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(coloured lines). Accuracy was high for almost all simulations but tended to decrease with

fewer subjects, higher noise standard deviation and more biomarkers.

4.1.3. Experiment 3: Comparison to conventional EBM for serial events

C-EBM had higher sequence estimation accuracy than S-EBM for noisy serial
sequences which had high C-EBM positional uncertainty (Fig. 4). This suggests that when
C-EBM is uncertain on the positional orderings, its maximum likelihood sequence is
nevertheless more likely to be correct than the maximum likelihood sequence estimated by
S-EBM. This may be expected given that the size of the sequence space of simultaneous
events is greater than that for serial sequences, which leaves more scope for false positives.
Despite this, without a priori knowledge of the sequence type, S-EBM offers the opportunity
to correctly identify a far wider range of types of sequences beyond those restricted by serial

order.

Figure 4. A comparison between C-EBM and S-EBM of serial sequence estimation
accuracy in the case where C-EBM reports high positional uncertainty. In this case C-EBM’s

performance is superior to S-EBM due to the smaller sequence search space.
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4.2. Application to Alzheimer’s disease progression
4.2.1. S-EBM: estimated sequence allowing simultaneous events

The sequence of AD biomarker progression estimated by S-EBM is shown in Fig. 5.
S-EBM identified a sequence containing simultaneous events which had a substantially
higher log-likelihood compared to the serial sequence estimated by C-EBM.

Simultaneous events were estimated for biomarkers within common biomarker
marker domains - CSF, cognitive test scores and brain volumes. Increased CSF total tau
and phosphorylated tau were the first events in the sequence, occurring simultaneously, and
were followed by high CSF amyloid-f3. At disease stage three, low-scoring performance on
cognitive test scores RAVLT, ADAS-Cog and MMSE were estimated as simultaneous
events. Following cognitive events, the next disease stage consisted of simultaneous
volumetric decline in temporal lobe brain regions. The final event in the sequence was

increased ventricular volume.

S-EBM C-EBM
Biomarker Stage Biomarker Stage Key
P-Tau P-Tau 1 CSF
T-Tau ! T-Tau 2 Cognitive test scores
AB 2 AB 3 Brain volumes
RAVLT RAVLT 4
ADAS-Cog 3 ADAS-Cog 5
MMSE MMSE 6
Entorhinal Entorhinal 7
Hippocampus Hippocampus 8
Brain 4 Brain 9
Fusiform Fusiform 10
Mid-Temporal Mid-Temporal 11
Ventricles 5 Ventricles 12
Log-Likelihood = 3153 Log-Likelihood = 3043

Figure 5. The sequence of abnormality in biomarkers of CSF, cognitive test scores and
brain volumes in AD estimated using S-EBM (left) and C-EBM (right). S-EBM estimates a
sequence with substantially higher log-likelihood than C-EBM, by grouping certain
biomarkers within domains into the same disease stage. In contrast, S-EBM assumes each

biomarker abnormality occurs in series.
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4.2.2. C-EBM: estimated serial sequence

The serial sequence estimated by C-EBM (Fig. 6) identified a lower log-likelihood
sequence that, by design, assumed all events occur in series. However, it was consistent
with the S-EBM sequence in finding a positional separation between groups of biomarker
events belonging to different biomarker domains.

The C-EBM positional variance diagram (Fig. 6) however shows a heterogeneous
distribution of positional uncertainty for the groups of simultaneous events, highlighting that
positional uncertainty cannot be used to infer simultaneous events. Interstingly, interpreting
the blocks of positional uncertainty as simultaneous events derives a sequence ({T-Tau}, {P-
Tau}, {Abeta}, {RAVLT, ADAS-Cog}, {MMSE}, {Entorhinal, Hippocampus}, {Brain, Fusiform,
Mid-Temporal}, {Ventricles}) with lower log-likelihood (log(L)=3108) than that estimated by S-
EBM (log(L)=3153) but which nevertheless more closely matches the data than the serial
sequence estimated by C-EBM (log(L) = 3043).

Furthermore, the C-EBM positional uncertainty can be low for groups of
simultaneous events, such as T-Tau and P-Tau, demonstrating that C-EBM can be

confidently incorrect regarding serial event ordering.

T-Tau .. C-EBM uncertainty
P-Tau -
Abeta | .
RAVLT
ADAS-Cog ..
MMSE - .
Entorhinal A
Hippocampus - .-
Brain .
Fusiform -
Mid-Temporal - I
Ventricles - .

1 2 3 4 5 6 7 8 9 10 11 12
Event Position

Figure 6. Positional variance diagram showing the positional uncertainty in the serial
sequence estimated by C-EBM. Boxes depict the biomarkers grouped into the same stage
by S-EBM. The heterogeneity within boxes indicates that C-EBM uncertainty does not infer
the same information about simultaneous events as S-EBM. Furthermore, C-EBM can be

confidently incorrect regarding serial orderings.
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5. Conclusion

This study introduces the simultaneous event-based model. S-EBM is a
generalisation of the conventional event-based model for estimating disease progression
patterns that contain simultaneous events. With moderate sample sizes, S-EBM produces
highly accurate sequence estimates for a range of different sequence types, including serial
sequences, thereby broadening the scope of event-based modelling. By removing the
requirement that the number of disease progression stages correlates linearly with the
number of input biomarkers, the approach suggests a simpler explanation of AD
progression, with biomarker abnormality occurring simultaneously within biomarker domains.
S-EBM may provide new insights into disease evolution and more accurate subject staging,

facilitating the development of therapeutic interventions targeting early disease.

18


https://doi.org/10.1101/2022.07.10.499471
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.07.10.499471; this version posted March 18, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

Acknowledgments

CSP, DCA and HZ are supported by the Medical Research Council (MR/T046473/1). CSP is
further supported by the EPSRC CMIC Platform Grant (EP/M020533/1). NPO is a UKRI
Future Leaders Fellow (MR/S03546X/1) and acknowledges funding from the E-DADS
project (EU JPND 2019; UK MRC MR/T046422/1), and the National Institute for Health

Research University College London Hospitals Biomedical Research Centre.

6. References
1. Braak, H. and Braak, E. 1991. Neuropathological stageing of Alzheimer-related

changes. Acta neuropathologica, 82(4)

2. Crane, P.K,, Carle, A., Gibbons, L.E., Insel, P., Mackin, R.S., Gross, A., Jones, R.N.,
Mukherjee, S., Curtis, S.M., Harvey, D. and Weiner, M. 2012. Development and assessment
of a composite score for memory in the Alzheimer’s Disease Neuroimaging Initiative (ADNI).
Brain imaging and behavior, 6(4)

3. Eshaghi, A., Marinescu, R.V., Young, A.L., Firth, N.C., Prados, F., Jorge Cardoso, M., Tur,
C., De Angelis, F., Cawley, N., Brownlee, W.J. and De Stefano, N. 2018. Progression of
regional grey matter atrophy in multiple sclerosis. Brain, 141(6)

4. Fonteijn, H.M., Modat, M., Clarkson, M.J., Barnes, J., Lehmann, M., Hobbs, N.Z., Scahill,
R.l., Tabrizi, S.J., Ourselin, S., Fox, N.C. and Alexander, D.C. 2012. An event-based model
for disease progression and its application in familial Alzheimer's disease and Huntington's
disease. Neurolmage, 60(3)

5. Gabel, M.C., Broad, R.J., Young, A.L., Abrahams, S., Bastin, M.E., Menke, R.A., Al-Chalabi,
A., Goldstein, L.H., Tsermentseli, S., Alexander, D.C. and Turner, M.R. 2020. Evolution of
white matter damage in amyotrophic lateral sclerosis. Annals of clinical and translational
neurology, 7(5)

6. Jack Jr, C.R., Bernstein, M.A., Fox, N.C., Thompson, P., Alexander, G., Harvey, D.,
Borowski, B., Britson, P.J., L. Whitwell, J., Ward, C. and Dale, A.M. 2008. The Alzheimer's
disease neuroimaging initiative (ADNI): MRI methods. Journal of Magnetic Resonance
Imaging: An Official Journal of the International Society for Magnetic Resonance in Medicine,
27(4)

7. Jack Jr, C.R., Knopman, D.S., Jagust, W.J., Shaw, L.M., Aisen, P.S., Weiner, M.W.,
Petersen, R.C. and Trojanowski, J.Q. 2010. Hypothetical model of dynamic biomarkers of the
Alzheimer's pathological cascade. The Lancet Neurology, 9(1)), 119-128

8. Marinescu, R.V., Oxtoby, N.P., Young, A.L., Bron, E.E., Toga, A.W., Weiner, M.W., Barkhof,
F., Fox, N.C., Klein, S. and Alexander, D.C. 2018. Tadpole challenge: Prediction of

longitudinal evolution in Alzheimer's disease. arXiv preprint arXiv:1805.03909.

19


https://doi.org/10.1101/2022.07.10.499471
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.07.10.499471; this version posted March 18, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

10.

11.

12.

13.

made available under aCC-BY-NC-ND 4.0 International license.

Mueller, S.G., Weiner, M\W., Thal, L.J., Petersen, R.C., Jack, C.R., Jagust, W., Trojanowski,
J.Q., Toga, A.W. and Beckett, L. 2005. Ways toward an early diagnosis in Alzheimer’s
disease: the Alzheimer’s Disease Neuroimaging Initiative (ADNI). Alzheimer's &

Dementia, 1(1)

Reuter, M., Schmansky, N.J., Rosas, H.D. and Fischl, B. 2012. Within-subject template
estimation for unbiased longitudinal image analysis. Neuroimage, 61(4)

Shaw, L.M., Vanderstichele, H., Knapik-Czajka, M., Clark, C.M., Aisen, P.S., Petersen, R.C.,
Blennow, K., Soares, H., Simon, A., Lewczuk, P. and Dean, R. 2009. Cerebrospinal fluid
biomarker signature in Alzheimer's disease neuroimaging initiative subjects. Annals of
neurology, 65(4)

Wijeratne, P.A., Young, A.L., Oxtoby, N.P., Marinescu, R.V., Firth, N.C., Johnson, E.B.,
Mohan, A., Sampaio, C., Scahill, R.l., Tabrizi, S.J. and Alexander, D.C. 2018. An image-
based model of brain volume biomarker changes in Huntington's disease. Annals of clinical
and translational neurology, 5(5)

Young, A.L., Oxtoby, N.P., Daga, P., Cash, D.M., Fox, N.C., Ourselin, S., Schott, J.M. and
Alexander, D.C., 2014. A data-driven model of biomarker changes in sporadic Alzheimer's
disease. Brain, 137(9)

20


https://doi.org/10.1101/2022.07.10.499471
http://creativecommons.org/licenses/by-nc-nd/4.0/

