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(coloured lines). Accuracy was high for almost all simulations but tended to decrease with 436 

fewer subjects, higher noise standard deviation and more biomarkers. 437 

 438 

4.1.3. Experiment 3: Comparison to conventional EBM for serial events 439 

C-EBM had higher sequence estimation accuracy than S-EBM for noisy serial 440 

sequences which had high C-EBM positional uncertainty (Fig. 4). This suggests that when 441 

C-EBM is uncertain on the positional orderings, its maximum likelihood sequence is 442 

nevertheless more likely to be correct than the maximum likelihood sequence estimated by 443 

S-EBM. This may be expected given that the size of the sequence space of simultaneous 444 

events is greater than that for serial sequences, which leaves more scope for false positives. 445 

Despite this, without a priori knowledge of the sequence type, S-EBM offers the opportunity 446 

to correctly identify a far wider range of types of sequences beyond those restricted by serial 447 

order. 448 

 449 

 450 
Figure 4. A comparison between C-EBM and S-EBM of serial sequence estimation 451 

accuracy in the case where C-EBM reports high positional uncertainty. In this case C-EBM’s 452 

performance is superior to S-EBM due to the smaller sequence search space.  453 

 454 
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4.2. Application to Alzheimer’s disease progression 461 

4.2.1. S-EBM: estimated sequence allowing simultaneous events 462 

 The sequence of AD biomarker progression estimated by S-EBM is shown in Fig. 5. 463 

S-EBM identified a sequence containing simultaneous events which had a substantially 464 

higher log-likelihood compared to the serial sequence estimated by C-EBM.  465 

Simultaneous events were estimated for biomarkers within common biomarker 466 

marker domains - CSF, cognitive test scores and brain volumes. Increased CSF total tau 467 

and phosphorylated tau were the first events in the sequence, occurring simultaneously, and 468 

were followed by high CSF amyloid-β. At disease stage three, low-scoring performance on 469 

cognitive test scores RAVLT, ADAS-Cog and MMSE were estimated as simultaneous 470 

events. Following cognitive events, the next disease stage consisted of simultaneous 471 

volumetric decline in temporal lobe brain regions. The final event in the sequence was 472 

increased ventricular volume.  473 

 474 

 475 
Figure 5. The sequence of abnormality in biomarkers of CSF, cognitive test scores and 476 

brain volumes in AD estimated using S-EBM (left) and C-EBM (right). S-EBM estimates a 477 

sequence with substantially higher log-likelihood than C-EBM, by grouping certain 478 

biomarkers within domains into the same disease stage. In contrast, S-EBM assumes each 479 

biomarker abnormality occurs in series. 480 

 481 
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4.2.2. C-EBM: estimated serial sequence 484 

 The serial sequence estimated by C-EBM (Fig. 6) identified a lower log-likelihood 485 

sequence that, by design, assumed all events occur in series. However, it was consistent 486 

with the S-EBM sequence in finding a positional separation between groups of biomarker 487 

events belonging to different biomarker domains.  488 

The C-EBM positional variance diagram (Fig. 6) however shows a heterogeneous 489 

distribution of positional uncertainty for the groups of simultaneous events, highlighting that 490 

positional uncertainty cannot be used to infer simultaneous events. Interstingly, interpreting 491 

the blocks of positional uncertainty as simultaneous events derives a sequence ({T-Tau}, {P-492 

Tau}, {Abeta}, {RAVLT, ADAS-Cog}, {MMSE}, {Entorhinal, Hippocampus}, {Brain, Fusiform, 493 

Mid-Temporal}, {Ventricles}) with lower log-likelihood (log(L)=3108) than that estimated by S-494 

EBM (log(L)=3153) but which nevertheless more closely matches the data than the serial 495 

sequence estimated by C-EBM (log(L) = 3043).  496 

Furthermore, the C-EBM positional uncertainty can be low for groups of 497 

simultaneous events, such as T-Tau and P-Tau, demonstrating that C-EBM can be 498 

confidently incorrect regarding serial event ordering. 499 

 500 

 501 
 502 

Figure 6. Positional variance diagram showing the positional uncertainty in the serial 503 

sequence estimated by C-EBM. Boxes depict the biomarkers grouped into the same stage 504 

by S-EBM. The heterogeneity within boxes indicates that C-EBM uncertainty does not infer 505 

the same information about simultaneous events as S-EBM. Furthermore, C-EBM can be 506 

confidently incorrect regarding serial orderings. 507 

 508 
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5. Conclusion 510 

This study introduces the simultaneous event-based model. S-EBM is a 511 

generalisation of the conventional event-based model for estimating disease progression 512 

patterns that contain simultaneous events. With moderate sample sizes, S-EBM produces 513 

highly accurate sequence estimates for a range of different sequence types, including serial 514 

sequences, thereby broadening the scope of event-based modelling. By removing the 515 

requirement that the number of disease progression stages correlates linearly with the 516 

number of input biomarkers, the approach suggests a simpler explanation of AD 517 

progression, with biomarker abnormality occurring simultaneously within biomarker domains. 518 

S-EBM may provide new insights into disease evolution and more accurate subject staging, 519 

facilitating the development of therapeutic interventions targeting early disease. 520 

 521 
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