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1 Abstract

Background:
Tissue microarrays (TMAs), where each block (and thus section) contains multiple tissue
cores from multiple blocks potentially allow more efficient use of tissue, reagents and time in

neuropathology.

New Method:

The relationship between data from TMA cores and whole sections was investigated using
‘virtual’ TMA cores. This involved quantitative assessments of microglial pathology in white
matter lesions and motor neuron disease, alongside qualitative TDP-43 inclusion status in

motor neuron disease cases. Following this, a protocol was developed for TMA construction.

Results:

For microglial pathology we found good concordance between virtual cores and whole
sections for volume density using one 1.75mm core (equivalent to a 2mm core after
accounting for peripheral tissue loss). More sophisticated microglial cell size and measures
required two cores. Qualitative results of pTDP-43 pathology showed use of one 1.75mm
core gave a 100% sensitivity and specificity within grey matter, and 88.3% sensitivity and
100% specificity within white matter. A method of producing the TMAs was suitable for
immunohistochemistry both manually and by autostainer, with the minimal core loss from the

microscope slide.
Comparison with Existing Methods:

TMAs have been used infrequently in post mortem neuropathology research. However, we
believe TMAs give comparable tissue assessment results and can be constructed, sectioned

and stained with relative ease.

Conclusions:



We found TMAs could be used to assess both quantitative (microglial pathology) and
qualitative pathology (TDP-43 proteinopathy) with greatly reduced quantities of tissue, time

and reagents. These could be used for further work to improve data acquisition efficiency.

2 Keywords

Tissue microarray; neuropathology; post mortem; neurodegeneration; formalin fixed paraffin

embedded; immunohistochemistry.

3 Highlights

o Tissue microarrays can be used for quantitative and qualitative measures.
o Tissue microarray reliability assessment can be achieved virtually.
e Core loss was minimal (1.8%) using our methods.

e Tissue microarrays allow increased efficiency.



4 |ntroduction

Formalin fixed paraffin embedded (FFPE) tissues represent a key archival resource of well-
characterised research material, which has been extensively used for a multitude of
techniques. Over recent years, an increasing demand has developed to achieve ‘more with
less’ (Goldstine et al., 2002). This lends itself well to the use of tissue microarrays (TMAs),

due to the greater patient numbers that can be assessed simultaneously.

Modern TMAs are paraffin blocks that contain multiple cylindrical cores of FFPE tissue from
multiple different sources. TMA production involves harvesting a number of cores from a
region of interest (ROI) within a donor FFPE block. These are then incorporated into a blank
paraffin ‘recipient’ block (Fowler et al., 2011; Kononen et al., 1998). After sectioning, these
TMA blocks allow simultaneous analysis of all the cores on one slide (Hoos and Cordon-
Cardo, 2001; Prins et al., 2014; Saggioro et al., 2014) (Error! Reference source not

found.Error! Reference source not found.).

Early attempts to create TMAs arranged tissue cores in a ‘tissue straw’ or ‘sausage’,
(Battifora, 1986); (Wen-Hui Wan et al., 1987). Further development resulted in cores
embedded individually in a grid pattern (Kononen et al., 1998). Variations of this technique
are used commonly within cancer research (Hoos and Cordon-Cardo, 2001); (Kononen et
al., 1998); (Gillett et al., 2000). However, use within neuropathology research is considerably
more limited and again, many studies pertain to neoplasia (Boulagnon-Rombi et al., 2017)
(Saggioro et al., 2014). There have been fewer attempts to use TMAs in post mortem and
neurodegenerative research, although some important work is beginning to establish this

technology in this field (Martikainen et al., 2006; Wang et al., 2006), (Walker et al., 2017).

To accelerate TMA production, specific equipment is required to sample both the cores from
the donor block and insert these into the recipient block. One such example of this is this is
the “MTA 1” Manual Tissue Arrayer from Beecher Instruments (Fowler et al., 2011).

However, earlier papers made successful use of custom made “stainless steel tubes”



(Kononen et al., 1998) or hypodermic needles (Gillett et al., 2000). The use of the
commercial instruments ensures accuracy in depth and angle of core collection, allowing

greater consistency whilst producing the TMA.

As with any technique, there are limitations that must be appreciated when interpreting
results. One aspect is ‘core loss’ which relates to the tendency of sections to lose cores
either from the TMA block or becoming detached from the microscope slide during
sectioning or staining. This can vary greatly depending on the technique used, with some
core losses as high as 10-12% (Walker et al., 2017) and some as low as 2.7-3.7%

(Martikainen et al., 2006).

TMAs can be used to assess both quantitative and qualitative pathology: Quantitative
measures may include the number of features such as cells or neuritic plaques, or area
density, (the percentage area of the sampled tissue that stains positively). Qualitative
measures include the presence or absence of a given feature such as a particular

pathological inclusion or lesion.

As only small sample cores are assessed by a TMA, it must be ensured that these are
representative of the larger full section. Smaller diameter cores are susceptible to under
representation of a given histological feature in heterogeneous tissues (Gillett et al., 2000;
Hoos and Cordon-Cardo, 2001; Wang et al., 2006). For heterogeneous features, it may be
suitable to use larger-diameter cores, or multiple cores from a donor block to allow a more
accurate representation of the larger region. This issue can be assessed by undertaking

some form of concordance (reliability) measurement

The aim of this project was to investigate and establish methods for using TMAs to assess
neuropathology in post mortem tissue: We firstly wished to assess the degree to which the
smaller quantity of tissue which can be assessed via a TMA core reflects the ‘gold standard’
of a full, conventional tissue section. This concordance assessment was addressed using

whole slide images of digitised conventional microscope slides. The whole section was first



assessed, followed by one or more “virtual cores” corresponding to the areas sampled by the
TMA needles. The measures from these virtual cores were then compared to measures from

the whole section.

For this, two forms of pathology were investigated: 1) microglial changes in age-related white
matter lesions and motor neurone disease (quantitative measures) 2) TDP-43-positive
inclusions in motor neurone disease (qualitative measures). Whilst a diverse range of
immunohistochemical markers are utilised within neuropathology research, it is beyond the
scope of this paper to analyse these in their entirety. Microglial markers and TDP-43 were
chosen as these represent diverse features of pathology which are frequently assessed in
neuropathological practice, and relevant to ongoing research interests within our group. The
use of both age-related white matter and motor neuron disease lesions allowed two
assessments of quantitative pathology, whilst use of TDP-43 enabled qualitative

assessment.

We then proceeded to develop a protocol for the construction, cutting and staining of post

mortem brain TMAs.

Microglia are the predominant immune cells within the central nervous system (CNS)
(Lasiene and Yamanaka, 2011). In their physiological state, microglia have a ramified
morphology, whereas upon activation they proliferate, adopt an amoeboid morphology and
change the molecular markers they express (Boche et al., 2013). Microglia are implicated in
the pathogenesis and propagation of a number of neurodegenerative diseases (Malaspina et
al., 2015; Saberi et al., 2015; Simpson et al., 2007). While the precise mechanisms vary
between and within diseases, it is clear that they may be both inflammatory and toxic or anti-
inflammatory and neuroprotective (Malaspina et al., 2015)(Tang and Le, 2016). The
alteration of microglial immunophenotype to an activated state can be demonstrated by
immunohistochemistry. Increases in CD68 immunolabelling are observed in phagocytic

microglia whilst MHCII immunolabelling is increased in pro-inflammatory microglia (Ashford



et al., 2020) and resting, homeostatic, pathogen sampling microglia can be identified with

Iba-1 (Ashford et al., 2020).

White Matter (WM) lesions are commonly seen on Magnetic Resonance Imaging of the
elderly and are associated with cognitive impairment and depression in the ageing brain
(Prins and Scheltens, 2015; Tully et al., 2017). The prevalence of these lesions increases
with age (De Leeuw et al., 2001). DSCL (Deep Subcortical Lesions) show greater CD68
immunolabelling (a marker of phagocytic microglia) and alteration to an amoeboid
morphology with a concomitant reduction in myelin (Simpson et al., 2007). Patients with
DSCLs often have further microglial changes in other locations where there is no
abnormality visible with MRI. These regions are often termed normal appearing white matter
(NAWM) (Waller et al., 2019). The cause of the lesions remains unclear, with pathogenic
pathways suggested involving hypoxia and blood brain barrier dysfunction amongst others

(Fernando et al., 2006; Hainsworth et al., 2017).

Motor Neuron Disease (MND) was first identified in the 1850s (Veltema, 1975) presenting as
a progressive paralysis leading to respiratory compromise and death within 2-3 years
(Renton et al., 2014). 10% of cases are familial, with varying age of onset and progression

depending, in part, on the mutation (Renton et al., 2014).

The major pathological hallmark of disease pathology is the presence of aggregates of
ubiquitin-positive, cytoplasmic inclusions comprising primarily of 43kDa TAR DNA-binding
protein (TDP-43). These inclusions are present in neurons and oligodendroglia (Arai et al.,
2006; Ince et al., 2011; Neumann et al., 2006). TDP-43 inclusions have also been
demonstrated in a number of other neuropathological processes (Kovacs, 2019), which

enables data gathered here to be relevant for a wide range of neuropathological studies.

The aim of this project was to investigate and establish the use of TMAs to assess pathology
in post-mortem human neurodegenerative disease. Firstly, we assessed the feasibility of a

quantitative measure of microglial pathology in two disease processes (white matter lesions



in the ageing brain and motor neuron disease). Secondly, we assessed the qualitative
attribute of the presence vs absence of TDP-43 inclusion pathology in tissues from motor
neurone disease cases. This required ascertaining the concordance of the TMA with the full
section for each measure. Alongside this, an effective and reliable method of TMA

production was developed.

5 Methods

5.1 White Matter Lesion Microglial Quantitative Assessment

Before using a TMAs, it must be established that data from the smaller cores within the TMA
are representative of data from the corresponding full section. We assessed this by using
previously-immunolabelled and digitised sections of white matter lesions, analysed using an
application established for this purpose in the Visiopharm image analysis platform
(Visiopharm (Hoersholm-Denmark, 2017)). Details of the images used for this analysis can
be seen in Coelho et al., 2018 and Waller et al., 2019. The slides had been immunolabelled
for the microglial markers Iba-1, CD68 and MHCII. The algorithm on which the application for
assessing shape is based can be seen in Waller et al., 2019. In brief, digitised whole
microscope slide images were available from white matter from three groups: Control (non-
lesional white matter from a brain in which no white matter lesions were present); deep
subcortical lesions (DSCL); normal-appearing white matter (NAWM; white matter that did not
appear to be lesional on MRI or to the naked eye but from a brain where DSCL where

present elsewhere).

The following calculations were included within the application and recorded separately for

each ROI.

1. Area density as a percentage coverage of the microglial labels as a proportion of the
whole ROI. This was assessed for all three microglial immunohistochemistry labels,

Iba-1, CD68 and MHCII.



Total Area of Microglial Labels
Total Area of All Labels

Area Density = ( ) x 100,

2. Average CD68-positive microglial profile size was calculated having excluded any
profile of area less than 26.45um?. This reference value was selected to reduce bias
due to data from incomplete microglial profiles (e.g. small processes that form part of

a cell).

Total Area of Microglial Labels (excluding those<26.45um2))
)

Average Microglial size = (
9 9 Number of Microglial Labels (excluding those<26.45um?2)

3. A shape metric was calculated for CD68-positive cells with larger values
representative of larger sized and more rounded microglia and lower values
representing smaller, more ramified microglia. For each labelled microglial profile of

size >26.45um?, this was calculated by:

Ai—Ao . 4TAL
where Ci = —;
Ao p

Microglial Shape Metric = Ci

’

Ci is the profile’s roundness (proximity to true circle), Ai is the profile’s area, Ao is the

cut-off value (26.45um?) and P is the profile’s perimeter length.

This application was used to assess five cases from each of the control, DSCL (deep
subcortical lesion) and NAWM (normal appearing white matter surrounding these lesions)
groups. This tissue came from the deep white matter of the hemisphere (largely centrum
semiovale). Blocks were sampled from three coronal slices of approximately 1cm thickness
from the level of: the head of the caudate nucleus (anterior slice); the lateral geniculate
nucleus (middle slice) and tip of occipital horn of the lateral ventricle (posterior slice). This
results in each block containing a number of Brodmann areas within deep grey matter,
equidistant from the targeted white matter region. For further details, see supplementary

figure 3.

Digitised whole slide images from one Iba-1, one CD68 and one MHCII immunolabelled
FFPE (formalin fixed paraffin embedded) section were analysed from each case. These

included regions representing the total white matter within that section (the whole ROI). In



the control and NAWM sections this ROI consisted of the entirety of the white matter, apart
from that immediately underlying to the cortex or at the periphery of the section (allowing 1-
2mm clearance). For the DSCL sections this ROl incorporated the extent of microglial

activation and alteration to an amoeboid phenotype as in Hainsworth et al., 2017.

Within the ROI, three circular ‘virtual cores’ of 1.75mm diameter were assessed. 1.75mm
was used to mimic a section from a tissue which was taken with a 2mm diameter punch, but
where the very periphery of the section was unanalysed to eliminate ‘edge’ artefact (Error!
Reference source not found.). Whilst larger cores have been used previously in
neuropathology TMAs, such as 3mm (Walker et al., 2017), 2mm cores were selected as
these are the largest available commercially for the Beecher MTA-1 Tissue Microarrayer
which was used for the following physical TMA construction (See section 5.5). Furthermore,
this method attempted to minimise tissue consumption, therefore minimising core size whilst

maintaining accuracy was paramount.

The mean of three, two or one virtual core(s) was calculated. A digital random number
generator was used to select which virtual cores were included for two or one virtual core

groups.

Correlations between measurements from the whole ROI and varying virtual core sizes and
numbers were assessed. Kolmogorov-Smirnov goodness of fit test (KS) revealed many of
the data sets deviated from the normal distribution. Thus, non-parametric statistical analyses
were used. Correlations were assessed by Spearman’s rank correlation co-efficient (two-

tailed).

While correlation assesses the tendency for increases and decreases in two metrics to be
related to each other, any consistent over or underestimation (bias) and appreciation of the
data ranges are difficult to appreciate with this method. Thus agreement between virtual core
data and the gold standard whole ROI was investigated by Bland-Altman plots (BAs) (Altman

and Bland, 1983). These allow comparisons between the ‘gold standard’ measure of the

10



whole ROI (x-axis) and the measures gained from one, two or three 2mm virtual cores (y-
axis). As many of the datasets were not normally distributed (by KS test), analysis was
based on defining acceptable ‘error ranges’ for differences between the gold standard/whole
ROI and the virtual core measures (Bland and Altman, 1999; Gagliardi et al., 1992; O’Brien

et al., 1993).

These ‘“10% error’ and ‘5% error’ ranges were calculated from the range of the whole ROI
measurements (the x-axis of the Bland-Altman plots), and then calculating a difference of +/-
5% or 10% to establish the ‘5% error’ and ‘10% error’. If obvious outliers were present in the

whole ROI data, these were not included to allow a greater stringency in the error range.

These Bland-Altman plots were used to count the number of virtual TMA core measures that
lay outside the 5% and 10% error ranges, thereby assessing the ‘accuracy’ of the virtual
TMA core measurements. This is expressed in terms of the proportion of data points that lie
within either 5% or 10% error ranges (‘limits’): These measures were termed the ‘+5%
accuracy’ and ‘+10% accuracy’ respectively, and were expressed as percentages of virtual

core data points within the limits.

These accuracies were interpreted in light of intergroup differences between the means of
the ROls. Thus, if the difference in a given measure between two groups is small, a greater

accuracy would be required for a study than if there are larger intergroup differences.

5.2 Spinal Cord Quantitative Assessment of Microglia in MND.

This assessment was performed on archived CD68 immunolabelled spinal cord sections.
Separate ROls of the lateral corticospinal tracts, the anterior horn, and the dorsal columns
corresponded to the whole ROI ‘gold standard’ measurement (Figure 2). These areas were
assessed using the same Visiopharm application as in the WM analysis, and an average of

the left and right ROls gave the measurements for the whole ROI.

This was performed on 11 post-mortem cases at varying anatomical levels of spinal cord

from sporadic MND patients of varying disease onset and severity. Numerous slides

11



contained multiple sections from the same case, which were analysed separately giving a

total of 20 sections.

Analysis of concordance proceeded in the same manner as the WM lesion analysis.

5.3 Cortical Quantitative Assessment of Microglia in MND

Due to the common finding of microglial pathology within the cortex of MND cases (Brooks
et al., 2000), an assessment was performed using cortical sections. This was again
undertaken virtually using digitised CD68 immunolabelled cortical sections and 1.75mm
virtual cores, with measurements of microglial area density, profile size and shape metric as
previously. This included analysis of seven MND motor cortex sections, three MND frontal
cortex sections and three cortical sections of white matter lesion cases to provide a large
amount of variability. Concordance assessment continued using BAs as described above,

with three 1.75mm cores positioned randomly within the whole cortical ROl (Figure 2).

5.4 MND Quantitative pTDP-43 Assessment

Neuropathology often requires qualitative assessments, such as the presence or absence of
a given feature. These features can be quite heterogeneous in their dispersion, posing a
particular challenge for TMAs. TDP-43 pathology can be seen in a number of
neurodegenerative conditions, but most importantly, MND and frontotemporal lobar
degeneration. We wished to investigate whether TMAs could be used to assess TDP-43
pathology. This was investigated by assessing sections of grey and white matter from
various forebrain regions that had been immunolabelled for phosphorylated TDP-43 (pTDP-
43; 2B Scientific/Cosmo Bio, antigen retrieval by pressure cooker at pH6; 1h incubation of

primary antibody at room temperature and dilution of 1:4000; A.Menarini Intellipath kit).

We assessed a series of samples with variable burdens of pTDP-43 pathology. Sections
were from various forebrain areas from cases of MND, frontotemporal lobar degeneration,

stroke and neurologically healthy controls. The grey and white matter from a total of 22

12



samples, of which 12 were positive for pTDP-43 pathology on viewing the whole slide, were

assessed by virtual TMA core(s).

A virtual core or the whole ROl was deemed positive for pathology if two or more
phosphorylated-TDP-43 (pTDP-43) inclusions were present in glial cells or neurons or as
neurites. A virtual core or whole ROl was deemed negative if one or no inclusions were

present within that region.

Three virtual cores measuring 1.75mm diameter were randomly positioned in the grey
matter or white matter regions of each image. The sensitivity and specificity of these cores

with relation to detecting pTDP-43 pathology was calculated as below.

True positive cores

Sensitivity = 100,

True positive cores+False negative cores

True negative cores

Specificity = x 100,

True negative cores+False positive cores

Following this, sections from the spinal cord at variable levels from eight cases of sporadic
MND with varying severity of disease were assessed. The ROls were the lateral
corticospinal tract, dorsal columns and anterior horns. Due to the small size of these

structures, only two virtual cores could be achieved.

5.5 TMA Construction

TMAs were produced with a total of 33 cores per block. A number of measures were taken
to ensure consistent orientation of sections such that the location of individual cores in each
block could be reliably determined: Firstly, two cores of chicken breast meat were included in
one corner. Secondly, cores were not set out in a rectangular array with rotational symmetry
by omitting cores from the final row (Figure 3). Workup of the tissue microarray protocol was

performed firstly using pig brain obtained from a local abattoir.
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The procedure was adapted from a previously established method (Fowler et al., 2011)
using a Beecher MTA-1 Tissue Microarrayer. This involves harvesting a number of donor
cores (in this case 2mm diameter, as described in section 5.1) from appropriate donor
blocks, and placement of these in a grid pattern within pre-formed holes created within a
recipient paraffin block (See figure 1). However, as we were using larger cores than Fowler
et al. (2mm), a larger spacing between cores was needed (1mm). The recipient blocks were
incubated at 37°C for 15 minutes, prior to the removal of wax cores. This warming enabled
slight softening of the paraffin, reducing the force required from the needle when punching
into the wax. After heating, all of the 35 required holes within the recipient block were

generated before the insertion of donor cores.

Prior to donor core extraction, a Luxol fast blue (LFB) stain was performed to allow
differentiation between grey and white matter. Each donor core was 5mm in depth, providing
a compromise between adequate tissue for downstream analysis and the probability of
fracturing the donor block, which is more common with deeper donor cores. After
construction of a complete TMA, the recipient stylet and donor stylet were thoroughly

cleaned with xylene.

Cores can ‘fall out’ of sections (core loss) from a tissue microarray either during sectioning or
during staining. To minimise this, an annealing step was added prior to sectioning. This
involved heating the completed recipient block repeatedly to 37°C for five, 10-minute
intervals. After each 10-minute interval, gentle manual pressure was applied using a
microscope slide placed on top of the paraffin block. This allowed the paraffin to mould firmly
around each core, with the applied manual pressure acting to ‘seat’ the cores more securely

within the block.

Once the TMAs had been produced, the core loss during processing to a final stained or
immunolabelled section was assessed as a function of varying section thickness, slide type
and post sectioning incubation. A core was deemed to have been lost when approximately

50% of the tissue was no longer correctly sited on the slide.

14



Sections were cut at 4um, 5um, and 7um thickness, with the number of cores lost at
sectioning recorded across a series of 5 slides for each condition. We also trialled differing
microscope slides: Waldemar Knittel Glasbearbeitungs GmbH (Braunschweig, Germany)
StarFrost, Trajan Scientific and Medical (Ringwood, Victoria, Australia) Series 1 and 2.
Varying incubation times (1hr or overnight) and temperatures (60°C or 37°C) were assessed
for core adherence. CD68 and Iba-1 immunohistochemistry runs were conducted both
manually and using an autostainer (see Waller et al., 2019) to assess the impact this would

have.

5.6 Statistical Analyses

A variety of statistical analysis was used through this study, the details of which can be
found in each relevant section. In summary, for the quantitative measures (microglial),
Spearman’s Rank Correlation (two-tailed) was used to assess the correlation between the
‘gold standard’ measures and those from the TMAs. This was used as most data had a non-
normal distribution, as per a Kolmogorov-Smirnov goodness of fit test. This was followed by
Bland-Altman plots to measure the reliability of one, two or three TMAs (Bland and Altman,
1999; Gagliardi et al., 1992; O’Brien et al., 1993), whilst sensitivity and specificity were

calculated for the qualitative assessment (pTDP-43).

6 Results

6.1 White Matter Lesion Microglial Quantitative Analysis

A Spearman’s rank correlation coefficient showed good correlation between the whole ROI
measurements and the mean of three, two or one virtual core measurements of 1.75mm

diameter (Table 1A; all p=0.839, all P<0.001).

The deviation of a TMA measure from the ‘gold standard’ measure of the whole ROlI, is best
viewed in the context both of the spread of values within a group of interest as well as the
size of intergroup differences. We thus assessed the size of intergroup differences in the
microglial data for the whole ROI. As already described for the larger cohort from which

15



these data for the current study were drawn (Waller et al., 2019), significant intergroup
differences were seen: For area density, Iba-1 had a 60% lower area density in DSCL than
controls with NAWM being 37% higher than control and 128% greater than DSCL. The
CD68 area density was 366% greater in the DSCL group than controls, whilst NAWM was
36% greater than DSCL. A similar pattern is seen for MHCII, with an increase of 33% from
the control to the DSCL group and 63% from the DSCL to the NAWM group. Given that
intergroup differences tended to be in the tens of percentage points, we considered it
reasonable to assess accuracy in terms of the proportion of data points from virtual cores
that lie within 10% of the gold standard whole ROl measure. We wished that 60% or more of

measures should lie within this range.

We next assessed bias and reliability of virtual core TMA data using Bland-Altman plots (see
supplementary figure 1). The full ROl data were used to calculate ‘error ranges’: Thus, the
5% and £10% error ranges were 5% and 10% of the full range of data from the whole ROI.
In twelve of these plots, when estimating the range of the whole ROl measurements a clear
outlier was noted, which was excluded when estimating the 5% and 10% error range
(thereby making the assessment of the virtual core data more stringent). These Bland
Altman plots were then used to calculate a +5% and +10% accuracy (described above),
based on the number of data points falling within 5% and 10% error ranges respectively
(Table 1B). In brief, the £5% and +10% accuracy determine the percentage of TMA

measures that fall within the +5% and +10% error ranges.

At +10%, good accuracy was seen: For area density (the proportion of the digital image that
was positive for immunostain) for all 3 markers (Iba1, CD68 and MHC-II), there was 267%
accuracy even when only one virtual core was assessed. There was a slight improvement if
the mean of two virtual cores was used. For the average size of microglial profiles, there was
62% accuracy for one core, rising to 77% and 86% for the mean of 2 and 3 virtual cores
respectively. For the shape metric, a single virtual core gave poor (38%) accuracy, which

was improved by using the mean of 2 cores which achieved (69% accuracy). No consistent

16



under or over estimation by virtual TMA cores was identifiable. The 5% accuracy was

mostly poor throughout.

Based on these data, it seems reasonable to conclude from this modelling that TMA cores
are representative of data from the whole region of interest at the +10% accuracy level: One
such core gives sufficient accuracy for measuring area density, while the mean of 2 cores is

needed for measuring the size and shape of microglia on these measures.

6.2 Spinal Cord Microglial Quantitative Analysis

In order to explore TMA use for microglial pathology further in another disease process,
archival CD68-immunostained sections of spinal cord from cases of MND were studied. The
regions of interest were anterior horn, lateral corticospinal tract and dorsal column.
Generally, only two virtual cores could be generated due to the small size of these
structures. Spearman’s rank correlation coefficient, two-tailed, was used to assess the
correlation between the ROI and the cores. A strong correlation was seen between the
whole ROI and the virtual cores across all regions and measurements, both with one virtual

core or the mean of two virtual cores were assessed (Table 2A).

Bland Altman plots were drawn as for the white matter lesion data (supplementary figure
2). For area density, the +10% error limits gave good accuracy, in all regions being 289% for
one or the mean of two virtual cores (Table 2B). At the more stringent £5% error limit level,
area density measurements still performed well, with accuracy of 278% achievable with only
one core. The profile size and shape metrics were also reasonable with £10% error limits:
for the shape metric, 278% accuracy could be achieved with one core alone. For average
microglial profile size, a mean of two cores was necessary for the dorsal columns to achieve

63% accuracy as using a single core only gave 56% accuracy.

Taking these spinal cord and deep white matter data together and in the context of detecting
differences in the order of tens of percentage points, it would appear that good, accurate

measures of area volume may be achieved with a single TMA core of around 2mm diameter.
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Greater numbers of core sections are needed for more sophisticated profile size and shape

order measures.

6.3 Cortical Quantitative Assessment of Microglia in MND

In order to assess the effectiveness of TMA measurement of microglial pathology in a further
CNS region, we examined archival CD68-immunolabelled slides from the cortex. These
included seven cortex sections from MND cases, three frontal cortex sections from MND
cases and three sections of cortex from cases with white matter lesions but without MND or
frontotemporal lobar degeneration. As in both the WM and spinal cord analysis, a strong
Spearman’s rank correlation was seen between the whole ROl measurements and the
1.75mm virtual core measurements for area density, even when only one virtual core is
utilised (Table 3A). The correlation is reduced but still strong for the profile size
measurements, though a clear improvement is seen here with the use of an average of two
virtual cores compared to one virtual core. For the shape metric measurements, an
unexpected pattern is seen with the measurements taken from one virtual core showing the

greatest correlation.

Following this, Bland-Altmann plots were produced as before (Table 3B). No obvious bias
(over or under estimation) from virtual core assessment compared to the whole ROl were
seen. There was reasonable accuracy when measuring area density at +10% accuracy
(ranging from =67% for a single core to 279% for the mean of 3 cores. When +5% accuracy
was considered, good accuracy could not be reliably achieved, in some cases even with 3
cores. For profile size and shape measures, reasonable accuracy was possible at £10%,
albeit with the mean of 2 measures necessary for shape, whilst adequate 5% accuracy was

difficult to achieve.

Having assessed the ability of TMAs to assess microglial pathology in a number of CNS

regions in a number of settings we drew the following conclusions:
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At the £10% level, reasonable estimates of area density could be achieved with a 2mm TMA
cores with a single core. However, greater numbers of cores were required to assess more
complex features such as profile size and shape. These TMAs were not sufficiently accurate

at the +5% level.

6.4 pTDP-43 Cortex and Spinal Qualitative Analysis

Having established the feasibility of using TMAs to assess quantitative neuropathological
measures (microglial markers in this instance), we wished to consider TMA use in the
context of qualitative assessments: ie, the achievable sensitivity and specificity for detecting

TDP-43 proteinopathy.

The presence of at least two pTDP-43 aggregates within the examined area was set as the
criterion for classifying a sample positive for TDP-43 proteinopathy. The virtual TMA core
data were compared to the whole ROI in the digitised image as the ‘gold standard’ to

calculate sensitivity and specificity (Table 4).

In the forebrain, the sensitivity and specificity for the grey matter (GM) were 100%,
irrespective of how many cores were used to assess pathology. The specificity score for WM
(where pTDP-43 pathology is sparser than GM) was 100%, but sensitivity scores were more

varied at 88.33%, 97.09% and 100% for 1, 2 and 3 cores respectively.

The spinal cord yielded a sensitivity of 100% in the anterior horns with just a single virtual
core. Specificity was not tested, as all full ROIs were positive for pathology. For the
corticospinal tract, the sensitivity was 58% and 76% for one and two virtual cores
respectively and the specificity was 66.67% for both one and two virtual cores. In the dorsal
columns, there was poor sensitivity (8.34% and 16.67% for one and two virtual cores

respectively), but better specificity (96.34% and 92.86% for one and two pooled cores).

We conclude from this that TMAs can be used to make qualitative assessments of the
presence or absence of inclusion bodies in situations where pathology has a reasonable

density when present, such as TDP-43 proteinopathy in the grey matter in MND. Where
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pathological features are sparser, as is the case for TDP-43 proteinopathy in the white
matter in MND, this is less feasible. More specifically, a single core is adequate to assess

the presence vs absence of phosphorylated TDP-43 inclusions in grey matter structures.

6.5 TMA Optimisation

We next wished to generate a protocol for construction of TMAs of 2mm core diameter from
with post mortem brain tissue. TMAs were constructed using a Beecher MTA-1 Tissue

Microarrayer.

We found that incubating recipient and donor blocks at 37°C for 15 minutes prior to use
prevented both block types fracturing during core extraction and placement. Stylets had to
be regularly cleaned to remove paraffin build up. A 33 core TMA could be constructed in 1.5

hours or less.

An annealing step post construction is key for maintaining TMA integrity. This involves
repeated (5 cycles) heating of the recipient block after all cores had been placed at 37°C for
10 minutes. After each 10-minute interval is completed, gentle manual pressure is applied to
the top of the TMA block with a microscope slide. This softens the paraffin and moulds it

around the donor cores, preventing ‘core loss’ during sectioning.

Having constructed the TMA, a key issue to address is core loss. This can happen due to 1)
cores to ‘dropping out’ from the section when it is cut and 2) cores becoming detached from

the microscope slide during staining.

We first examined whether varying section thickness could decrease core loss from 33 core
TMAs. With respect to core drop-out at sectioning, there was little difference between 5um
(mean of 1.58 cores out of 33/5.8% lost) and 7um (mean 1.66 of 33/5.0% lost) sections.
However, on staining by haematoxylin and eosin; H&E, there was lesser core loss in the
5um sections (mean 12.33 of 33/37.4% lost) than the 7um sections (mean 17 of 33/51.5%

lost). Therefore, the ideal thickness at which to section each TMA was 5um.
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Core adherence at staining was improved by incubating the slides at 37°C overnight
followed by a 1-hour incubation at 60°C prior to staining, reducing core loss to 2.2 out of 33

(6.7%).

Further improvements were brought about using slides with more advanced adhesive
coatings. Thus, Trajan Series 1 and 2 demonstrated reduced mean core loss of 0.8 and 0.6

out of 33 (2.4% and 1.8%) cores lost respectively.

Our protocol thus far was to cut sections at 5um section thickness, mount on Trajan slides

and incubate at 37°C overnight followed by a 1-hour at 60°C.

Having optimised core section retention for H&E, we proceeded to trial immunostaining for
CD68 and Iba1 both manually and by autostainer. There was no discernible difference in
core loss between H&E staining (as above) and immunostaining either manually or by
autostainer. The average loss out of 33 cores for manual staining of CD68 and Iba-1 was
0.66 (2.0%) and 0.5 (1.5%) respectively, compared to the autostainer loss of 0.66 (2.0%)

and 0.75 (2.3%).

We also found that performing a luxol fast blue-stained section of each donor block helps to
determine its architecture. However, there may still instances where the resultant TMA cores
were ‘off target’ (e.g. sampling white matter instead of cortex) due to the three-dimensional
nature of tissue, such that the surface of the block is not always a good indicator of the
underlying tissue. In order to limit this, we advise that cores should be extracted from as far

away from tissue boundaries as possible.

7 Discussion

We aimed to establish if tissue microarrays (TMAs) could be used to assess post mortem
neuropathology. Firstly, we investigated the degree to which microscopy of the relatively

small core section could represent data from larger, whole block sections. We then
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established a protocol for creating and sectioning TMA blocks to maximise core section

retention for neurohistology.

The concordance of core sections was first investigated with respect to microglial
immunohistochemistry (a quantitative measure) in two scenarios: Deep white matter lesions
in the ageing brain and the brain and spinal cord in MND. Additionally, concordance for
qualitative assessments of inclusion pathology was assessed for phosphorylated TDP-43

inclusions in MND.

We determined that microglial pathology can be reliably represented by TMAs in both white
matter lesions and MND and that TDP-43 pathology can be reliably assessed with TMA

cores. We developed optimised conditions in which to construct TMAs.

For the microglial measures of white matter lesions, there was a strong correlation between
data from single virtual cores and whole regions of interest (ROIs). Further assessment with
Bland-Altman plots gave a more accurate assessment of relationships between two
measures (Bland and Altman, 1999). This is a well-established method for assessing the
accuracy of medical quantitation systems. In the context of TMAs, this method has
previously been used to evaluate differences between different size cores in surgical
pathology neoplasia samples (Karlsson et al., 2009) but not to calculate differences between
a ‘gold standard’ whole ROI and ‘virtual’ cores in post mortem neuropathology. The use of
Bland-Altman plots in this context allow assessment across the whole data range, with
exclusion of obvious outliers to increase stringency. This allows incorporation of the various
pathology densities experienced with Iba-1, CD68 and MHCII into their own individual

accuracy measures.

These Bland-Altman plots from WM comparisons demonstrated good accuracy using just a
single core for basic area density of microglial burden, whilst more sophisticated measures
(profile size or shape) required taking the mean of two virtual cores. This degree of accuracy

is reasonable when viewed in the context of the size of intergroup differences (which ranged
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in our data from 33% to 366%). This is similar to the number of cores used previously in
oncological studies, with two 2mm cores and three 3mm cores used commonly (Gillett et al.,
2000; Hoos and Cordon-Cardo, 2001). In the small number of neuropathology studies so far,
the number of cores used can vary from one (Alafuzoff et al., 2008) to two or more
(Martikainen et al., 2006; Walker et al., 2017). In comparison to this, using two 2mm cores

would allow a reduction in tissue usage.

In the spinal cord, similar to the white matter lesions, a good correlation was seen between
the whole ROI measurements and those from one virtual core. Bland Altman plots of CD68-
immunostained spinal cord sections demonstrated a high accuracy of area density could be
achieved with one core. Again, shape metric measures and profile size required more cores
or sections: a mean of two for shape and probably more for profile size. Inevitably, the
number of cores and thus accuracy needs to be adapted in the light of the effect size that

any investigation is attempting to detect.

In the neocortex of MND cases, TMAs managed to give reasonable accuracy with a single
virtual core for area density of microglial staining. Again, more cores were required for more

sophisticated measures of profile size and shape.

The assessment of pTDP-43 within MND spinal cord sections revealed a good sensitivity
and specificity when using one core for grey matter and two for white matter: Within grey
matter sensitivity and specificity were consistently 100%, irrespective of the number of cores
analysed. Similarly, specificity for white matter regions was 100% for 1-3 cores. However,
sensitivity was lower in white matter regions as the pathology in this region was less dense

when compared to grey matter.

For the spinal cord regions, the pTDP-43 status of the anterior horns can be accurately
represented using one core, whereas for the corticospinal tract, two cores allow a greater
accuracy. If the dorsal columns are to be assessed, two cores should be used to gain a

reasonable specificity whilst a reasonable sensitivity is unattainable using two cores. This
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may be due to non-specific tissue incorporation in these cores, due to overlap with adjacent

areas.

Stylets should be frequently cleaned and recipient and donor blocks should be incubated at
37°C for 15 minutes prior to use. When donor blocks are readily available, 33 core TMAs
could be constructed in 1.5 hours or less. Although this initial construction phase may
appear time consuming, it allows the generation of a block comprising 33 different samples,
proving less time consuming than taking whole sections from donor blocks where a large

cohort is required (Martikainen et al., 2006).

Cores should be taken from the centre of the region of interest, away from interfaces with
other tissue types, to minimise the tendency for off-target sampling in deeper levels within
the core. A section thickness of 5um collected on microscope slides with advanced adhesive
coated slides, with both an overnight incubation at 37°C and further incubation of one hour
at 60°C immediately prior to staining to minimise core loss is recommended. In our hands,
this gave an average loss of 1.8% cores. This is similar to previous work which had core loss
of 1% - 2% (Horvath and Henshall, 2001) and 2.7% - 3.7% (Martikainen et al., 2006),
although other studies with different protocols have had greater core loss, ranging from 10%
to 37% (Hoos and Cordon-Cardo, 2001). Furthermore, there was little fracturing of the block
seen with 2mm cores, compared to that reported previously (Sjébeck et al., 2003), possibly

due to our practice of pre warming the TMA block.

Limiting the core depth to 5mm core depth may have reduced block fracture and preserved

tissue from deeper in the block.

It is inevitable that the smaller sample present in a TMA core will give less accurate
measures than when a full region of interest is sampled. However, this has to be viewed in
the light of the greater number of cases that can be assessed given finite time and
resources. Thus, there is a simultaneous increase in sampling at the level of the study

comparison group at the same time as reduced sampling at the level of the individual. It is
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thus necessary for any neuropathological study to determine whether this compromise is

acceptable.

We cannot study all possible measures of all possible disease conditions, so our conclusions
that TMAs can be used in post mortem neuropathology may not be infinitely generalizable.
However, we have looked at two types of measure in two disease processes in an attempt to
address this and hope that the study presented here, together with other studies in the
literature, will usefully inform scientists wishing to use TMAs in this manner. This study adds
to a small but growing literature that demonstrates the feasibility of using this technology in
neurodegenerative post mortem research studies (Alafuzoff et al., 2008; Martikainen et al.,

2006; Walker et al., 2017).

Finally, after a TMA has been made there is a core missing from every level of the donor
block. Ideally, only cases with large sized or numerous donor blocks should be used, such
that if a larger, conventional section is required from the donor block for future studies, this

remains possible after sampling.
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9 Figures

Figure 1: Construction of a TMA: (A) The recipient stylet is inserted into a blank paraffin
block, extracting paraffin cores resulting in the creation of a recipient block (B). (C) A ‘donor
block’ is selected, and target areas identified (in this case grey and white matter labelled G
and W respectively). From each target area, a 2mm core is removed via the donor stylet (E),

which is placed into the corresponding hole of the ‘recipient block’ (F).
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Figure 2: Regions of interest (ROIs) and placement of virtual cores: (A) The red area
represents the area identified as the whole ROI (in this case the full extent of the white
matter, excluding artefactual changes. Overlaid in yellow are the random positioning of the
virtual cores within this area. (B) The red area highlights the whole region of interest in
another case (a deep subcortical lesion) with the ROI consisting of the extent of microglial
activation. (C) The ROls highlighted in this image correspond to the anterior horn (outlined in
red), the lateral corticospinal tracts (outlined in yellow) and the dorsal columns (outlined in
purple). Within each ROI, outlined in blue, is the location of each virtual core. (D) Highlighted
in red is the extent of the whole ROI, with the positioning of the virtual cores outlined in

yellow. Scale bar 3mm.
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Figure 3: Diagrammatic representation of the layout of tissue microarray cores within the
recipient block. The yellow circles represent tissue TMA cores, harvested from the ‘donor
block’ and placed within pre-formed holes in the ‘recipient block.” The last row has two
spaces omitted to minimise rotational symmetry. The two red circles represent chicken

muscle, which are used to further aid orientation.
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10 Tables

Spearman’s Correlation Coefficient Results — White Matter Microglial Lesion

Number
of Cores
Compared Area Density
to Whole
ROI Correlation Sig

3 0.977 <0.001
2 0.964 <0.001
1 0.964 <0.001

Concordance

Average Size

Correlation Sig
0.918 <0.001
0.882 <0.001
0.904 <0.001

Shape Metric
Correlation Sig
0.957 <0.001
0.839 <0.001
0.911 <0.001

Bland-Altman Accuracy Results — White Matter Microglial Lesion Concordance

Measurement

Iba-1
Area Density CD68
MHCII
Average Size CD68
Shape Metric CD68
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3

2

86.67%

66.67%

66.67%

85.71%

92.31%

69.23%

78.57%

71.43%

71.43%

85.71%

76.92%

61.54%

71.43%

69.23%

38.46%

Immunostain Number of Cores 110% Accuracy 5% Accuracy

80.00%

53.33%

46.67%

92.86%

61.54%

53.85%

28.57%

28.57%

14.29%

57.14%

38.46%

53.85%

35.71%

46.15%

30.77%



Table 1: Results from correlation and Bland-Altman analysis of concordance between a
whole region of interest and 1.75mm diameter virtual cores of immunolabelled white matter.
(A) Spearman’s correlation, two-tailed, results for varying numbers of virtual cores compared
to a whole ROI following WM lesion concordance analysis. The ‘correlation’ refers to the
correlation co-efficient (p) and the ‘Sig’ refers to the significance (p-value). (B) Bland-Altman
measures of white matter microglial lesion concordance using varying numbers of virtual
cores compared to a whole ROI. The £10% or 5% accuracy was calculated based on the
proportion of data points, excluding any outliers, lying within the 10% or 5% error range of a

non-parametric Bland Altman plot.
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A

Number of
Cores
Compared
to Whole
ROI
2

1

Number of
Cores
Compared
to Whole
ROI
2

1

C

Number of
Cores
Compared
to Whole
ROI
2

1
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Spearman’s Rank Correlations — Lateral Corticospinal Tract Microglial Lesion

Area Density

Correlation Sig
0.993 <0.001
0.984 <0.001

Concordance

Average Size

Correlation Sig
0.933 <0.001
0.889 <0.001

Shape Metric
Correlation Sig
0.986 <0.001
0.874 <0.001

Spearman’s Rank Correlations — Dorsal Columns Microglial Lesion

Area Density

Correlation Sig
0.986 <0.001
0.989 <0.001

Spearman’s Rank Correlations — Anterior Horn Microglial Lesion Concordance

Area Density

Correlation Sig
0.991 <0.001
0.991 <0.001

Concordance

Average Size

Correlation Sig
0.818 <0.001
0.777 <0.001

Average Size

Correlation Sig
0.877 <0.001
0.835 <0.001

Shape Metric
Correlation Sig
0.946 <0.001
0.928 <0.001

Shape Metric
Correlation Sig
0.982 <0.001
0.972 <0.001



Bland Altman Accuracy Results from Spinal Cord Microglial Lesion Concordance

Measurement Area Assessed Number +10% accuracy 5% accuracy
of Cores
Area Density Corticospinal 2 100% 94.44%
Tracts 1 94.11% 82.35%
Dorsal Columns 2 100% 88.24%
1 100% 88.24%
Anterior Horns 2 88.89% 83.33%
1 88.89% 72.22%
Average Size Corticospinal 2 94.12% 82.35%
Tracts 1 61.11% 44.44%
Dorsal Columns 2 62.50% 56.25%
1 56.25% 31.25%
Anterior Horns 2 77.78% 61.11%
1 83.33% 61.11%
Shape Metric Corticospinal 2 100% 94.74%
Tracts 1 84.21% 73.68%
Dorsal Columns 2 94.44% 83.33%
1 94.44% 55.56%
Anterior Horns 2 83.33% 77.78%
1 77.78% 61.11%

Table 2: Results from correlation and Bland-Altman analysis of concordance between a
whole region of interest and 1.75mm diameter virtual cores of CD68 immunolabelled spinal
cord. (A, B and C) Spearman’s Correlations, two-tailed, of microglial lesion concordance
from the mean of two or one virtual cores compared to the whole ROI for each region (lateral
corticospinal tract, dorsal column and anterior horn). Correlation refers to Spearman’s p ‘sig’
to P. (D) Bland Altman accuracy results of microglial lesion concordance in varying areas of
the spinal cord. The £10% and +5% accuracy was calculated as the proportion of data points

within the 10% and 5% error range respectively.
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A

Spearman’s Correlation Results - Cortical Microglial Lesion Concordance

Number of
Cores Shape Metric Average Size Area Density
Compared
to \évglole Correlation Sig Correlation Sig Correlation Sig
3 0.780 0.002 0.918 <0.001 0.978 <0.001
2 0.714 0.006 0.868 <0.001 0.973 <0.001
1 0.852 <0.001 0.769 0.002 0.967 <0.001
B
Bland Altman Accuracy Results — Cortical Microglial Lesion Concordance
Number of
Measurement Cores +10% accuracy 5% accuracy
Compared to
Whole ROI
3 84.6154 61.5385
Area Density 2 76.9231 61.5385
1 84.6154 61.5385
3 76.9231 53.8462
Average Size 2 69.2308 53.8462
1 46.1538 46.1538
3 53.8462 30.7692
Shape Metric 2 38.4615 15.3846
1 61.5385 38.4615

Table 3: Results from correlation and Bland-Altman analysis of concordance between a
whole region of interest and 1.75mm diameter virtual cores of CD68 immunolabelled cortex.
(A) Spearman’s correlation, two-tailed, results for varying numbers of virtual cores compared
to a whole ROI following cortical lesion concordance analysis. The ‘correlation’ refers to the
correlation co-efficient (p) and the ‘Sig’ refers to the significance (p-value). (B) Bland-Altman
measures of cortical microglial lesion concordance using varying numbers of virtual cores
compared to a whole ROI. The £10% or +5% accuracy was calculated based on the
proportion of data points, excluding any outliers, lying within the 10% or 5% error range of a

non-parametric Bland Altman plot.
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TDP-43 Status Concordance Results - Cortex

Region Grey Matter White Matter
Number of Cores Compared to Whole ROI 1 2 3 1 2 3
Sensitivity 100% 100% 100% 88.33% 97.09% 100%
Specificity 100% 100% 100% 100%  100%  100%
B
TDP-43 Status Concordance Results — Spinal Cord (Individual Cores)
Region Corticospinal Dorsal Columns Anterior Horns
Tract
Core Right Left Right Left Right Left
Position
Sensitivity 62.50% 52.94% 16.67% 0.00%  100.00% 100.00%
Specificity 66.67%  66.67% 92.86% | 100.00% N/A N/A
C
TDP-43 Status Concordance Results — Spinal Cord (Pooled Cores)
Region Corticospinal Dorsal Columns Anterior Horns
Tract
Pooled Cores Pooled Cores Pooled Cores
Sensitivity 76.47% 16.67% 100.00%
Specificity 66.67% 92.86% N/A

Table 4: pTDP-43 concordance assessment via sensitivity and specificity of varying
numbers of virtual 1.75mm diameter cores compared to the whole ROI in cortical and spinal
cord regions. (A) Sensitivity and specificity for one core, two cores and three cores within the
grey matter and white matter. (B) The calculated sensitivity of the concordance of pTDP-43

status within the spinal cord using a single virtual core (B) and pooling two cores (C).
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