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The pathotome and precision health

This scientific commentary refers to ‘Pathological combinations 
in neurodegenerative disease are heterogeneous and disease- 
associated’ by Robinson et al. (https://doi.org/10.1093/brain/ 
awad059).
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Heterogeneity in neurodegenerative diseases is the norm not the 
exception. Multiple pathological pathways are common among 

older individuals and these distinct pathologies can often result 

in similar clinical presentations.1-3 This unwieldy, complex and 
fascinating reality is at the core of the challenge of establishing ac-

curate pathophysiological understanding and effective therapeu-

tics in neurodegenerative diseases. An individual with cognitive 

difficulties is unlikely to only have Alzheimer’s disease, Lewy 

body disease (LBD) or cerebrovascular disease (CVD). Instead, over-

lapping shades of concurrent pathologies result in a unique signa-
ture for each individual that drives their cognitive impairment. This 

‘pathotome’ of combinations is what Robinson and colleagues4 ele-

gantly lay out in this issue of Brain.
In their work, Robinson et al.4 examine 10 major pathological 

processes and their possible combinations across eight clinically 

defined diagnostic groups (Fig. 1). This examination uncovered a 

heterogeneous mix of 161 pathological combinations present in 

their sample of 1647 individuals. Concurrent pathologies were 
common within all clinical groups. Even among the clinically unim-

paired group of 144 individuals, 35 different pathological combina-

tions were detected. Although many clinically defined groups 

included in the study are already known to harbour co-pathology, 

this work provides additional insights by highlighting the variabil-

ity in possible combinations of co-pathology. For example, in 
early-onset clinical Alzheimer’s disease, 16% of patients had only 

amyloid plaques and tangles (A-B-C), whereas 33% had one add-

itional pathology (A-B-C+1) such as Lewy bodies (LB), TAR 

DNA-binding protein 43 (TDP), CVD or cerebral amyloid angiopathy 

(CAA), and 33% had two additional pathologies (A-B-C+2). In 

late-onset Alzheimer’s disease, 13% had only A-B-C, 27% had 
A-B-C+1, 30% A-B-C+2 and 15% had A-B-C+3.

For those with clinical LBD, 35% of the early-onset group and 
18% of the late-onset group had Lewy body pathology alone. Of 
the early-onset group, 31% also had some Alzheimer’s disease co- 
pathology (LB + AD), compared to 19% of those with late-onset clin-
ical LBD. None of the early-onset clinical LDB group had more than 
LB + AD pathology, whereas 26% of the late-onset clinical LBD group 
had 1–2 further pathologies in addition to LB and Alzheimer’s dis-
ease. Even among clinical groups known to reflect purer disease 
processes, three or more pathologies were detected in 18% of cases 
of amyotrophic lateral sclerosis (ALS), 34% of cases of frontotem-
poral dementia (FTD), and 19% of cases of multiple system atrophy 
(MSA).

Importantly, of the 161 combinations observed in the cohort as a 
whole, there was no single dominant combination, with 1 of 10 
combinations (A-B-C, A-B-C-CAA, A-B-C-LB, A-B-C-CAA-LB, 
A-B-C-CAA-TDP, Limited, TDP, Tau, LB, glial cytoplasmic inclu-
sions) occurring in 53% of individuals and most combinations oc-
curring in less than 5% of the total sample. Older age, longer 
clinical disease duration, APOE4+ status and worse functional sta-
tus were associated with a higher burden of total co-pathologies.

One of the challenging conundrums in studying neurodegenerative 
diseases is the contribution of age. On one hand increasing age is con-

sidered a risk factor for dementia syndromes and, on the other hand, 

the same pathologies present in neurodegenerative diseases are also 

present in clinically unimpaired older individuals. In order to categor-

ize pathological drivers of clinical decline, Robinson et al.4 determined 

age-related pathological combinations and their frequencies in the 

clinically unimpaired group arranged by age (<65 years, 65–79 years 

and 80+ years). They then conceptualized the 161 observed patho-

logical combinations into a five-category framework: ‘Ageing only’ 

as defined above, ‘ND (neurodegenerative disease) only’ if underlying 

pathology was consistent with clinical diagnosis, ‘ND + ageing’ if the 

expected pathology was present with ageing-related pathologies, 

‘ND + associated’ if the expected pathology was present together 

with other pathologies not observed in the unimpaired group or ob-

served at a greater frequency than in the unimpaired group at that 

age, and ‘Other ND’ if the expected pathology was not present but 

other disease-associated pathologies were.
In the clinical Alzheimer’s disease group, the ‘ND + ageing’ pro-

file was almost non-existent, suggesting that co-pathologies in 
clinical Alzheimer’s disease are driven by the pathophysiology of 
Alzheimer’s disease and are not simply age-related. The caveat 
with this conclusion, however, is that low levels of Alzheimer’s dis-
ease pathology (Braak I/II) were collapsed into the tangle-negative 
group and were not considered disease or ageing-related. Thus, 
the ‘ND + ageing’ profile may be artificially reduced given the exclu-
sion of Braak I/II. Additionally, the authors defined pathological 
Alzheimer’s disease as only A-B-C or A-B-C-CAA. Nevertheless, in 
the clinically unimpaired group, A, B, C or CAA were often present 
in various combinations; albeit not as commonly as only A-B-C or 
A-B-C-CAA. This could indicate that less developed and early forms 
of Alzheimer’s disease pathophysiology may not be captured using 
the approach of Robinson et al.4 In clinical LBD, the largest group 
was ‘LBD + associated’, and in particular this group was driven by 
co-Alzheimer’s disease pathology. The more homogenous categor-
ies (‘Ageing only’, ‘ND only’ and ‘Other ND’) accounted for a minor-
ity of cases, with most cases assigned instead to the ‘’ND + ageing’ 
and ‘ND + associated’ categories. This finding is consistent with 
an extensive literature that highlights co-pathology as the largest 
driver of dementia risk.5
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This study has some limitations. For instance, the interpret-
ation of the ‘Ageing only’ pathway is unclear, and it is possible 
that these combinations reflect early disease as opposed to normal 
ageing processes. Longitudinal follow-up would be needed to dif-
ferentiate these possibilities and is not possible in post-mortem 
studies. The general approach taken in this work was to dichotom-
ize the presence of each major pathological pathway. For instance, 
B2 and B3 were considered positive for tau tangles, and LB-positive 
cases included all cases with a brainstem predominant, transitional 
or neocortical pattern. The impact of lower levels of pathology, es-
pecially in the context of co-pathology, is therefore not directly ad-
dressed in this work although others have begun to characterize 
this level of nuance.6 Additionally, ‘ND + Associated’ is a large 
group that combines both expected pathology with either other 
pathologies not observed in the unimpaired group or observed at 
a greater frequency than in the unimpaired group matched for 
age. It would be helpful to separate this large group into subgroups 
(e.g. expected pathology + other ND pathology and expected path-
ology + excessive ageing pathology), as mechanisms underlying 
these subgroups may differ.

Further, the consideration of A-B-C as three different patholo-
gies contributed to the high number of pathological combinations, 
for instance A-B-C-LB is considered four pathologies whereas in 
many other studies it is considered as two pathological processes 
(Alzheimer’s disease and LBD). Finally, subject demographics 
such as sex and race/ethnicity were not reported, limiting general-
izability. Despite these limitations, Robinson and colleagues4 pro-
vide convincing evidence that combined pathological processes 
are common but at the same time do not manifest consistently 
across individuals. This work underscores the importance of 

considering disease heterogeneity as opposed to conceptualizing 
disease progression as a uniform process across individuals.

Although both disease and healthy ageing states encompass 
a spectrum of diverse pathological combinations varied in their 
extent and spatial distribution, our current research efforts of-
ten focus on one pathological process in isolation. This is espe-
cially true for in vivo biofluid and imaging studies, which cannot 
confidently capture the spectrum of pathological processes that 
are quantifiable during post-mortem evaluation. The high num-
ber of combinations observed by Robinson and colleagues4 em-
phasizes the need to acknowledge this complex heterogeneity 
of neurodegenerative diseases as a shortcoming in current in 
vivo studies. The ability to measure key Alzheimer’s disease 
pathologies in vivo has accelerated our understanding of the 
Alzheimer’s disease cascade over the last two decades, and we 
are entering an era of biomarker research where in vivo markers 
of other common age-related pathologies such as the aggrega-
tion of α-synuclein (LB),7 and TDP are within reach.8 Over the 
next decade we anticipate that in vivo studies will be better posi-
tioned to integrate concepts related to heterogeneity in biomarker 
cohorts.

As the first anti-amyloid drugs receive accelerated approval for 
the treatment of clinical Alzheimer’s disease,9 controversy remains 
regarding whether these drugs produce clinically meaningful im-
provement. One possibility is that despite clear amyloid removal, 
focus on a single pathological pathway will not be sufficient if a 
multitude of underlying pathologies are present. The consistent ob-
servation that co-pathology is the norm also highlights the need to 
consider the upstream pathways that may be driving these patho-
logical processes (Fig. 1). The mechanisms by which different 

Figure 1 The person-specific pathotome is a representation of the individual-level heterogeneity of neuropathological findings in neurodegenerative 
disease. Top right: Robinson and colleagues4 considered 10 pathological categories and eight clinical diagnoses. Left: Examples of the potential upstream 
pathways that may drive the pathological changes observed. Bottom right: Three examples of a pathotome. Similar to a fingerprint, each individual has a 
particular pattern of pathologies affecting different anatomical brain regions to varying degrees. Ab = amyloid-β; AD = Alzheimer’s disease; 
a-Syn =α-synuclein; CAA = cerebral amyloid angiopathy; CVD = cerebrovascular disease; TDP = transactive response DNA-binding protein; 
ND = neurodegenerative disease.
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pathologies interact with each other to promote synergistic effects 
are open avenues of investigation that might still prove fruitful. 
Within a given clinical diagnosis, individual patients have unique 
pathotomes of spatiotemporally interacting pathologies of varying 
severities. It is possible that understanding this heterogeneity in 
neurodegenerative diseases will enable precision health by lever-
aging person-specific pathotomes to derive individualized thera-
peutic approaches.
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