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1 | BACKGROUND

SALVADO ET AL.

soluble triggering receptor expressed on myeloid cells 2 (sSTREMZ2), glial fibrillary acidic
protein (GFAP), YKL-40, S100b, and interleukin 6 (IL-6) (Elecsys NeuroToolKit).
Results: Change of modified Preclinical Alzheimer’s Cognitive Composite (mPACC) in
cognitively unimpaired (CU) was best predicted by p-tau/AB42 alone (R? > 0.31) or
together with NfL (R? = 0.25), while p-tau/AB42 (R? > 0.19) was sufficient to accu-
rately predict change of the Mini-Mental State Examination (MMSE) in mild cognitive
impairment (MCI) patients. P-tau/AB42 (AUC > 0.87) and p-tau/AB42 together with
NfL (AUC > 0.75) were the best predictors of conversion to AD and all-cause dementia,
respectively.

Discussion: P-tau/AB42 is sufficient for predicting progression in AD, with very high
accuracy. Adding NfL improves the prediction of all-cause dementia conversion and
cognitive decline.

KEYWORDS
amyloid-g, BioFINDER, cognitive decline, conversion to dementia, glial activation, inflammation,
neurodegeneration, tau ratio, WADRC, WRAP

clinical practice. CSF biomarker development has also enabled mea-

surement of other pathophysiological alterations related to AD and

Amyloid-g (AB) plaques and neurofibrillary tau tangles are key patho-
logical hallmarks in Alzheimer’s disease (AD).! Cerebrospinal fluid
(CSF) measures of these two pathologies have shown high accuracy
for the diagnosis and prognosis of AD?2 and are currently, together
with positron emission tomography (PET), used for diagnosis in the

other dementias. Some of these biomarkers may provide additional
information on individuals’ disease stage and progression, while oth-
ers may enhance the understanding of underlying biological processes
occurring during the course of the disease. Some of the most promising

novel CSF biomarkers are related to neurodegeneration and microglial
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RESEARCH IN CONTEXT

1. Systematic review: There are currently many studies
suggesting that biomarkers targeting pathophysiological
alterations other than amyloid-f and tau, like neurode-
generation and glial activation, may be associated with
disease progression in Alzheimer’s disease (AD) demen-
tia and other neurodegenerative diseases. However, few
have investigated the predictive power of the combina-
tion of these biomarkers with conventional measures of
AD pathology.

2. Interpretation: The best predictive accuracy for pro-
gression of AD and other neurodegenerative diseases
using cerebrospinal fluid (CSF) biomarkers comes from
using neurofilament light together with amyloid-f and tau
biomarkers.

3. Future directions: Future studies need to investigate
whether these results can be translated to a more diverse
population as well as to plasma biomarkers.

or astroglial activation® (see > and ¢ for extensive reviews). However,
until recently, these biomarkers had to be measured in different plat-
forms and using sophisticated methods, which reduced its applicability
to clinical practice.

Some of these biomarkers have recently been implemented in
a single panel of automated CSF immunoassays, with the Elec-
sys NeuroToolKit platform (Roche Diagnostics International Ltd,
Rotkreuz, Switzerland), facilitating implementation and direct com-
parison between different centers. This panel measures biomarkers
of neurodegeneration (neurofilament light [NfL], neurogranin and
a-synuclein); glial activity and neuroinflammation (soluble trigger-
ing receptor expressed on myeloid cells 2 [sTREMZ2], glial fibrillary
acidic protein [GFAP], YKL-40 [also known as chitinase 3-protein 1],
S100 calcium-binding protein B [S100b] and interleukin 6 [IL-6]); as
well as core AD-biomarkers (phosphorylated tau at threonine-181
[p-taul, AB42, and AB40). Previous studies using this panel have shown
alterations in some of these biomarkers in different stages and in
relation to different aspects of the disease.””1° However, their clini-
cal utility for predicting disease progression after accounting for core
AD-biomarkers is still largely unknown. Studies in large cohorts from
different centers are also needed to verify generalizability of findings
related to these biomarkers.

Therefore, we aimed to identify the optimal combination of CSF
biomarkers for an accurate prediction of cognitive decline and clini-
cal conversion, using longitudinal data from three large cohorts. More
specifically, we aimed to assess whether the core-AD biomarkers
(operationalized as the CSF p-tau/AB42 ratio and the CSF AB42/40
ratio) would be sufficient to accurately predict disease progression or
whether biomarkers targeting other pathophysiological mechanisms

during AD could significantly improve their prediction.

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

2 | METHODS
2.1 | Participants

Participants  were included from three cohorts: the
Swedish  BioFINDER-1 (NCT01208675)'" and BioFINDER-2
(NCT03174938)12 at Lund University (Lund, Sweden), and a joint
cohort comprised of subsets who met inclusion criteria from Wis-
consin Registry for Alzheimer’s Prevention (WRAP) and Wisconsin
Alzheimer’s Disease Research Center (WADRC) at Wisconsin Uni-
versity (Wisconsin, USA).23 In both BioFINDER-1 and BioFINDER-2
cognitively unimpaired (CU) people were recruited from population-
based studies in the city of Malmé as previously described.!%12 These
individuals did not fulfil the criteria of mild cognitive impairment
(MCI) or dementia at baseline. Furthermore, The BioFINDER studies
included patients with either subjective cognitive decline (SCD) or
MCI (none of one fulfilled the criteria for any type of dementia at
baseline) from the Memory clinics in southern Sweden. Following
the NIA-AA recommendations cognitive normal and subjects with
SCD were defined as CU.1* Exclusion criteria included (1) significant
unstable systemic illness or organ failure, such as terminal cancer, that
makes it difficult to participate in the study; (2) current significant
alcohol or substance misuse; or (3) refusing lumbar puncture or
neuropsychological assessment. Participants from WRAP and WADRC
include CU and impaired participants, who are enriched for parental
family history of AD, and undergo neuropsychological evaluations on
an annual or biennial basis. More information about the recruitment
of these participants can be found in,!3 but in summary, participants
were included from memory clinics in which a parent was diagnosed or
treated, advertisements, and word of mouth. The participants of the
present study were enrolled between November 2007 to May 2020.
All participants gave written informed consent and ethical approval
was granted by the Regional Ethical Committee in Lund, Sweden, and
University of Wisconsin Health Sciences Institutional Review Board,
respectively.

2.2 | CSF measurements

CSF levels of AB42'5 as well as Total-Tau and Phospho-Tau(181P)¢
were measured using the Elecsys p-Amyloid (1-42), Total-Tau, and
Phospho-Tau(181P) CSF electrochemiluminescence immunoassays on
a fully automated cobas e 601 instrument (Roche Diagnostics Inter-
national Ltd., Rotkreuz, Switzerland). The other CSF biomarkers
(AB40, NfL, neurogranin, YKL-40, GFAP, sTREM2, S100b, IL-6, and a-
synuclein) were measured with robust prototype assays as part of the
Roche NeuroToolKit on cobas e 411 and e 601 instruments (Roche
Diagnostics International Ltd, Rotkreuz, Switzerland). All measure-
ments were performed at the Clinical Neurochemistry Laboratory,
University of Gothenburg, Sweden by board-certified laboratory tech-
nicians who were blinded to diagnostic and other clinical data. We
also calculated the CSF p-tau/AB42 and the AB42/AB40 ratios. These
ratios were included in this study as they may represent reliable
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alternatives for amyloid PET7-21 and are often used in the clinical set-
ting for diagnostic?22 and/or prognostic purposes,?”28 which is the
main objective of this study. However, we acknowledge that these may
not be a direct measure of AD-related brain pathology.

2.3 | Outcomes

The primary cognitive outcome for CU was the modified Preclinical
Alzheimer’s Cognitive Composite (mPACC) given its previously proven
sensitivity to detect changes in cognition in CU participants.2? The
mPACC in BioFINDER-1 and BioFINDER-2 was calculated as the
average of four z-scores, for tests of memory (the delayed recall test
from the cognitive subscale from the Alzheimer’s Disease Assessment
Scale [ADAS-cog]) with a double weight to preserve the weight of
memory tests in the original PACC,2? verbal ability (animal fluency),
executive function (Trail Making Test B [TMT-B]), and global cognition
using the Mini-Mental Estate Examination (MMSE), as previously
described.3® In WRAP and WADRC, mPACC was calculated as the
mean of z-scores of three tests: TMT-B for timed executive function,
delayed story recall harmonized from either the Craft Story (for
WADRC) or WMS-R Logical Memory story A (for WRAP), and the total
over trials of the Rey Auditory-Verbal Learning Test (AVLT).3! For MClI
patients, cognitive decline was measured with MMSE in all cohorts. In
the joint Wisconsin cohort some MMSE scores were obtained through
conversion from Montreal Cognitive Assessment (MOCA) scores as

previously described.32

2.4 | Statistical analyses

Two main analyses were performed aiming at identifying the optimal
combination of CSF biomarkers to predict either cognitive decline or
clinical conversion. The biomarkers included as individual predictors
in all the analyses were: the p-tau/AjB42 ratio, the A342/40 ratio, NfL,
neurogranin, YKL-40, GFAP, sTREM2, S100b, IL-6, and a-synuclein. To
study cognitive decline, we used mPACC for CU individuals and MMSE
for MCl participants, independently for each cohort. Linear mixed mod-
els were used to predict cognitive decline using random intercept
and random time slopes with baseline age, sex, APOE-¢4 carriership,
and education as covariates. The model including only covariates and
time was considered the basic model. To select the best model includ-
ing baseline CSF biomarkers, a forward selection procedure was used
based on Bayesian information criteria (BIC) using the aba package for
R (v.4.1.0). For all biomarkers included in the model, we also included
their interaction with time. For each case (i.e., cognitive measure and
cohort), a parsimonious model (i.e., best prediction with the lowest
number of predictors) was selected with a forward step-wise inclusion
of the most significant biomarkers until the difference in BIC with the
next model (i.e., including an additional biomarker) was not significant
(ABIC > 6), which indicates strong evidence of improvement.®® When
different, the parsimonious models were compared with those only

including covariates and CSF p-tau/AB42 ratio, as a typical measure of
AD pathology used in the clinical setting.?

For predicting clinical conversion, we followed a similar approach
using generalized linear models including a binomial family. Pro-
gression to AD dementia and to all-cause dementia were studied
independently in each cohort for both CU and MCI. Models with less
than 20 cases progressing to dementia were disregarded. Basic models
included age, sex, and APOE-¢4 carriership as covariates. Best models
were selected also using a forward selection procedure with the aba
package based on differences in area under the curve (AUC). Models
were selected as preferred based on AUC using the DelLong'’s test to
check for significant differences (p < 0.05). Best models were also com-
pared with those only including covariates and CSF p-tau/Aj342 ratio.
We also computed hazard ratios (HRs) for each biomarker selected
in each of the parsimonious models using cox proportional hazards
regression models, and constructed Kaplan-Meier curves using the sur-
vival package from R. Finally, we repeated all the main analyses with

data truncated at 4- and 6-years of follow-up.

3 | RESULTS
3.1 | Participants

A total of 1,453 CU and 530 MCI patients were included in this study.
The mean (SD) age of CU individuals was 66.6 (9.7) years, 857 (59.0%)
of them were women, and 553 (38.1%) were APOE-¢4 carriers. For
MCI patients, the mean (SD) age was 71.2 (7.2) years, and there were
225 (42.5%) women and 269 (50.8%) APOE-¢4 carriers. CU were fol-
lowed for a mean (SD) time of 4.7 (3.1) years and MCI for 2.8 (2.2)
years. Baseline characteristics are presented in Table 1. Out of the
information available, 43/1000 (4.3%) CU participants converted to
AD dementia and 66/1000 (6.6%) to all-cause dementia. From MCI at
baseline patients, 185/529 (35.0%) converted to Alzheimer’s dementia
and 297/529 (56.1%) to all-cause dementia. Cross-correlation of CSF
biomarkers by cohort can be found in Figure S1.

3.2 | Cognitive decline

Parsimonious models for predicting cognitive decline can be found
in Table 2. In summary, mPACC change was best predicted by
CSF p-tau/AB42 ratio alone in BioFINDER-2 and WRAP & WADRC
(BioFINDER-2: f[95%Cl] = -0.10 [-0.14, -0.05], RZ = 0.36; WRAP &
WADRC: B[95%Cl] = -0.12 [-0.15, -0.09], RZ = 0.31). In BioFINDER-1,
the addition of CSF NfL (B[95%Cl] = -0.09 [-0.12, -0.05]) to CSF p-
tau/AB42 ratio (B[95%Cl] = -0.15 [-0.19, -0.12]) significantly improved
this prediction (with NfL: RZ = 0.25 vs. without NfL: RZ = 0.20,
ABIC = 26, p < 0.001). The parsimonious model to predict change in
MMSE in MCI patients only included CSF p-tau/AB42 ratio in all three
cohorts (BioFINDER-1: 8[95%Cl] = -0.24 [-0.30, -0.17], R? = 0.40;
BioFINDER-2: B[95%Cl] = -0.14 [-0.23, -0.05] RZ = 0.19; WRAP &
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TABLE 1 Participant characteristics

BioFINDER-1 BioFINDER-2 WRAP and WADRC
CU (n=550) MCI (n = 260) CU (n=453) MCI (n = 215) CU (n=450) MCI (n = 55)
Age, mean (SD) 71.8(6.09) 71.5(5.44) 65.7 (11.6) 70.9(8.37) 61.2(7.64) 70.6 (9.07)
[range] [41.3,88.4] [60.1,80.8] [40.5,88.7] [43.1,93.3] [42.7,85.5] [54.1,87.3]
Women, No (%) 312 (56.7%) 107 (41.2%) 242 (53.4%) 98 (45.6%) 303 (67.3%) 20 (36.4%)
APOE-¢4 carriers, 181(32.9%) 129 (49.6%) 204 (45.0%) 113(52.6%) 168 (37.3%) 27 (49.1%)
No (%)
Years of 12.4(3.6) 11.0(3.3) 12.6(3.4) 12.5(4.1) 16.2(2.5) 15.9(2.7)
education,
mean (SD)
Years of 6.2(2.2) [0, 3.3(2.1)[0.35, 1.2(1.04) [0, 1.5(1.10) [0, 6.6(2.34)[0.9, 5.2(2.47)[1.1,
follow-up, mean 10.9] 8.5] 3.6] 3.6] 11.2] 10.0]
(SD)
Cognitive 0.041(0.719) 27.0(1.9) 0.028 (0.764) 27.0(1.9) 0.108 (0.704) 27.6(2.1)
measure, mean
(SD)*
Missing, No (%) 96(17.5%) - 5(1.1%) 1(0.5%) 33(7.3%) 1(1.8%)
Conversion to 39 (7.1%) 117 (45.0%) - 50 (23.3%) 4(0.9%) 18 (32.7%)
Alzheimer’s-
type dementia,
No (%)
Missing, No (%) - 1(0.4%) - - - -
Conversion to 61(11.1%) 189 (72.7%) - 84 (39.1%) 5(1.1%) 24 (43.6%)
all-cause
dementia, No
(%)
Missing, No (%) - 1(0.4%) - - - -

*Cognitive measure was mPACC for CU and MMSE for MClI patients.
Abbreviations: CU, cognitively unimpaired; MCI, mild cognitive impairment; MMSE, Mini-Mental State Examination; mPACC, modified Preclinical Alzheimer
Cognitive Composite; WADRC, Wisconsin Alzheimer’s Disease Research Center; WRAP, Wisconsin Registry for Alzheimer’s Prevention.

TABLE 2 Parsimonious model description for predicting cognitive decline

Diagnosis BIC R2
group Cohort Biomarker B[95% Cl] parsimonious parsimonious BIC basic RZ basic
Cu BioFINDER-1 p-tau/AB42 -0.15[-0.19,-0.12] 3109.2 0.25 3230.6 0.06
NfL -0.09[-0.12,-0.05]
BioFINDER-2 p-tau/AB42 -0.10[-0.14,-0.05] 1297.9 0.36 13141 0.27
WRAP & WADRC p-tau/AB42 -0.12[-0.15,-0.09] 3631.6 0.31 3681.8 0.26
MCI BioFINDER-1 p-tau/AB42 -0.24[-0.30,-0.17] 2390.7 0.40 2426.9 0.30
BioFINDER-2 p-tau/Ag42 -0.14[-0.23,-0.05] 976.6 0.19 978.8 0.13
WRAP & WADRC p-tau/A342 -0.32[-0.49,-0.15] 582.0 0.32 594.79 0.14

Description of the parsimonious model for predicting cognitive decline for each diagnosis group and cohort. These models were derived independently per
each cohort and baseline diagnosis. Only those biomarkers selected to be into the parsimonious model per cohort and disease stage are shown in each case.
Effect sizes () for each selected biomarker and statistics (BIC and R?) of the final model are shown. BIC and R? of the basic model (only covariates) are
included for comparison. Linear mixed models with random slope and intercept were used in all cases. S estimates represent the effect size of each biomarker’s
interaction with time. Cognitive decline was assessed with mPACC in CU and with MMSE in MCI patients. Covariates were included in all models and were:
age, sex, APOE-¢4 carriership, education and time.

Abbreviations: AB, amyloid-8; BIC, Bayesian Information Criterion; Cl, confidence interval; CU, cognitively unimpaired; MCI, mild cognitive impairment;
MMSE, Mini-Mental State Examination; mPACC, modified Preclinical Alzheimer Cognitive Composite; p-tau, phosphorylated tau; WADRC, Wisconsin
Alzheimer’s Disease Research Center; WRAP, Wisconsin Registry for Alzheimer’s Prevention.

B5URD1 SUOWILLOD) BAIERID 3(gedtjdde au Aq pausenod a1 sepie YO SN JO S9N 0} AIqIT3UIUO A2]IM UO (SUORIPUOD-PUR-SLLBYW0D™ A8 | IMARRIq 1 [BU1IUO//SHRY) SUORIPUOD pue SWR L 3LY 385 *[£202/20/90] U0 AriqIT8uIUO AB1IM ‘SS0INRS ARq1T TON Uopuo afs| oD A1seAIIN AY L0BZT ZIB/200T OT/10p/wod Ao 1M ARl Ut juo's uIno -z e//Sdny wo.j papeojumoq ‘0 ‘6.252SST



6 | Alzheimer’s & Dementia®

SALVADO ET AL.

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

WADRC: B[95%Cl] = -0.32 [-0.49, -0.15], R? = 0.32). However, in
BioFINDER-2 this model was not significantly different than the basic
model only including covariates. Depiction of cognitive decline and
predictions using the parsimonious models are shown in Figure 1. Sen-
sitivity analyses with cognitive data truncated at 4 and 6 years of
follow-up can be found in Tables S1 and S2, respectively.

3.3 | Clinical conversion

Parsimonious models for predicting conversion to AD and all-cause
dementia are summarized in Table 3. Conversion to AD dementia
was best predicted by CSF p-tau/AB42 ratio both in CU partici-
pants (BioFINDER-1 CU: AUC[95%CI] = 0.95 [0.93 - 0.97]) and MCI
patients at baseline in the cohorts with data available (BioFINDER-
1 MCI: AUC[95%CI] = 0.92 [0.89 - 0.95]; BioFINDER-2 MCI:
AUC[95%CI] =0.87[0.82 - 0.92]).

In the case of conversion to all-cause dementia, CSF NfL and CSF
p-tau/Ap42 ratio were included in the parsimonious model in CU par-
ticipants at baseline (BioFINDER-1 CU: AUC[95%CI] = 0.90[0.86 -
0.95]). In participants that were MCl patients at baseline, in two out of
three cohorts the CSF p-tau/AB42 ratio was included in the parsimo-
nious model (BioFINDER-1 and WRAP & WADRC). In BioFINDER-1,
CSF NfL was also included in the parsimonious model (BioFINDER-
1 MCI: AUC[95%CI] = 0.83 [0.77 - 0.89]). In WRAP & WADRC,
the CSF p-tau/AB42 ratio alone was sufficient to accurately pre-
dict conversion to all-cause dementia in MCI patients at baseline
(AUC[95%CI] = 0.83[0.72 - 0.94]). In BioFINDER-2, the parsimonious
model to predict conversion from MCI to all-cause dementia included
the AB42/40 ratio and CSF NfL (AUC[95%CI] = 0.75[0.68 - 0.82]).
However, this model was not significantly better than the one includ-
ing the p-tau/AB42 ratio and NfL (AUC[95%CI] = 0.74[0.67 - 0.81],
p=0.383).

We additionally calculated the HR for a one-SD increase in all
CSF biomarkers selected in each of the parsimonious (Table 3). In
summary, the CSF p-tau/Ap42 ratio HRs [95% CI] for predicting con-
version to AD dementia were 2.12[1.80 - 2.49] in CU participants and
around 2 in MCl patients at baseline (BioFINDER-1: HR[95%CI] = 1.94
[1.68 - 2.25]; BioFINDER-2: HR[95%CI] = 2.35 [1.84 - 3.08]). In
the case of predicting conversion to all-cause dementia, HRs for the
CSF p-tau/AB42 ratio were all around 1.5 both for CU participants
(BioFINDER-1 CU: 1.65 [1.44 - 1.90]) and MCI patients at base-
line (BioFINDER-1 MCI: 1.45 [1.23 - 1.63]; WRAP & WADRC MCI:
1.69[1.05 - 2.72]). HRs for NfL were all above 1.4 also in CU par-
ticipants (BioFINDER-1 CU: 2.09 [1.68 - 2.61]) and MCI patients at
baseline (BioFINDER-1 MCI: 1.42[1.23 - 1.63]; BioFINDER-2 MCI:
1.52[1.25 - 1.84]). Conversely, HR for the AB42/40 ratio (BioFINDER-
2: 0.58[0.46 - 0.72]) was lower than 1 when predicting all-cause
dementia from MCI. This was due to the well-known a negative
association between the levels of this biomarker and pathology.

Receiver operating characteristic (ROC) curves for parsimonious,
CSF p-tau/AB42 ratio-only, and basic (i.e., only covariates) models are

shown in Figure 2 and Kaplan-Meier curves for all the parsimonious

models in Figure 3. Sensitivity analyses with conversion data truncated
at 4- and 6-years follow-up can be found in Tables S3 and S4, respec-
tively. Sensitivity analyses where the p-tau/AB42 ratio was excluded
are shown in Table S5. All AUCs were equivalent or lower than models
with the p-tau/AB42 ratio. To visualize this, we also included compar-
ison plots between the individual markers and the p-tau/Ag42 and
AB42/40 ratios for BioFINDER-1 participants based on whether or not
they converted to Alzheimer’s dementia (Figure S2).

4 | DISCUSSION

In this study, we have sought to identify the optimal combination of sev-
eral CSF biomarkers analyzed with recently developed fully automated
assays for predicting disease progression in three large longitudinal
cohorts. We found that the CSF p-tau/AB42 ratio alone or in combina-
tion with CSF NfL, a marker of neurodegeneration, may be sufficient to
accurately predict disease progression both in CU participants and in
MCI patients. The addition of CSF NfL may be especially important to
predict conversion to all-cause dementia and, in some cases, cognitive
decline. In contrast, other neurodegenerative markers and glial-related
biomarkers did not significantly improve our predictive models. Fur-
thermore, we showed that the CSF p-tau/AB42 ratio was preferentially
selected in the parsimonious models over the CSF AB42/40 ratio as
a prognosis biomarker in AD. Although many previous studies have
shown individual associations between some of these biomarkers and
progression in AD and other dementias, this is the first study to inves-
tigate their prognosis utility as a combination of biomarkers and to
compare it to typical core-AD biomarkers. Notably, our results have
been replicated in three large independent cohorts with relatively
long follow-up. Altogether, our study supports the use of the CSF
p-tau/ApB42 ratio, together with CSF NfL, in the clinical setting for
prognosis of AD and other dementias.

The finding of CSF p-tau/AB42 ratio as the best marker for predict-
ing disease progression was not unexpected. For many years now, the
CSF p-tau/AB42 ratio has already shown high accuracy in predicting
disease progression in both CU participants3#3> and MCI patients.2-3¢
The novelty of our study is that among a large panel of established
and more novel CSF biomarkers, the CSF p-tau/AB42 ratio alone may
be sufficient for an accurate disease prognosis, except for the addition
of CSF NfL in some cases. Furthermore, we also showed that the CSF
p-tau/ApB42 ratio may be a more useful metric than the CSF AB42/40
ratio as a prognosis tool in AD, although the latter might be conceptu-
ally more sound as the former is combining two non-linearly associated
processes.?! These results have important ramifications for clinical
settings, where these biomarkers are increasingly available.

As aforementioned, we also found that CSF NfL was included in
the parsimonious models for predicting disease progression in partic-
ular scenarios. In this study, higher levels of CSF NfL have consistently
reported higher hazard ratios for converting to all-cause dementia,
both for CU and MCI groups. In line with our results, previous studies
have already shown the tight association between CSF NfL and brain
and cognitive deterioration.?” The fact that CSF NfL improved the
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FIGURE 1 Depiction of cognitive change over time per cohort and clinical group. Cognitive change in CU participants is shown with mPACC
change (first column) while cognitive change in MCl patients is shown with MMSE (second column). Bold lines represent the predicted trajectory
using the parsimonious model based on biomarkers levels at baseline. Green (red) lines represent participants with all biomarkers in the
parsimonious model below (above) the mean at baseline. For the model with more than one biomarker included in the parsimonious model, the
yellow line represents subjects with only one biomarker above the mean at baseline. Gray bands represent 95% confidence intervals. These lines
are only for visualization purposes and represent the mean trajectory of the group of participants included in these artificial groups. Individual
trajectories were calculated per each participant in the statistical model. Linear mixed models with random slope and intercept were used to
construct the models. Biomarkers used in the parsimonious model in each case are detailed in the plots. Abbreviations: CU, cognitively unimpaired;
MCI, mild cognitive impairment; MMSE, Mini-Mental State Examination; mPACC, modified Preclinical Alzheimer Cognitive Composite; WADRC,
Wisconsin Alzheimer’s disease Research Center; WRAP, Wisconsin Registry for Alzheimer’s Prevention
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TABLE 3 Parsimonious model description for predicting clinical conversion
AUC [95%Cl]
Parsimonious AUC [95%ClI]
Conversion type Cohort Biomarker HR [95%CI] p-value model basic model
CU - AD BioFINDER-1 p-tau/ap42 2.12[1.80,2.49] <0.001 0.95[0.93-0.97] 0.78[0.70-0.86]
dementia
MCI — AD BioFINDER-1 p-tau/ap42 1.94[1.68,2.25] <0.001 0.92[0.89-0.95] 0.77[0.71-0.83]
deTente BioFINDER-2 p-tau/ag42 2.35[1.80, 3.08] <0.001 0.87[0.82-0.92] 0.75[0.68-0.82]
CU - All-cause BioFINDER-1 p-tau/ap42 1.65[1.44,1.90] <0.001 0.90[0.86-0.95] 0.7410.67-0.80]
dementia NfL 209[1.68,2.61] <0001
MCI - All-cause BioFINDER-1 p-tau/ap42 1.45[1.26,1.67] <0.001 0.83[0.77-0.89] 0.71[0.63-0.78]
CLnCE NfL 1.42[1.23,1.63] <0001
BioFINDER-2 a42/40 0.58[0.42,0.79] <0.001 0.75[0.68-0.82] 0.62[0.54-0.70]
NfL 1.52[1.25,1.84] <0.001
WRAP & WADRC p-tau/ap42 1.69[1.05,2.72] 0.032 0.83[0.72-0.94] 0.73[0.59-0.87]

Description of the parsimonious model for predicting clinical conversion for each conversion type and cohort. These models were derived independently per
each cohort and baseline diagnosis. Only those biomarkers selected to be into the parsimonious model per cohort and disease stage are shown in each case.
Hazard ratios (HRs) for each selected biomarker and AUC of the final model are shown. AUCs of the basic model (only covariates) are included for comparison.
HRs were calculated with cox proportional hazards regression model with clinical conversion as the outcome. For all biomarkers, HRs represent increased risk
of conversion for each SD change in biomarker value. To calculate AUC, we used generalized linear models including a binomial family. Covariates included in

all models were: age, sex, and APOE-¢4 carriership.

Abbreviations: AD, Alzheimer’s disease; AUC, area under the curve; AB, amyloid-3; Cl, confidence interval; CU, cognitively unimpaired; HR, hazard ratio; MClI,
mild cognitive impairment; NfL, neurofilament light; phosphorylated tau; p-tau; SD, standard deviation; WADRC, Wisconsin Alzheimer’s Disease Research

Center; WRAP, Wisconsin Registry for Alzheimer’s Prevention.

prediction models of conversion to all-cause dementia but not to
Alzheimer’s dementia was in line with previous findings of CSF NfL as
a non-specific biomarker of neurodegeneration.>3® Thus, based on our
results, CSF NfL may be helpful to predict conversion to dementias
other than Alzheimer’s, which in our models was already sufficiently
captured by the CSF p-tau/ApB42 ratio.

We found that the addition of CSF NfL to the CSF p-tau/AB42 ratio,
was also useful for predicting cognitive decline. This was only signifi-
cantinthe case of mPACC change predictionin BioFINDER-1 (n=550).
However, this CU group had a longer follow-up than in BioFINDER-2
(BioFINDER-1 mean follow-up time: 6.2 years vs. BioFINDER-2 mean
follow-up time: 1.2 years) and was significantly older than in the joint
WRAP & WADRC group (BioFINDER-1 mean age: 71.8 years old vs.
WRAP & WADRC mean age: 61.2 years old). These characteristics may
have facilitated the detection of alarger change in cognition, which was
not only attributed to CSF p-tau/AB42 ratio. Further supporting the
utility of CSF NfL for predicting cognitive decline, it isimportant to note
that it was the most frequently selected biomarker, after the CSF p-
tau/AB42 ratio, although in most cases its addition did not significantly
improve the model. Nonetheless, we cannot disregard the possibility
of a false positive result for CSF NfL. Future studies may benefit from
including alonger follow-up and a more diverse population to elucidate
the full clinical value of CSF NfL.

In the recent years, there has been an increasing interest in inves-
tigating glial activation markers and their relationship with disease
progression, as it has been suggested that inflammatory processes
may have an active role in AD.* Previous studies proposed that some
glial activation markers could be related to disease progression.” For

instance, higher levels of sSTREM2, a microglial activation marker,3?
have been related to slower rates of AS accumulation and disease
progression.*942 Levels of YKL-40, an astrocytic marker, were also
proposed as a potential prognostic marker of AD.*> However, those
studies were conducted without their comparison to core AD biomark-
ers or if so, they did not show a significant improvement on their
prediction accuracy. Similarly, neurodegenerative markers other than
CSF NfL were not included in our final models. Altogether, our results
suggest that, although their study hold great importance to understand
the biological processes underlying the course of AD, glial activation
markers and neurodegeneration markers other than NfL do not pro-
vide additional value in predicting disease progression to justify their
use in a clinical setting.

The main strength of this study is that analyses were performed in
three large longitudinal cohorts. Although there were small differences
in particular models, parsimonious models for each condition were
replicated in all cohorts, reinforcing our results. Furthermore, we used
a set of CSF biomarkers measured with the same technique and in the
same single panel, which reduces variability in our measures. Nonethe-
less, some limitations must be acknowledged. First, we focused on CSF
biomarkers rather than the recently developed plasma biomarkers.
Plasma biomarkers are promising but are, in contrast with CSF, not yet
widely available in clinical practice.224447 Second, participants were
recruited from cohort studies, which may limit the generalizability of
our results to a more representative clinical population. Nonetheless,
BioFINDER-2 is a study not only focused on AD and include partici-
pants with all types of dementias; and BioFINDER-1 is a representative
sample of patients from a Memory Clinic in Sweden, which increases
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FIGURE 2 Depiction of ROC curves for basic, p-tau/af42 only and parsimonious models for predicting progression to AD or all-cause
dementia. Models were created independently per clinical group at baseline (CU or MCI) and cohort (BioFINDER-1: [a], [c], and [e]; BioFINDER-2:
[b], [d] and [f]; and WRAP & WADRC: [g]). Only scenarios with data available and more than 20 conversion cases are depicted. AUC[95%Cl] are
depicted for each model and case in the picture. Basic models only included covariates. Biomarkers included in the parsimonious models in each
case are detailed in the figure. Covariates were included in all models and were: age, sex, APOE-¢4 carriership and time. Abbreviations: A,
amyloid-g; AD, Alzheimer’s disease; AUC, area under the curve; Cl, confidence interval; CU, cognitively unimpaired; MCI, mild cognitive
impairment; NfL, neurofilament light; Ng, neurogranin; p-tau; phosphorylated tau; ROC, receiver operating characteristic, WADRC, Wisconsin
Alzheimer’s disease Research Center; WRAP, Wisconsin Registry for Alzheimer’s Prevention
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FIGURE 3 Kaplan-Meier survival curves for each cohort and clinical group at baseline with conversion to Alzheimer’s dementia or all-cause

dementia as outcome. Colored lines depict different groups of individuals based on their baseline levels of selected biomarkers in the parsimonious

models. Green (red) group line represents participants with all biomarkers in the parsimonious model below (above) the mean at baseline. For
models with more than one biomarker included in the parsimonious model, yellow lines represent subjects with only one biomarkers above the
mean at baseline. Colored bands represent 95% confidence intervals and crosses represent censored data. The total number of individuals in each
group and timepoints are shown in the tables below the curves. Biomarkers used in the parsimonious model in each case are detailed in the plots.
Abbreviations: A3, amyloid-g; CU, cognitively unimpaired; MCI, mild cognitive impairment; NfL, neurofilament light; Ng, neurogranin; p-tau;
phosphorylated tau; WADRC, Wisconsin Alzheimer’s disease Research Center; WRAP, Wisconsin Registry for Alzheimer’s Prevention
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the diversity of the sample. Third, although our mean of follow-up time
was considerably long, it may still not be sufficient to capture cognitive
decline in CU, as most neurodegenerative disorders show a relatively
gradual decline. To alleviate this caveat, we used the mPACC to mea-
sure cognitive decline in CU, which is specifically developed to detect
the first signs of cognitive decline in a cognitively normal population.2?
Nonetheless, results of clinical progression in this group may be biased
due to the low number of conversions, specially to Alzheimer’s demen-
tia, and for this reason our results should be considered with caution.
Finally, we acknowledge that although the p-tau/AB42 ratio showed
prognostic utility, it may not be the most adequate biomarker to assess
the actual brain pathology.

Our results suggest that the CSF p-tau/AB42 ratio is sufficient,
compared with other CSF biomarkers, to accurately predict disease
progressioninthree large longitudinal cohorts. The addition of CSF NfL
to the CSF p-tau/ApB42 ratio may improve prediction of progression to
all-cause dementia and cognitive decline in some cases. On the other
hand, other markers of neurodegeneration and glial activation mark-
ers do not seem to provide additional value on disease progression
prediction. These results mays be useful for its implementation to the
clinical setting although further research in more diverse populations

is needed.
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