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Stage-independent biomarkers
for Alzheimer’s disease

from the living retina: an animal
study
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The early diagnosis of neurodegenerative disorders is still an open issue despite the many efforts to
address this problem. In particular, Alzheimer’s disease (AD) remains undiagnosed for over a decade
before the first symptoms. Optical coherence tomography (OCT) is now common and widely available
and has been used to image the retina of AD patients and healthy controls to search for biomarkers
of neurodegeneration. However, early diagnosis tools would need to rely on images of patients in
early AD stages, which are not available due to late diagnosis. To shed light on how to overcome

this obstacle, we resort to 57 wild-type mice and 57 triple-transgenic mouse model of AD to train a
network with mice aged 3, 4, and 8 months and classify mice at the ages of 1, 2, and 12 months. To
this end, we computed fundus images from OCT data and trained a convolution neural network (CNN)
to classify those into the wild-type or transgenic group. CNN performance accuracy ranged from 80 to
88% for mice out of the training group’s age, raising the possibility of diagnosing AD before the first
symptoms through the non-invasive imaging of the retina.

Despite the abundant number of studies and distinct diagnostic approaches followed, it is still widely accepted
that even with the current state-of-the-art techniques, Alzheimer’s disease (AD) remains broadly undiagnosed
for over a decade before first suspicions'? because screening the entire asymptomatic population is not feasible'.

The striking impact of this delayed diagnosis is the loss of the time window where intervention could have
a substantial effect by halting or delaying the disease progression. Therefore, a fundamentally distinct approach
is of paramount importance; due to the general increase in life expectancy, AD affects an increasing number
of people worldwide, with substantial social and economic impact and a significant burden to patients, family
members, and caregivers®.

In the last decade, the use of artificial intelligence/machine learning (ML) systems for disease diagnosis
exploded because of the advances in computing power and artificial neural networks (NN), especially on the
development and use of convolution neural networks (CNN)**. These, when given the proper dataset and ade-
quate training, can analyse and classify images. Indeed, the use of CNNs is now widespread in many fields,
medicine included. Its use has been proven efficient, achieving impressive performance in disease diagnosis and
identifying lesions within a wealth of medical image modalities* .

Despite the many and clear advantages of NN, typically, NNs are trained to discriminate between the exam-
ples provided but are not forced to learn features that can be applied out of the conditions of the training set.
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Figure 1. MVF (mean-value fundus) images examples from two left eyes of mice two months old (top: WT,
bottom: 3xTg-AD). From left to right: RNFL-GCL (retinal nerve fibre layer-ganglion cell layer) complex, IPL
(inner plexiform layer), INL (inner nuclear layer), OPL (outer plexiform layer), and ONL (outer nuclear layer).

Consequently, it can only be expectable that these systems allow overcoming the lack of experts in a particular
field by processing/analyzing significant amounts of data, make the diagnosis faster or cheaper, or all the above.
However, a NN is typically limited by the training data (ground truth); concerning medical data, early diagnosis
is out of reach.

The use of the retina and animal models of disease to study AD is well-grounded because of the hurdles
in studying neurodegenerative disorders in humans based on brain imaging. The retina is the only part of the
central nervous system (CNS) readily available through non-invasive optical means'® and shares its embryonic
origin with the brain'®. Thus, it has been used as a source of information on the changes unfolding in the CNS
and as a surrogate for changes unfolding in the brain. Another obstacle in studying neurodegenerative disorders
is the time scale in which these changes unfold. As mentioned above, AD is considered to develop for many
years before possible diagnosis, with all associated consequences; unknown changes at the onset of the disease
and the impossibility to intervene when changes are still minute and would have a more significant impact on
disease progression.

The above reasons led us to design and perform the present study in which we aim to answer two scientific
questions in the context of discrimination between the retinas of wild-type and the triple-transgenic (3xTg-AD)
mouse model of AD: (1) can a neural network learn features to discriminate the two groups consistently in a
longitudinal period, and (2) can a neural network be trained to discriminate in time points outside the trained/
learned period?

Material and methods

Ethics. This study was approved by the Animal Welfare Committee of the Coimbra Institute for Clinical and
Biomedical Research (iCBR), Faculty of Medicine, University of Coimbra, and by Dire¢do-Geral de Alimen-
tacdo e Veterinaria (DGAV). All procedures involving mice were conducted following the ARRIVE guidelines'’
and also as per the Association for Research in Vision and Ophthalmology statement for animal use, and in
agreement with the European Community Directive Guidelines for the care and use of nonhuman animals for
scientific purposes (2010/63/EU), transposed into the Portuguese law in 2013 (DL113/2013). All animals were
housed in a certified facility, with a temperature-controlled environment under a 12:12 h light-dark cycle, and
food was provided ad libitum. All acquisitions were performed during the light phase. OCT acquisitions were
performed under light anaesthesia with 80 mg/kg ketamine and 5 mg/kg xylazine (IP), the pupils dilated with
0.5% tropicamide and 2.5% phenylephrine, and ocular analgesia was achieved with oxibuprocaine.

Data source and selection. The retinas of both eyes of wild type (WT) (C57BL6/129S) and 3xTg-AD
mice were imaged using a Micron IV OCT System (Phoenix Technology Group, Pleasanton, CA, USA) at the
ages of 11 (weight: 14.9+2.6 g), 2 (weight: 22.4+2 g), 3 (weight: 25.4+2.1 g), 4 (weight: 27.2+2.1 g), 8 (weight:
31.6+3.4 g), and 12-months-old (weight: 33.5+3.8 g). Volumes with insufficient image quality, low contrast, or
leading to segmentation errors were excluded from the dataset. Also, from the initial 57 WT and 57 3xTg-AD
mice, respectively, 7 and 13 deceased over the time window of the study (mice died between the ages of 1-2 (4
WT and 1 3xTg-A), 2-3 (1 3xTg-A), 3-4 (2 3xTg-A), 4-8 (2 WT and 4 3xTg-A) and 8-12 (1 WT and 5 3xTg-
A)). For the remaining volumes, OCT data was segmented as disclosed in'® to compute five mean value fundus
(MVF) images (Fig. 1) corresponding to retinal layers/layer-aggregate of the neuroretina: the retinal nerve fibre
layer and ganglion cell layer complex (RNFL-GCL), the inner plexiform layer (IPL), the inner nuclear layer
(INL), the outer plexiform layer (OPL), and the outer nuclear layer (ONL). In MVF images'®, each pixel’s value
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Age (months)

Mouse group | Eye |One |Two | Three |Four |Eight | Twelve

OD 53 50 48 53 44 38
WT

[N 50 51 41 52 47 36

oD 44 51 52 49 46 40
3xTg-AD

oS 52 52 54 52 46 43
Total - 199 | 204 195 206 183 157

Table 1. Number of acquisitions (OCT volume scans) per group (WT-wild-type mice; 3xTg-AD-transgenic
mice), eye (OD-right eye; OS-left eye), and age.

is the average of the respective A-scan values within the boundaries of the layer of interest, therefore mimicking
a fundus photograph if taken in the absence of all remaining layers.

The number of acquisitions per group, eye, and age used in the present study is presented in Table 1. Alto-
gether, these yielded a total of 1144 MVF images per layer/layer-aggregate.

Pre-processing and data augmentation. Because subtle differences may exist within the dataset
between the two mouse groups, e.g. average intensity, intensity distribution, etc., all MVF images were normal-
ised to ensure the same intensity distribution for all images, thus, limiting the possibility that discrimination
is based on simple intensity-based metrics. First, we applied contrast-limited adaptive histogram equalisation
(CLAHE) to adjust pixel intensities towards a uniform grayscale distribution and enhance local contrast. The
resulting image was then low-pass filtered (LPF) (Gaussian filter) to find broader regional differences in inten-
sity (filter parameters: 121 x 121 pixels’ kernel and standard deviation of 25). A new image resulting from the
element-wise division of CLAHE by LPF was then computed and normalized to have zero mean and unit vari-
ance. Finally, this image’s variance was adjusted by multiplying it by 8 (ensuring all images are kept within the
original range) and adding 128 (8-bit images).

Toward data augmentation, for each pre-processed image used for the training of the NN, two new images
were created: one as the vertical flip (top-bottom flip), and another as a rotation of the original image of either
90° or 270°, being the angle chosen at random.

Transfer learning from the inception-v3 model. While CNN models require substantial datasets for
effective training, our database (per layer/layer-aggregate) consists of 1144 images only, yet to be split into train-
ing, validation, and test sets. The standard approach to overcome this obstacle is through the application of
transfer learning, which was followed in this study by choosing the Inception-v3 network trained on the Ima-
geNet dataset'® proposed by Szegedy?®. Transfer learning was applied both via feature extraction and fine-tuning.

For the present application, the Inception-v3’s classification layer was replaced by a global average pooling
layer, followed by a fully-connected layer with a sigmoid activation function to classify images as belonging to the
WT or 3xTg-AD mouse group. Furthermore, only the weights of the last layer were updated during the training,
and the fine-tuning was extended only to the last inception module.

The above procedure for transfer learning was independently repeated five times as an independent CNN
was created for the RNFL-GCL complex, the IPL, INL, OPL, and ONL layers.

Implementation. Data pre-processing was implemented in MATLAB Release 2021b (The Math-Works,
Inc., Natick, Massachusetts, United States).

All neural network models were built, trained and verified in Python 3.7.9 using the Keras 2.7*! framework
with TensorFlow 2.7% as the backend. The network training was performed on a desktop, equipped with an AMD
Ryzen 9 3900 x CPU @3.8 GHz with 12 cores, 64 GB RAM and an Nvidia RTX 3060 with 12 GB of memory;,
using CUDA version 11.5.

Evaluation metrics. Performance metrics need to be chosen considering the problem being addressed and
the distribution of the labels in the dataset. In binary classification tasks, like the present one, accuracy, sensi-
tivity, specificity, and F1-score are commonly used to evaluate a model’s performance and its ability as a class
predictor. Consequently, these were chosen for the present study.

Training and testing. To address both questions put forward in the present study, data was split per animal
to ensure no data from one animal can be present in more than one of the training, validation, and test sets.
Also, and of the utmost importance, not all time points were considered for the training and validation sets.
Specifically, only data from mice at the ages of 3, 4, and 8 months were considered for training and validation,
leaving out data from 1, 2, and 12-month-old mice for testing purposes only. This division allows for testing the
classification ability of the neural network on mice either younger or older than those used for training.

Data was split into train/validation and test sets, with 80% of mice being used in the train/validation set (46
WT and 46 3xTg-AD mice) and 20% used in the test set (11 WT and 11 3xTg-AD mice). Furthermore, a similar
scheme was applied to split mice into the train (75%) and validation (25%) sets.

The number of eyes in the train/validation set is presented in Table 2; the test set is presented in Table 3.
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Age (months)
Three Four Eight
Mouse group | Eye | T vV T vV T \%
OD 29 |10 32 (11 26 9
WT
oS 25 8 32 |10 28 9
OD 32 |10 29 9 28 9
3xTg-AD
(e 32 |11 31 |10 29 |10
Total - 118 |39 | 124 |40 |111 |37

Table 2. Train (T) and validation set (V): number of acquisitions (OCT volume scans) per group (WT-wild-
type mice; 3xTg-AD-transgenic mice), eye (OD-right eye; OS-left eye), and age.

Age (months)

Mouse group | Eye |One | Two | Three |Four |Eight | Twelve

OD |10 9 9 10 9 8
WT

[N 9 9 8 10 10 7

OD 8 11 10 11 9 8
3xTg-AD

oS 11 10 11 11 7 9
Total - 38 39 38 42 35 32

Table 3. Test set: number of acquisitions (OCT volume scans) per group (WT-wild-type mice; 3xTg-AD-
transgenic mice), eye (OD-right eye; OS-left eye), and age.

Retinal layer Accuracy Sensitivity Specificity Fl-score
RNFL-GCL 0.885 0.966 0.821 0.905
IPL 0.913 1.000 0.821 0.922
INL 0.852 0.983 0.714 0.872
OPL 0.826 0.881 0.768 0.839
ONL 0.800 0.949 0.643 0.829

Table 4. Performance metrics for the classification into wild-type and the triple-transgenic mouse model of
Alzheimer’s disease mouse groups, using 3, 4, and 8-month-old mice for the train, validation, and test sets; for
the layer/layer-aggregates: the retinal nerve fibre layer and ganglion cell layer complex (RNFL-GCL), the inner
plexiform layer (IPL), the inner nuclear layer (INL), the outer plexiform layer (OPL), and the outer nuclear
layer (ONL).

Two independent tests were conducted, one testing only within the period considered for the training to
answer the first scientific question (determine the feasibility of classification between WT and AD within the
same age range), and one testing exclusively for ages outside of the training period to answer the second scientific
question (determine the classification ability of the neural model outside its training age range).

Results

Performance metrics were evaluated for the two tests detailed in the previous section. Results are shown in Table 4
(mice of 3, 4 and 8 months old in the training/validation/test sets) and Table 5 (mice of 3, 4 and 8 months old in
the training and validation sets and mice of 1, 2 and 12 months old in the test set).

Opverall, the accuracy is high for both test sets, showing the discrimination power of these neural networks to
distinguish between WT and transgenic mice. Even more so as the training group incorporates retinas of distinct
ages, hence forcing the network for each layer/aggregate to learn common features across this time window.

Expectedly, all metrics show a decrease in performance for the second scenario, in which the test set is outside
the age range of the training set. Surprisingly, the decrease in performance can be considered modest despite
the large differences in the age of the older animals in the training group (8-months-old) and testing group
(12-months-old). The same applies to the younger group, despite the lower age difference.

As classification errors distribute evenly between left and right eyes, in Table 6 we present the distribution of
classification errors by group and age.

Also, except for the RNFL-GCL complex, the classifications for the remaining layers present a significant
portion of their errors at the age of 1-month-old. Indeed, this time point alone is responsible for 30% of the
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Retinal layer Accuracy Sensitivity Specificity Fl1-score
RNFL-GCL 0.881 0.877 0.885 0.885
IPL 0.835 0.825 0.846 0.839
INL 0.844 0.825 0.865 0.847
OPL 0.807 0.702 0.923 0.792
ONL 0.798 0.789 0.808 0.804

Table 5. Performance metrics for the classification into wild-type and the triple-transgenic mouse model

of Alzheimer’s disease mouse groups, using 3, 4, and 8-month-old mice for the train and validation sets, and
younger (1 and 2-months-old), and older (12-months-old) mice for the test set; for the layer/layer-aggregates:
the retinal nerve fibre layer and ganglion cell layer complex (RNFL-GCL), the inner plexiform layer (IPL), the
inner nuclear layer (INL), the outer plexiform layer (OPL), and the outer nuclear layer (ONL).

Age (months)
Retinal layer | Mouse group | One Two Three Four Eight Twelve | Subtotal | Total
WT 1/19 3/18 3/17 4/20 3/19 2/15 16/108
5.3% 16.7% 17.6% 20.0% 15.8% 13.3% 14.8%
RNFL-GCL 27/224 (12.1%)
3xTa-AD 3/19 4/21 2/21 0/22 0/16 2/17 11/116
§ 15.8% 19.0% 9.5% 0.0% 0.0% 11.8% 9.5%
WT 2/19 3/18 5/17 3/20 2/19 3/15 18/108

10.5% 16.7% 29.4% 15.0% 10.5% 20.0% 16.7%
IPL 33/224 (14.7%)
3xTg-AD 11/19 3/21 0/21 0/22 0/16 1/17 15/116

57.9% 14.3% 0.0% 0.0% 0.0% 5.9% 12.9%

WT 4/19 2/18 4/17 7120 5/19 3/15 25/108

21.1% 11.1% 23.5% 35.0% 26.3% 20.0% 12.0%
INL 41/224 (16.7%)
9/19 3/21 0/21 0/22 1/16 3/17 16/116

3xTg-AD 474% | 143% | 0.0% 0.0% 5.9% 17.6% | 13.8%
WT 1/19 2/18 4/17 6/20 3/19 1/15 17/108
5.3% 11.1% 235 300% |15.8% | 6.7% 15.7%
OPL 47/224 (21.0%)
3xTe AD 15/19 | 4/21 1/21 1/22 5/16 4/17 30/116
8 789% |19.0% | 4.8%  |45%  |313% |235% | 25.9%
W 2/19 6/18 3/17 10120 |7/19 3/15 31/108
10.5% |33.3% | 17.6% |50.0% |36.8% |20.0% |28.7%
ONL 51/224 (22.8%)
ITe AD 12/19  |3/21 1/21 0/22 2/16 2/17 20/116
8 632% | 14.3% | 4.8% | 0.0% 12.5% | 11.8% | 17.2%

60/190 | 33/195 |23/190 |31/210 |28/175 | 24/160 .
Total - 316% | 169% |12.1% | 14.8% |16.0% |15.0% |~ 199/112 (17.8%)

Table 6. Classification errors (number of errors/number of cases) per time point and mouse group (WT-wild-
type mice; 3xTg-AD-transgenic mice).

classification errors. Overall, the innermost layers of the retina present fewer errors, with these steadily increas-
ing from the RNFL-GCL complex to the ONL.

Unsurprisingly, percentage-wise, fewer errors were found for the time points on which NNs were trained.
On the other hand, most errors were found for the first time point, at the age of 1-month-old, while the error for
the last time point is within the range of those for the three to 8-months-old. Indeed, the error at the 2-month-
old time point is higher than that of 12-months-old despite the latter being further away from the training ages.

Discussion

In this work, we used neural networks to classify computed fundus images from the retina of WT and 3xTg-AD
mice from OCT data. This study did not intend to make associations with cell and molecular biology markers.
Indeed, this mouse model of AD is well studied and documented in the literature from multiple viewpoints and
assessed by numerous techniques analysing brain and retina functional, biochemical, biological and structural
parameters'®?3-%,

We kept all animals for the entire project timeframe in the present study instead of sacrificing some along
the study period. This approach allowed us to perform the analysis herein that, otherwise, would require a much
larger number of animals. A single model of the AD was considered as adding more would have rendered this
study not feasible because of the number of animals involved. Nevertheless, this proof-of-concept can now be
tested in other animal models of disease.

Instead of using the traditional approach of training and classifying cases of the same age or disease stage
(a cross-sectional study), we aimed to perform this study across multiple ages to learn if a neural network can
learn consistent features from cases at different stages of the natural progression, both on the ageing and disease
progression. This is of crucial importance for AD since, in clinical practice, disease staging and duration is often
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unknown. Thus, understanding if a network can learn consistent features across multiple stages and ages is of
relevance.

From the achieved performance in the first of the two scenarios (classification of test cases within the same
age range of the training and validation tests), it is clear the capacity of all five networks to learn consistent
features over time and use those correctly. Despite the high sensitivity in identifying 3xTg-AD mice across all
retinal layers/layer-aggregates, the decrease in performance from the inner to the outer layers is evident from
both the accuracy and F1-score, but above all from the specificity, which presents a significant decrease from the
INL downwards. In consequence, these results suggest that the innermost layers offer more consistent charac-
teristics over time and that these are specific for each of the considered mouse groups in the present study. Also,
these results demonstrate the validity of the approach followed in assessing retinal changes due to the presence
of human genes introduced in mice. However, prior studies of our research group using this animal model of
Alzheimer’s disease have shown a reduction of significant differences in key metrics considered hallmarks of
AD in the brain, especially in males, e.g., neural cell death, neuroinflammation, glial activity, etc.?*?*. Still, the
results of the present study show that substantial differences in the retina are present and detectable by our clas-
sification method.

Of paramount importance, though, is the demonstration of the possibility of achieving interesting classifi-
cation results when classifying cases outside the training range, that is, younger and older mice than those in
the training and validation sets. Indeed, layer-wise, similar results to the former scenario were found with the
classification performance decreasing, in general, from the inner to the outer retinal layers. The first time point
stands out from this analysis as it is responsible for 30% of the classification errors. This may be linked to the yet
developing CNV (mice’s CNS increase in mass 4-15 weeks post-natal®®), thus presenting more similar retinas,
between groups, at this age, which would explain the much better performance achieved for the latter time point
even though there is a significant gap in mice’ age comparing the oldest mice in both groups, 8 and 12-months-
old, respectively in the training and validation groups. Interestingly, this would explain the better performance
achieved in classifying mice of 12-months-old compared to the performance in classifying 2-month-old mice,
despite the lower age difference to the training and validation sets. However, another possible explanation is
that changes in the retina precede those in the brain, opening two possibilities. It suggests that introduced genes
play a role in the neurodevelopment of the mouse model of AD, which would require revisiting prior studies
and their conclusions or that the retina would be the right location to detect the early changes in the CNV
associated with AD.

Conclusions

In conclusion, the present work demonstrates the possibility of training a neural network to learn common
features, across all ages, of the central nervous system and using those to identify cases outside the training
range. This is of paramount importance as it puts forward the hypothesis of training a neural network based on
existing data from patients and control groups and applying it to identify emerging cases or shed light on the
changes unfolding in the human central nervous system. Furthermore, while our present study focuses on AD,
this methodology might be extendable to other neurodegenerative diseases, following the same rationale that
changes in the retina can be linked to changes in the brain, as both are part of the CNS.

Data availability
The dataset used in this article is available upon a formal and reasonable request from the corresponding author.
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