Corley et al.
2013). If too few parameters are scored, or if a smaller
range of severity scores is used to distinguish between
lesions of different severities, then, the scoring system
may not efficiently distinguish between groups. If too
many parameters are incorporated into the scoring sys-
tem, exact agreement among scorers may be more dif-
ficult to achieve as differences between scorers for each
parameter may be compounded by the number of pa-
rameters. Studies examining agreement among pathol-
ogists in scoring single variables show a range from 47
to 94% (Eaton et al. 2007; Koelink et al. 2018; Liang
et al. 2014). In the GGP scoring system, which aims to
score a variety of age-related lesions at the whole organ
level, it is difficult to limit the number of parameters
scored, and variation in the individual parameters within
each organ is compounded when multiple parameters
(up to 12 for lung) are included in the final composite
lesion score. This may have contributed to the lower
inter-reader agreement in exact score in some cases.
Indeed, the organs with the least agreement (liver and
lung) were those with the most parameters scored. Le-
sions were scored on a scale of 0–4 rather than 0–3 in
order to differentiate between minimal and mild lesions.
There may have been different interpretations among
pathologists as to the difference between normal and
minimal or between minimal and mild lesions. Further
refinement of the descriptive terminology in the GGP
guidelines will help to improve agreements in this area.

Assessment of the heart resulted in the highest degree
of agreement between pathologists. Importantly, the
presence or absence of severe and/or unusual lesions,
such as atrial thrombosis and neoplasms, had near 100%
agreement between pathologists. Arteriosclerosis was
the parameter with the lowest agreement. However,
scores for this parameter were generally low, and most
of the pathologists’ scores were within one point. The
observed range for heart CLS (0–7) was far below the
possible range (0–53) and therefore did not allow for
validation of high values within the GGP. This also
indicated that although there was a significant difference
in CLS between young mice and old mice, there was
little evidence of severe cardiac pathology as detected
on HE slides at any age in either strain in this study.

For the lung, agreement between pathologists was
high for some lesions, but not for others. The lowest
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agreements were for perivascular inflammation and lym-
phoid aggregates, which had less than 50% agreement,
followed closely by perivascular inflammation. As lym-
phoid aggregates often occupied a perivascular space,
some degree of descriptive overlap is present between
lymphoid aggregates and perivascular inflammation, and
this likely contributed to lower agreement in lesion scores
between pathologists. As with the heart, the observed
range (0–13) of the exact CLS for the lung was far below
the possible range (0–45) and did not allow for validation
of high values within the GGP. Alveolar acidophilic
macrophage pneumonia was one of the parameters with
more severe lesions observed in this population of older
age mice, with scores of 0–3 reported on a scale of 0–4.
There was 88% agreement between pathologists scoring
this lung lesion.

For the liver, the three pathologists had greater than
90% agreement for tumors. Exact agreement between
all three pathologists was less than 50% for hepatic
lipidosis, periportal inflammation, and bile duct hyper-
plasia, while agreement between two of the readers was
greater than 80% for several parameters. One patholo-
gist was consistently in disagreement with the other two,
who were closer to each other in scoring. As a result, the
final CLS for the liver had a lower exact agreement
between all three pathologists, although agreement im-
proved when considering scores within 1 point of each
other at 42 to 71%. The discrepancy in scoring may
mean that either the definitions of the lesions were not
clear or that the reading was too subjective to allow for
better agreement. For example, the description of “he-
patic lipidosis” could be further clarified as
“microvesicular” or “macrovesicular”, given the differ-
ence in underlying pathogenesis for these two lesions.
The range of scores was higher for the liver compared
with the heart and lung (scores of 0–37 possible; 0–21
observed).

For the kidney, agreements among three pathologists
were generally high. However, there was less than 50%
exact agreement for nephropathy and lymphoid aggre-
gates. Here, agreement between two pathologists was
not always the same across the specific lesions. Reader 1
sometimes agreed more with reader 2 and other times
with reader 3, and sometimes readers 2 and 3 agreed
more with each other than with reader 1. Consequently,
there was low agreement on the exact CLS, but a higher
agreement for CLS within 1-point difference of agree-
ment. As with the liver, the range of observed scores
was also higher for the kidney (0–29 possible; 0–14

observed). The difference in renal lesion scores between
C57BL/6 and CB6F1 mice was an interesting observa-
tion; although, this study was not designed to investigate
differences between the strains.

Certain lesions had high variability. Lymphoid aggre-
gates, which were evaluated for all organs, are a good
example. For the lung, liver, and kidney, agreement
among all three pathologists in lymphoid aggregate
scores ranged from 45 to 55%. In these three organs,
lymphoid aggregates were commonly seen, with scores
ranging from 0 to 4. The only organ for which there was
good agreement in lymphoid aggregates was the heart, in
which these were infrequently seen. This suggests that
the definition for lymphoid aggregates should be refined.

The overall results of this study suggest that the GGP
guidelines reliably distinguish between younger and
older mice and may therefore be accurate in
distinguishing between experimental groups of mice
with more, or less, age-related pathology. This exciting
but preliminary observation needs to be further validat-
ed by additional studies. For example, the available set
of slides did not cover all possible values of the scoring
system. The heart and lung had lower total scores, even
in the oldest mice, and some lesions were not represent-
ed in any mice. The consequence is that when the
specific lesion scores are summed up, they did not cover
all the possibilities of the final CLS to test reliability in
the presence of larger lesion burdens. Because of the
small range of scores for the heart and lung, values for
agreement within a 1-point range should be interpreted
with caution. Additional studies are needed to address
these issues.

To be useful in preclinical studies, scoring plat-
forms must be sensitive enough to discern that chang-
es in lesion scores in a treatment group are not due to
reader limitations in the grading system but from the
treatment itself. As shown in this study, numerous
lesion scores were reader-dependent, particularly for
organs such as the liver, so there is a need to fine-tune
the grading guidelines to reduce that dependence.
Definitions for lesion scores such as lymphoid aggre-
gates, perivascular and periportal inflammation, and
microgranulomas need to be modified to induce more
uniformity among readers, and more training must be
done. Geropathology workshops are conducted by
the Geropathology Research Network to help serve
this purpose (Ladiges et al. 2016). An example of
future workshop theme topics includes “minimum
clinical significant change”, defined as the minimal
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change that is considered a real change instead of
simply a random variation in the score.

There are several issues related to interpreting and
implementing results from this study, for example, the
lack of gender comparison. Lesion scores were assigned
in organs from only male mice, because tissues from
female mice of the same strain and age groups were not
readily available. Therefore, studies are needed to score
lesions in organs from aging female mice. The same
platform will be used in order to validate the system for
female mice, but the scores could likely vary from
males. A second issue is that the mice from which the
organs were collected were involved in an unrelated
physiological assessment study over a 4-month time
period. Whether any of these individually, or in combi-
nation with others including an invasive tumor inocula-
tion of the last two weeks of life, had any effects on
lesion scores is not known, but all mice in all cohorts
had the same procedures performed so lesion scores
should represent any effects across all ages and both
strains. Even though the mice were not naïve, they most
likely would be representative of certain types of cross-
sectional drug studies, where mice are evaluated with
physiological assessments at the end of the study before
tissues are collected for histopathology. In this regard,
extensive physiological data are available to correlate
with lesion scores in the various cohorts (Ge et al. 2017).
Finally, the histology platform reported in this study
includes only four organs. Lesion scores from additional
organs, such as the skeletal muscle, pancreas, the head
and brain, and reproductive organs, could have an im-
pact on increasing the robustness of the GGP. Work is
ongoing to incorporate these into the GGP.

It must be emphasized that the GGP is a scoring
system currently designed to assess the presence and
severity of age-related lesions, especially in the context
of aging intervention studies. Grading guidelines for
longitudinal lifespan studies are more complex because
mice die at different times making it challenging to
tabulate any semblance of a composite lesion score.
For cross-sectional studies, the GGP provides a reason-
ably quick and comprehensive screening approach
which can be used as an endpoint for pharmacological
response and also to highlight the need for more in-
depth histologic evaluations. A full understanding of
the pathogenesis of aging- and/or toxicology-mediated
lesions would require more extensive pathologic inves-
tigation. There also may be situations where there is a
need to customize the GGP to help address specific

research objectives related to certain organs or lesions
not adequately addressed in the GGP. It is also possible
to customize the GGP for longitudinal lifespan studies,
but extensive effort will be needed for a workable
system.
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