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Individualized prognosis of cognitive decline and
dementia in mild cognitive impairment based on
plasma biomarker combinations
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We developed models for individualized risk prediction of cognitive decline in mild cognitive impairment (MCI) using plasma
biomarkers of f-amyloid (Ap), tau and neurodegeneration. A total of 573 patients with MCI from the Swedish BioFINDER study
and the Alzheimer's Disease Neuroimaging Initiative (ADNI) were included in the study. The primary outcomes were longitu-
dinal cognition and conversion to Alzheimer's disease (AD) dementia. A model combining tau phosphorylated at threonine 181
(P-tau181) and neurofilament light (NfL), but not Af,,/Ap,,, had the best prognosis performance of all models (area under the
curve = 0.88 for 4-year conversion to AD in BioFINDER, validated in ADNI), was stronger than a basic model of age, sex, educa-
tion and baseline cognition, and performed similarly to cerebrospinal fluid biomarkers. A publicly available online tool for indi-
vidualized prognosis in MCl based on our combined plasma biomarker models is introduced. Combination of plasma biomarkers
may be of high value to identify individuals with MCI who will progress to AD dementia in clinical trials and in clinical practice.

prevalence expected to double by 2030 (ref. !). Fifty to sev-

enty percent of all dementia cases are caused by Alzheimer’s
disease (AD)’. The dementia stage is preceded by mild cognitive
impairment (MCI). Accurate prognosis is important in MCI, since
it may either lead to cognitive decline and dementia (due to AD
or other diseases) or be benign and stable’. If disease-modifying
treatments became available for AD*, accurate prognostics may be
important to guide treatment in patients with MCI.

Even at the MCI stage, key pathological hallmarks of AD can
be detected in vivo using cerebrospinal fluid (CSF) biomarkers
(for example, the ratio of AP, to AB,, and tau phosphorylated at
threonine-181 (P-taul81)*°) or positron emission tomography
(PET) of AP and tau”®. However, the use of these technologies is
limited due the perceived invasiveness of lumbar punctures and the
high cost and low availability of PET imaging. Blood-based bio-
markers could overcome these hurdles.

Blood-based biomarkers of AP (A), tau (T) and neurodegenera-
tion (N) in AD (that is, the ATN biomarkers)’ include the Ap,,/
AP, ratio'’, P-taul81 (refs. "'-"*) and neurofilament light (NfL)'*",
respectively. AP,/Af,, and P-taul8l in plasma correlate with
AB-PET and tau-PET findings, respectively, and can distinguish
AD dementia from controls and non-AD neurodegenerative dis-
orders'-'>'. Blood-based NfL is associated with cortical atrophy
and cognitive decline in AD". P-tau217 in plasma has also recently
been described'®. However, most studies on blood-based AD bio-
markers report findings at the group level. There is a gap in our

A bout 50 million people live with dementia globally, with the

understanding of how well these biomarkers predict clinical out-
comes at the individual patient level and how they compare with
more basic prediction models. Individualized assessment has
recently been applied using CSF and related imaging biomarkers in
MCI"™. A similar study is lacking for blood-based biomarkers. It
could be of great value for clinical practice and trials to investigate
whether plasma ATN biomarkers perform as well as CSF biomarkers
and better than more basic prediction models. We have previously
performed a study with a multivariate approach to examine plasma
biomarkers and the risk of progression from MCI to AD dementia'’,
but most other studies focused on evaluating the biomarkers indi-
vidually'®'>"*. None of these studies, however, applied the ATN clas-
sification system’, nor did they systematically aim to find the best
subset of ATN biomarkers for individualized predictions.

We measured plasma AP,,/Ap,, P-taul81 and NfL in patients
with MCI from two large cohorts and tested which subset of plasma
biomarkers best predicted individual risk for cognitive decline and
progression to AD dementia. We compared the prognostic ability
of plasma biomarkers with the same biomarkers measured in CSE,
as well as with a more basic prediction model, and cross-validated
our individual-based risk assessment models both within and
across cohorts.

Results

Study population characteristics (model selection sample). A
total of 148 patients with MCI from the Biomarkers for Identifying
Neurodegenerative Disorders Early and Reliably (BioFINDER)
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Table 1| Study participant characteristics (model selection)

Characteristic BioFINDER ADNI P
n 148 86
Age (years) (mean (s.d.)) 71.36 (5.47) 71.51(7.59) 0.865
Education (years) (mean (s.d.)) 1118 (3.49) 16.43 (2.67) <0.001
Sex (n (%))
Male 94 (63.5) 42 (48.8) 0.04
Female 54 (36.5) 44 (51.2)
MMSE score
Baseline (mean (s.d.)) 27.21(1.72) 28.26 (1.74) <0.001
2years (mean (s.d.)) 24.76 (3.66) 2816 (2.00) <0.001
4 years (mean (s.d.)) 21.78 (5.25) 2762 (2.92) <0.001
Conversion to AD dementia
2years (n (%))
No 105 (74.5) 80 (93.0) 0.001
Yes 36 (25.5) 6 (7.0)
4years (n (%))
No 43 (40.2) 66 (89.2) <0.001
Yes 64 (59.8) 8(10.8)
Conversion to all-cause dementia
2years (n (%))
No 96 (64.9) 80 (93.0) <0.001
Yes 52 (351 6 (7.0)
4years (n (%))
No 42 (31.8) 65 (87.8) <0.001
Yes 90 (68.2) 9(12.2)
Plasma biomarkers (pg ml-")
AB4,/AP4o as measured by Elecsys assay (mean (s.d.)) 415 (0.12) NA
APB4/AB4o as measured by mass spectrometry (mean (s.d.)) NA 0.12 (0.01)
ABLo/ABuo status (n (%))
- 64 (43.2) 39 (45.3) 0.86
+ 84 (56.8) 47 (54.7)
P-tau181 as measured by MSD platform (mean (s.d.)) 0.91(0.78) NA
P-tau181 as measured by Simoa-based assay (mean (s.d.)) NA 2.64 (0.61)
P-tau181 status (n (%))
- 50 (33.8) 55 (64.0) <0.001
+ 98 (66.2) 31(36.0)
NfL (mean (s.d.)) 314 (0.45) 3.48(0.44) <0.001
NfL status (n (%))
- 86 (58.1) 55 (64.0) 0.458
+ 62 (41.9) 31(36.0)

Minus and plus signs indicate negative (normal) and positive (abnormal) biomarker values, respectively. Biomarker concentrations were natural log transformed. For the BioFINDER cohort, there were
n=27 cases of all-cause dementia at 4 years that were not AD dementia (n=11vascular dementia; =8 dementia with Lewy bodies/Parkinson’s disease dementia; n=2 frontotemporal dementia; n=6
non-specified dementia), whereas for the ADNI cohort, there were n=6 (n=1 delirium due to West Nile encephalitis; n=1dementia with Lewy bodies; n=1dementia due to human immunodeficiency virus;
n=1normal pressure hydrocephalus; n=1; Down syndrome; n=1non-specified dementia). Pvalues were determined by two-sided t-test, with significance assumed at P <0.05 (no adjustment for multiple
comparisons). F, female; M, male; MSD, Meso Scale Discovery; NA, not applicable (due to the use of different assays or time points for the BioFINDER and ADNI datasets; as a result, continuous plasma

biomarker data were not compared across groups).

cohort for whom all three plasma and CSF biomarker measurements
were available, along with at least one of the primary or secondary
outcomes, were used for model selection (Table 1). The mean age
was 71.4years, the mean education duration was 11.2years, 36.5%
were female and the mean mini-mental state examination (MMSE)
score was 27.2 + 1.7 at the baseline. Moreover, the mean MMSE score

was 21.8+5.2 at 4years after the baseline and conversion to AD
dementia was 59.8% within 4 years of the baseline. There was a sig-
nificant negative correlation between plasma Af,,/Ap,, and plasma
P-taul81 (coefficient of determination (R?) =—0.30; P <0.0001; see
Extended Data Fig. 1) and a significant positive correlation between
plasma P-taul81 and plasma NfL (R*=0.33; P<0.0001; Extended
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Data Fig. 1), but no significant correlation was observed between
plasma Af,,/AB,, and plasma NfL (R*=-0.08; P=0.31; Extended
Data Fig. 1). The associations between corresponding CSF bio-
markers in the BioFINDER model selection sample are shown in
Extended Data Fig. 2. The study procedures are outlined in Fig. 1.

The data from 86 patients with MCI from the Alzheimer’s
Disease Neuroimaging Initiative (ADNI) cohort for whom all three
plasma biomarker measurements were available alongside at least
one of the primary or secondary outcomes were used to replicate
model selection (Table 1). The mean age was 71.5years, the mean
education duration was 16.4 years, 51.2% were female and the mean
MMSE score was 28.3+1.7 at the baseline. Moreover, the mean
MMSE score was 27.6+2.9 at 4years after the baseline and con-
version to AD dementia was 10.8% within 4years of the baseline.
There was a significant negative correlation between plasma Af,,/
A, and plasma P-taul81 (R*=-0.31; P=0.0023; Extended Data
Fig. 2) but no significant correlation between plasma P-taul81 and
plasma NfL (R*=0.15; P=0.16; Extended Data Fig. 2) or between
plasma Af,,/AB,, and plasma NfL (R*=-0.16; P=0.11; Extended
Data Fig. 2).

To validate our prognostic models, we used data from 425 patients
with MCI from the ADNI cohort for whom plasma P-taul81 and
NfL measurements were available alongside at least one of the pri-
mary or secondary outcomes available. The mean age of this cohort
was 71.0years, the mean education duration was 16.1 years, 51.8%
were female and the mean MMSE score was 28.2 + 1.7 at the base-
line. Moreover, the mean MMSE was 26.6+4.1 4years after the
baseline and conversion to AD dementia was 33.1% within 4 years
of the baseline. There was a significant positive correlation between
plasma P-taul81 and plasma NfL (R*=0.35; P<0.0001; Extended
Data Fig. 3).

Model selection for longitudinal cognition. With 4-year MMSE as
the outcome in the BioFINDER model selection sample (n=118),
the model that included plasma A,,/A,, P-taul81 and NfL as
predictors (full model; R*=0.36; Akaike information criterion
(AIC) = 684) fit the data significantly better than the basic model that
included age, sex, education and baseline MMSE score (R*=0.24;
AIC=702; P=0.0001 compared with the full model). However, the
best-fitting model according to the AIC was the one that included
plasma P-taul81 and NfL but not AB,,/AB,, (R*=0.36; AIC=683).
In the best-fitting model, there was a significant individual effect of
P-taul8l (f=—1.65; P<0.0001) but not NfL (8=—0.70; P=0.13)
(Fig. 2a,b and Supplementary Table 1).

With 4-year MMSE as the outcome in the ADNI model selection
sample used for replication (n=64), the full plasma model (R*=0.25;
AIC=310) fit the data better than the basic model (R*=0.15;
AIC=316; P=0.01 compared with the full ATN model), and the
best-fitting model according to the AIC again included plasma
P-taul81 and NfL only (R*=0.25; AIC=309). In the best-fitting
model, the individual effect of P-taul81 was nearly significant
(f=—-0.64; P=0.06) while the individual effect of NfL was signifi-
cant (f=-1.02; P=0.02) (Fig. 2a,b and Supplementary Table 1).

Model selection for clinical conversion. With 4-year conversion
to AD as the outcome in the BioFINDER model selection sample
(n=107), the full plasma model that included all three biomark-
ers (area under the curve (AUC)=0.88; AIC=106) fit the data
significantly better than the basic model (AUC=0.70 (0.60-0.79);
AIC=140; P<0.0001 compared with the full model). The
best-fitting model according to the AIC included P-taul8l and
NfL but not AB,,/AB,, resulting in an AUC of 0.88 (0.82-0.95). A
maximum specificity of 95.3% could be achieved given at least 50%
sensitivity, and a maximum sensitivity of 96.8% could be achieved
given at least 50% specificity (Fig. 3a,b and Supplementary Table 2).
In the best-fitting model, there was a significant individual effect
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Fig. 1| Flow chart of study procedures. In the ADNI cohort, 425
participants had data for plasma P-tau181 and NfL. Of these, 86 also had
data for plasma AB,./AB... The number of participants available for different
outcomes differed for both BioFINDER and ADNI. Asterisks in the section
'Model selection’ represent the ADNI model selection sample, which
included individuals in the ADNI cohort for whom data were available for

all plasma biomarkers (that is, AB.,/AB.o, P-tau181and NfL). In the section
‘Individualized prediction using best models’, ‘internal prognostic validation’
refers to fivefold cross-validation for the internal prognostic validation

step, whereas ‘external prognostic validation’ refers to validating the model
selection (that is, validating that the best-performing model for BioFINDER
was the best-performing model for ADNI, and vice versa). Asterisks in the
section ‘Individualized prediction using best models’ represent the ADNI
prognostic validation sample, which included individuals in the ADNI cohort
for whom data were available for P-tau181 and NfL.

of P-taul81 (odds ratio (OR)=5.87; P=0.0001) but not NfL
(OR=1.73; P=0.10). Using Cox regression (Supplementary Table 3),
the model with P-taul81 and NfL was still the best-fitting model
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Fig. 2 | Modeling cognitive decline using plasma Ap,./Ap,,, P-tau181 and NfL. Results from modeling cognitive decline in patients with MCl using

plasma biomarkers. a, R? (x axis) and AIC values (numbers in plots) for each plasma-based model, with MMSE evaluated 4 years after the baseline as the
outcome, in the ADNI and BioFINDER cohorts. The dashed vertical lines show basic model performances for reference. Error bars indicate 95% confidence
intervals. All models also included age, sex, education and baseline MMSE as predictors. b, Coefficients from each plasma-based model, with MMSE
evaluated 4 years after the baseline as the outcome, in the ADNI and BioFINDER cohorts. Statistically significant variables, as determined by two-sided
t-test on regression coefficients, are plotted with an asterisk instead of a square, and the error bars represent 95% confidence intervals. ¢, Estimated
MMSE trajectories (colored lines), together with the estimated trajectories from the best-fitting model (P-tau181 and NfL; AB,,/AB., was not taken forward
for assessing predictive performance), according to biomarker status, adjusted for age, sex, education and baseline MMSE. Error bars represent 95%
confidence intervals on estimated trajectories. No corrections for multiple comparisons were performed.

and there was a significant individual effect of both P-taul8l
(hazard ratio (HR) =2.52; P=0.006) and NfL (HR=2.70; P=0.02).

With 4-year conversion to AD as the outcome in the ADNI model
selection sample used for replication (n=74), the full plasma model
(AUC=0.88 (0.80-0.98); AIC =50) fit the data better than the basic
model (AUC=0.74 (0.52-0.95); AIC=57; P=0.005 compared with
the full ATN model) and the best-fitting model according to AIC
again included P-taul81 and NfL only. The AUC for this model was
0.89. A maximum specificity of 90.1% could be achieved given at
least 50% sensitivity, and a maximum sensitivity of 100% could be
achieved given at least 50% specificity (Fig. 3a,b and Supplementary
Table 2). In the best-fitting model, the individual effect of P-taul81
was significant (OR =4.58; P=0.009) while the individual effect of
NfL was not significant (OR=2.15; P=0.20). Using Cox regres-
sion (Supplementary Table 3), the model with P-taul81 and NfL
was again still the best-fitting model, with a significant effect
in this model for P-taul81 (HR=2.22; P<0.0001) but not NfL
(HR=1.27; P=0.13). Receiver operating characteristic (ROC)
curves for the main models are presented in Fig. 4. ROC curves for
all of the models in the model selection analysis with 4-year con-
version to AD dementia as the outcome are presented in Extended
Data Fig. 4.

Effect of the APOE €4 genotype on model selection. Including
APOE €4 genotype status (that is, e4 carrier versus non-carrier)
in the basic model did not substantially affect model selection for
the primary cognitive outcome (Supplementary Table 4) or for the
primary clinical outcome (Supplementary Table 5). Moreover, the

full plasma ATN model still outperformed the basic model for both
the primary cognitive and clinical outcomes.

Sensitivity analysis using secondary and exploratory outcomes.
We performed the same model selection procedure as outlined
above using the secondary and exploratory outcomes. We found
that the best-fitting models identified here varied across outcomes,
whereas the full plasma model including Af,,/Af,, P-taul81 and
NfL still always outperformed the basic model alone (Supplementary
Tables 4-13).

Sensitivity analysis using an alternative plasma Ap,,/A,, assay.
Because plasma A,,/AB,, was not selected as a predictor in the
best-fitting models for the co-primary outcomes, we tested whether
this result differed when using a mass spectrometry assay (Araclon
Biotech) instead of the Elecsys assay used in the BioFINDER
cohort. Here, the best-fitting models according to AIC when using
the mass spectrometry plasma Ap,,/AB,, assay still did not include
AB,,/AP,,. Instead, the best-fitting model with 4-year MMSE as the
outcome included P-taul81 and NfL only and the best-fitting model
with 4-year conversion to AD as the outcome included P-taul8l
only (Supplementary Tables 12 and 13).

Sensitivity analysis using plasma P-tau217 in the BioFINDER
cohort. Primary analyses (that is, 4-year MMSE and 4-year conver-
sionto AD)wererepeated using plasmaP-tau217 (see Palmqvistetal.'
for an assay description) instead of P-taul81. As plasma P-tau217
data are not available for ADNI, these analyses were performed
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Fig. 3 | Modeling clinical conversion using plasma Af,,/Af,,, P-tau181 and NfL. Results from modeling clinical conversion in patients with MCl using
plasma biomarkers. a, AUC (xaxis) and AIC values (numbers in plots) for each plasma-based model, with conversion to AD within 4 years after baseline
as the outcome, in the BioFINDER and ADNI cohorts. The dashed vertical lines show basic model performances for reference. Error bars indicate 95%
confidence intervals. All models also included age, sex, education and baseline MMSE as predictors. b, Coefficients from each plasma-based model, with
conversion to AD within 4 years after the baseline as the outcome, in the BioFINDER and ADNI cohorts. Statistically significant variables, as determined

by two-sided t-test on regression coefficients, are plotted with an asterisk instead of a square, and the error bars represent 95% confidence intervals.

¢, Estimated probability of not converting to AD, as predicted from the best-fitting model (P-tau181 and NfL; AB,,/Ap,, was not taken forward for assessing
predictive performance), according to biomarker status, adjusted for age, sex, education and baseline MMSE. Error bars represent 95% confidence

intervals on estimated trajectories.

using BioFINDER participants only. Findings from these analy-
ses replicated those found when using P-taul81 (Supplementary
Tables 14 and 15): P-tau in combination with NfL remained the best
model for both outcomes, and R* and AUC values were similar when
using P-tau217 or P-taul81 (for MMSE, compare Supplementary
Table 14 with Supplementary Table 1; for conversion to AD, com-
pare Supplementary Table 15 with Supplementary Table 2).

Study population characteristics (prognostic validation sample).
Since the model that included both plasma P-taul81 and NfL (but
not AP,,/AB,) provided the best fit across co-primary outcomes
in both cohorts, this model was taken forward in the prognostic
validation stage. For this analysis, we therefore only required par-
ticipants to have available data on plasma P-taul81 and NfL mea-
surements and at least one of the primary or secondary outcomes.
As such, 148 patients with MCI from the BioFINDER cohort (no
difference from the BioFINDER model selection sample) and 425
patients with MCI from the ADNI cohort (Table 2; see Extended
Data Fig. 5 for the association between plasma P-taul81 and NfL in
this group) were included.

Patient-level prognostic validation within cohorts. We per-
formed an internal validation where the patient-level predictive
performance of the best-fitting plasma model (the basic model plus
plasma P-taul81 and NfL) was evaluated within each cohort and
compared with the basic model alone and with the full CSF model
(the basic model plus CSF Ap,,/Af,, P-taul81 and NfL).

With 4-year MMSE as the outcome in the BioFINDER prog-
nostic validation sample (n=118), the best-fitting plasma model

NATURE AGING | www.nature.com/nataging

improved cross-validated, out-of-sample prediction compared with
the basic model alone (mean absolute error (MAE)=3.07 points
versus 3.36 points; P<0.001; 8.5% improvement) and showed no
significant difference compared with the full CSF model (P=0.68
over 1,000 bootstrapped trials). With 4-year MMSE as the out-
come within the ADNI prognostic validation sample (n=252), the
same best-fitting plasma model improved out-of-sample prediction
compared with the basic model alone (MAE=2.42 points versus
2.49 points; P<0.001; 2.9% improvement).

With 4-year conversion to AD as the outcome in the BioFINDER
prognostic validation sample (n=107), the best-fitting plasma
model improved out-of-sample prediction compared with the
basic model alone (AUC=0.63 versus 0.83 (note that these
cross-validated AUCs are, as expected, lower than the AUCs from
corresponding models fit on all data for model selection); P<0.001;
31.7% improvement) and significantly outperformed the full CSF
model (P=0.002 over 1,000 bootstrapped trials; 5% improvement).
With 4-year conversion to AD as the outcome in the ADNI prog-
nostic validation sample (n=320), the plasma model significantly
improved out-of-sample prediction compared with the basic model
alone (AUC=0.66 versus 0.76; P<0.001; 15.4% improvement).
For a visual depiction of individualized predicted probabilities of
conversion to AD across models, see Fig. 5.

Patient-level prognostic validation across cohorts. We performed
an external validation whereby the patient-level predictive per-
formance of the best-fitting plasma model (the basic model plus
plasma P-taul81 and NfL) was evaluated across each cohort by first
fitting the model on BioFINDER participants and then testing on
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Fig. 4 | ROC curves for clinical conversion across cohorts. a,b, ROC curves from modeling clinical conversion in patients with MCI using plasma
biomarkers in the BioFINDER (a) and ADNI (b) cohorts. The basic model (age, sex, education and baseline MMSE) is shown along with the
best-performing model selected for further prognostic validation (basic model + plasma P-tau181+ plasma NfL (plasma TN)). Results from the full CSF
model (basic model + CSF AB,,/AP4o+ CSF P-tau181+ CSF NfL (CSF ATN)) are also shown for the BioFINDER cohort. These results are not shown for the
ADNI cohort as the full CSF model was not available (but note that the CSF TN model for ADNI was tested at the prognostic validation stage).

ADNI participants, and vice versa. For this analysis, biomarkers
were dichotomized.

With 4-year MMSE as the outcome in the BioFINDER (n=118,
of whom 28 were T"N-, 13 were T"N*, 46 were T*N~ and 31
were T*N*) and ADNI prognostic validation samples (n=243, of
whom 118 were T"N-, 35 were T"N¥, 46 were T*N~ and 44 were
T*N*), the plasma model significantly improved prediction on the
test cohort compared with the basic model, both when the model
was fit on BioFINDER and tested on ADNI (MAE=3.74 versus
4.08; P=0.0006; 8.3% improvement) and when the model was
fit on ADNI and tested on BioFINDER (MAE=4.15 versus 5.19;
P<0.0001; 20.1% improvement).

With 4-year conversion to AD as the outcome in the BioFINDER
(n=107; of whom 20 were TN, five were T"N*, 49 were T*N~ and
33 were T*N™*) and ADNI prognostic validation samples (n=314,
of whom 139 were T"N-, 45 were T"N*, 62 were T*N~ and 68 were
T*N*), the plasma model improved prediction on the unseen cohort
both when the model was fit on ADNI and tested on BioFINDER
(AUC=0.61 versus 0.79; P < 0.0001; 29.3% improvement) and when
the model was fit on BioFINDER and tested on ADNI (AUC=0.62
versus 0.73; P<0.0001; 18.3% improvement).

Online individualized risk prediction tool. We provide an illus-
trative online tool for use with the current dataset at predictpro-
gression.com, where individualized predictions can be made for
MMSE, conversion to AD dementia and clinical dementia rat-
ing scale—sum of boxes (CDR-SB) score, at 2 and 4years after the
baseline, in patients with MCI at the baseline. The tool allows the
user to enter data on age, sex, baseline cognition (MMSE and/or
CDR-SB) and dichotomous biomarker status for CSF or plasma
APB,/AB,, P-taul81 and NfL. It is also possible to test predictions
with sparse models including subsets of biomarkers. For example,
for a 70-year-old female with MCI and a baseline MMSE score of
27, if all plasma AP,/AP,, P-taul81 and NfL values are known
and negative, the probabilities are 6% (90% prediction interval =
2-20%) at 2years and 16% (90% prediction interval = 5-38%) at
4years (Extended Data Fig. 6). If all plasma Ap,,/AB,, P-taul8l
and NfL values are positive, the probabilities change to 43% (90%
prediction interval = 25-62%) at 2 years and 92% (90% prediction
interval = 77-97%) at 4 years (Extended Data Fig. 6). In the absence

of biomarker information, the predicted probability of conversion
to AD is 33% (90% prediction interval =23-45%) at 2 years and 69%
(90% prediction interval = 56-80%) at 4 years.

Discussion

We addressed the patient-level prognostic value of plasma AD bio-
markers (Af,,/ APy, P-taul81 and NfL) in MCI. Plasma P-taul81 in
combination with NfL best predicted primary outcomes of decline
in MMSE score and clinical progression to AD dementia over
4years. These results were robust to the time horizon (2 or 4years
of follow-up), selection of outcome (MMSE, CDR-SB, conversion
to AD dementia or conversion to all-cause dementia), two differ-
ent cohorts and choice of AP assay. In general, prognostic perfor-
mance using the plasma-based models was either non-inferior or
even better than when using CSF biomarkers, and better than a
basic model including age, sex, education and baseline cognition.
These biomarker-driven prediction models can be applied using
our online tool for accurate individualized prognosis in MCI (that
is, to predict, for a given patient, both what their MMSE score will
be 4 years after their baseline visit and their percentage risk of pro-
gressing from MCI to AD dementia over the same time interval).
This tool might improve treatment and care’’ and could increase
power for clinical trials for prodromal AD by only including those
with a high risk of future progression.

Our study is novel in the way we address the individualized
predictive value of plasma AD biomarkers, but it can be compared
with previous work examining CSF and imaging biomarker-driven
prognosis at the MCI stage”. Using four separate prognostic
models—including age, sex, CSF Af,,, T-tau and MMSE, as well
as an ATN variant combining CSF Ap,, and P-taul81 with hip-
pocampal volume—van Maurik and colleagues® looked at the
likelihood of progression to dementia from MCI. While all mod-
els performed well, the highest performance was seen using
the CSF ATN model. Similarly, we found that a combined ATN
model (AP,/AB,, P-taul8l and NfL) in plasma outperformed
a basic model with demographics and baseline MMSE score as
predictors. Importantly, plasma models improved the predic-
tion of longitudinal MMSE despite adjustment for MMSE score
at the baseline, which in itself is a very strong predictor of future
MMSE score.
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Table 2 | Study participant characteristics in ADNI (prognostic
validation)

Characteristic ADNI
n 425
Age (years) (mean (s.d.)) 70.98 (7.81)
Education (years) (mean (s.d.)) 16.06 (2.65)
Sex (n (%))
Male 205 (48.2)
Female 220 (51.8)
MMSE score
Baseline (mean (s.d.)) 2815 (1.67)
2years (mean (s.d.)) 27.27 (2.76)
4 years (mean (s.d.)) 26.57 (4.10)
Conversion to AD dementia
2years (n (%))
No 337 (79.7)
Yes 86 (20.3)
4years (n (%))
No 230 (66.9)
Yes 114 (33D
Conversion to all-cause dementia
2years (n (%))
No 336 (79.)
Yes 89 (20.9)
4years (n (%))
No 228 (65.7)
Yes 19 (34.3)
Plasma biomarkers (pg ml")
AB4/AB4o as measured by mass spectrometry 0.12 (0.01)
(mean (s.d.))
AB.,/AByo status (n (%))
- 39 (45.3)
o 47 (54.7)
P-tau181 as measured by Simoa-based assay 2.70 (0.61)
(mean (s.d.))
P-tau181 status (n (%))
- 258 (60.7)
+ 167 (39.3)
NfL (mean (s.d.)) 3.50 (0.47)
NfL status (n (%))
- 283 (66.6)
+ 142 (33.4)

This table includes data for a subset of the ADNI cohort with plasma P-tau181 and NfL
measurements and at least one of the primary or secondary outcomes available (prognostic
validation). Minus and plus signs indicate negative (normal) and positive (abnormal) biomarker
values, respectively. Biomarker concentrations were natural log transformed.

Inclusion of P-taul8l in the best models may reflect that
P-taul81 detects AD-type changes'’. In contrast, plasma Af,,/Af,,
was not included in the best model, suggesting that plasma Af bio-
markers do not provide additional prognostic information in MCI
when an efficient plasma P-tau measure is included. This is logical,
since symptoms in AD are linked to tau pathology?, and elevations
in tau biomarkers appear to be dependent on AP pathology**.
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Findings for plasma Ap,,/Ap,, have also been more varied than for
plasma P-taul81 (refs. '°*) and have only shown modest reductions
in AD dementia (10-15% compared with cognitively unimpaired),
while P-taul81 is greatly increased in AD dementia (>100% com-
pared with cognitively unimpaired)''-"*. However, it is possible that
plasma Af,,/AB,, may have added value at the preclinical stage of
the disease, when it has reached pathological levels'®, while tau and
neurodegeneration markers continue to increase during the symp-
tomatic stages of the disease'"*°. The best models also included NfL,
which is a more general marker of neurodegeneration'” and appears
to give prognostic information complimentary to P-taul81.

In addition to the CSF studies by van Maurik on individual-
ized biomarker-based risk predictions of dementia in patients with
MCI"?, recent work from our group has examined the association
between plasma-based biomarkers and the risk of AD dementia'.
Although similar in terms of including plasma Ap,,/Ap,,, P-taul81
and NfL, the present study differs from our previous work in a num-
ber of important ways. We now focus on identifying optimal models
within the ATN framework, rather than individual biomarkers, and
on patient-level (and not group-level) predictions. We also compare
plasma-based models with a more basic model without biomark-
ers (but with baseline MMSE score) and with CSF-based models.
We performed extensive internal and external validation analyses
(including novel plasma P-taul81 measurements from the ADNI
cohort). In terms of results, one important difference compared
with the previous study'’ is the finding that both NfL and P-taul81
(rather than just P-taul81) contribute to the best-performing mod-
els. Although little difference in AIC was seen between plasma
models with and without Af,,/Ap,, we opted not to include this
biomarker as we aimed to select the most parsimonious model (that
is, the one performing best or as good as all the others but including
the least number of biomarkers).

Although the relative importance of biomarkers may vary across
contexts and intended applications, plasma biomarkers are promis-
ing due to their high accessibility and low cost. With respect to the
potential future clinical implementation of plasma biomarkers, the
use of binarized data (that is, abnormal versus normal) will prob-
ably prove much easier to implement as different assays will have
different cut-offs; moreover, different cut-offs may even be required
across different laboratories, even when using the same assay, due to
local differences in how plasma is collected, handled and analyzed.
That said, in the longer term, assays will need to be standardized so
that the same values are obtained even when samples are measured
in different laboratories; this represents a considerable task, based
on the field’s experience with CSF AD biomarkers”.

The strengths of our study include the use of CSF-based ATN
models as an internal performance benchmark and the focus on risk
estimates at the participant level. The results were robust across dif-
ferent assays used to measure plasma P-taul81 in the BioFINDER
and ADNI cohorts. Validation in two independent cohorts with
greatly differing demographic makeup speaks to the robustness
and relevance of our findings. BioFINDER patients were recruited
in a consecutive fashion at three different memory clinics, with
approximately 90% of these referred by primary care physicians.
ADNI patients were recruited from many different clinics and may
be more representative of a highly selected clinical trial population.
Interestingly, the additional effect that including plasma biomark-
ers had on individualized prognostic performance was higher in the
BioFINDER cohort than in the ADNI cohort. This phenomenon is
most likely explained by the differences in the demographic makeup
of the cohorts, as previously explained. Sensitivity analyses showed
that our results were robust across clinical outcomes and for the
method used to measure plasma Af,,/ A,

We showed that including the APOE €4 genotype in the basic
model did not dampen the effect of including plasma biomarkers.
This is a promising result given the ethical difficulties in disclosing
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Fig. 5 | Individualized prediction of 4-year conversion from MCl to AD dementia. a,b, Results from internal cross-validation for clinical conversion for the
best-performing models, as identified in the first stage of analysis using all available BioFINDER (a; n=107) and ADNI (b; n=320) patients. The box plots
show the minimum and maximum values (whiskers), as well as the median (central line) and interquartile range (that is, the first quartile (25th percentile;
bottom edge of box) and third quartile (75th percentile; top edge of box)). The values plotted here show the predicted probability of conversion from MCI
to AD dementia for each individual in the BioFINDER and ADNI cohorts, showing 32.3% improvement (AUC = 0.62 for the basic model versus AUC=0.82
for the P-tau181 and NfL model) of the plasma-based model over the basic model in BioFINDER and a 15.4% improvement (AUC = 0.66 for the basic

model versus AUC=0.76 for the P-tau181 and NfL model) in ADNI.

genetic status to patients, particularly as it relates to patients’ rela-
tives. Future work will be focused on understanding whether
APOE &4 allele carriers can especially benefit from plasma bio-
marker measurement or whether current plasma ATN biomarkers
can largely replace the need for genetic testing, as indicated by the
present results.

This study has limitations. First, our sample size was relatively
modest; therefore, significant differences between models are dif-
ficult to establish. We relied on selecting the most parsimoni-
ous model where differences in AIC values were small (when the
models perform similarly, we believe that a less complex model
with fewer biomarker predictors is preferable). Further studies on
larger and more diverse populations, including in primary care, may
result in more precise and generalizable models. Second, as data
on plasma P-tau217 were not available from the ADNI cohort, the
sensitivity analysis for primary outcomes replacing P-taul81 with
P-tau217 was only performed for the BioFINDER cohort. Although
plasma P-tau217 has recently been shown to outperform P-taul81
for discriminating AD dementia from non-AD conditions®, there
are, as yet, no data indicating that P-tau217 is superior to P-taul81
for predicting progression to AD in MCI. As our sensitivity analysis
resulted in findings that were quite similar to those using P-taul81,
P-tau217 might not be a clearly better predictor of future cognitive
decline than P-taul81 in individuals with MCI. Third, the find-
ing that the plasma-based model outperformed the CSF-based
model when using 4-year conversion to AD—but not when using
4-year MMSE score—as the outcome requires replication. Possibly,
this finding could relate to our sample size or to changes to the
blood-brain barrier, rendering plasma P-taul81 more specific for
AD pathology than CSF P-taul81. It is also possible that variabil-
ity in CSF production and turnover could differentially impact the
performance of CSF P-taul81 versus plasma P-taul8l. This too
requires further study.

Lastly, as indicated above, our online prediction tool is specific to
the dataset we examined and was included only to illustrate the pos-
sible future use of such a tool in clinical settings. Further studies are
needed to address its performance using data from other cohorts.

In conclusion, plasma-based AD biomarkers can provide
patient-level prognostic information in MCI, comparable to CSF
biomarkers. Plasma P-taul81 in combination with NfL seems to
best predict cognitive decline and clinical progression. Plasma

biomarkers of core AD features may aid in individualized risk assess-
ment for patients with MCI, which represents a critical step towards
accessible precision medicine for cognitive diseases. Standardized
assays with universal cut-offs and replication of the findings in large
cohorts are needed.

Methods

This study was conducted in accordance with Standards for Reporting of
Diagnostic Accuracy (STARD) guidelines. The STARD checklist can be found as
part of the Supplementary Information.

Participants. In this prospective study, we studied consecutively enrolled

patients with MCI from the Swedish BioFINDER cohort (clinical trial number
NCT01208675; www.biofinder.se). The patients were recruited and evaluated at
memory clinics in the cities of Lund, Malmé and Angelholm between July 2008
and June 2019. They were between 60 and 80 years old and fulfilled the consensus
criteria for MCI suggested by Petersen® (including: cognitive complaints,
preferably corroborated by an informant; objective cognitive impairment, adjusted
for age and education; preservation of general cognitive functioning and an MMSE
score of 24-30; and no or minimal impairment of daily life activities) but did not
fulfill criteria for dementia, as described previously in detail”. Exclusion criteria
included cognitive impairment that could better be accounted for by another
non-neurodegenerative condition, severe somatic disease and current alcohol or
substance abuse. After their baseline visit, all patients were seen annually, to assess
clinical progression.

For validation, data were obtained from patients with MCI in the ADNI
database (the convenience sample; clinical trial number NCT00106899; adni.loni.
usc.edu). The ADNI was launched in 2003 as a public-private partnership
led by principal investigator M. W. Weiner. For up-to-date information, see
www.adni-info.org. The data included in the present study were collected
between September 2005 and December 2019.

All participants gave written informed consent. For BioFINDER, ethical
approval was given by the Regional Ethical Committee of Lund University. Ethical
approval in relation to the ADNI cohort was given by the local ethical committees
of all of the involved sites (see Supplementary Notes for a complete list). For both
cohorts, no data points were excluded from the analyses. As both BioFINDER and
ADNI are observational cohort studies, allocation of participants into experimental
groups was not performed (that is, there was no randomization). All analyses were
adjusted for age, sex, education and baseline cognition.

Outcomes. The co-primary outcomes were the global cognitive measure MMSE
and clinical conversion to AD dementia, evaluated 4 years after the baseline
(4-year MMSE and 4-year conversion to AD, respectively). Clinicians who
evaluated cognitive decline and conversion to dementia were blinded to biomarker
data. As secondary outcomes, we used 2-year MMSE and 2-year conversion to

AD dementia. As exploratory outcomes, we used 2-year and 4-year CDR-SB along
with 2-year and 4-year conversion to dementia due to any cause. Outcomes were
selected on the basis of their clinical relevance.
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In BioFINDER, clinical status of dementia due to AD or other diseases was
evaluated according to Diagnostic and Statistical Manual of Mental Disorders
(version 5) criteria for major neurocognitive disorder (that is, dementia).
Dementia in ADNI was defined using the National Institute of Neurological and
Communicative Disorders and Stroke and the Alzheimer’s Disease and Related
Disorders Association criteria for probable AD™.

Predictors. All models included age, sex, education and baseline MMSE score as
predictors (the basic model). We also measured Af,,/Ap,,, P-taul81 and NfL in
both CSF and plasma. These analyses were performed by technicians blinded to the
clinical data.

For the BioFINDER cohort, plasma Ap,,/Ap,, was measured using Elecsys
immunoassays on a Cobas e601 analyzer (Roche Diagnostics)'’. A sensitivity
analysis was performed using a mass spectrometry-based plasma Ap,,/Ap,, assay
(Araclon Biotech). Plasma P-taul81 was measured on a Meso Scale Discovery
platform using an assay developed by Eli Lilly"'. Plasma NfL was analyzed using a
single molecule array (Simoa)-based assay'’. Moreover, CSF levels of Af,, (used in
place of AB,,/Ap,, due to no available AB,, data for the ADNI cohort) and P-taul81
were measured using Elecsys assays (Roche Diagnostics), while CSF NfL was
measured using an enzyme-linked immunosorbent assay (UmanDiagnostics).

For the ADNI cohort, plasma Ap,,/AB,, was analyzed using an
immunoprecipitation and mass spectrometry-based method™'. P-taul81 was
analyzed on a Simoa HD-X Analyzer (Quanterix) using an assay developed in
the Clinical Neurochemistry Laboratory, University of Gothenburg, Sweden'”.
Plasma NfL was analyzed using the same Simoa-based assay as was used for the
BioFINDER cohort.

All biomarker values were natural log transformed. Biomarkers were binarized
when validating models across cohorts, whereby cut-offs were defined using
Youden’s index to maximize the separation between AB-negative cognitively
unimpaired participants and AB-positive patients with AD dementia from
within each cohort; these participants have been described previously''.

We derived cut-offs separately for plasma and CSF biomarkers in the
BioFINDER cohort, and for plasma biomarkers only in the ADNI cohort (see
Supplementary Table 16). For the BioFINDER cohort, there were 528 cognitively
unimpaired participants (age=72.5years (s.d. = 5.5 years); education =12.3 years
(s.d = 3.6 years); sex="57% female) and 81 patients with AD (age=76.7 years

(s.d = 5.1years); education =9.7 years (s.d = 3.0 years); sex=59% female). For the
ADNI cohort, there were 126 cognitively unimpaired participants (age=71.5years
(s.d = 6.5 years); education =16.1 years (s.d. = 2.9 years); sex=41% female) and
106 patients with AD (age=73.8 years (s.d = 8.3 years); education =15.7 years
(s.d = 2.7 years); sex="58% female). Note that none of the participants used to
define cut-offs were used in the statistical analysis.

Statistical analysis. In the first analysis stage (model selection), different linear
regression models were fit with the cognitive outcomes described above as
response variables: a basic model (age, sex, education and baseline MMSE)

and plasma biomarker models (the basic model plus seven different biomarker
combinations including: Ap,,/Ap,, only; P-taul81 only; NfL only; AB,,/Ap,,

and P-taul81; Af,,/Ap,, and NfL; P-taul81 and NfL; or all three biomarkers).
Because APOE &4 is the strongest genetic risk factor for AD, we tested whether
the addition of APOE €4 genotype status (represented as a binary variable split
based on individuals with at least one €4 allele) to the basic model reduced the
effectiveness of using plasma biomarkers. Models were compared using R? and
AIC values (lower is better). The best-fitting model was that which included the
fewest predictors among the models within two points of the lowest AIC value;
this procedure is well established for selecting the most parsimonious model based
on AIC values™*. The statistical significance of different models with the same
outcome variable was assessed using the likelihood ratio test. Additionally, logistic
regression models were fit with the clinical conversion outcomes described above
as response variables, with the same set of predictors and the same method of
comparison but with AUC instead of R* as the performance metric; a sensitivity
analysis was performed using Cox regression models, to ensure that the timing of
conversion to AD did not affect model selection.

In the second analysis stage (prognostic validation), the best-fitting model
identified in the first stage was carried forward and its predictive accuracy was
evaluated. Prognostic validation was first done separately within each cohort using
1,000 repetitions of fivefold cross-validation (internal validation), and then by
fitting the model on BioFINDER participants and testing on ADNI participants,
and vice versa (external validation; all biomarkers were dichotomized for this
analysis, to compare across assays). For internal validation in the BioFINDER
cohort, the best-fitting plasma model was compared with a CSF model that
included CSF AB,,/Ap,, P-taul81 and NfL. Prognostic performance was evaluated
using MAE with cognitive outcomes, which represents the absolute deviation in
MMSE score predicted by the model (for example, MAE =3 means that the model
predicts an individual’s cognitive value to within three points, on average) and
using AUC with clinical conversion outcomes.

In the model selection stage, only participants with all three plasma biomarkers
available were included. In the prognostic validation stage, participants were
only required to have measurements from the plasma biomarkers included in

NATURE AGING | www.nature.com/nataging

the best-fitting model. Both Q-Q plots and normality of residuals were visually
inspected for primary (basic and full ATN) regression models. No statistical
methods were used to pre-determine sample sizes but our sample sizes are similar
to those reported in previous publications'"". All analyses were performed using
the R programming language (version 4.0.0), with significance set at P<0.05
(two sided).

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

Plasma and CSF data from ADNI were downloaded from https://ida.loni.usc.edu.
Anonymized data from the BioFINDER study will be shared by request from a
qualified academic investigator for the sole purpose of replicating procedures and
results presented in this Article and as long as the data transfer is in agreement with
European Union legislation on general data protection regulation and decisions by
the Ethical Review Board of Sweden and Region Skéne, which should be regulated
by a material transfer agreement.

Code availability

The code that support the findings of this study is available from the corresponding
author upon request. All models were built using publicly available packages and
functions in the R programming language.
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Extended Data Fig. 1| Association between plasma biomarkers in MCI patients in the BioFINDER model selection/prognostic validation cohort.

This figure shows the association between the different possible combinations of ATN plasma biomarkers (left to right: a, plasma P-tau181 vs plasma
AB42/AB40; b, plasma NfL vs plasma P-tau181; and ¢, plasma Ap42/AB40 vs plasma NfL). Each filled circle represents a single MCI patient from the
BioFINDER cohort (n=148); the histograms above the scatterplots show the distribution of concentration values for the plasma biomarker on the x-axis
(that is panel A, AB42/AB40; panel B, P-tau181; panel C, NfL). The blue lines (solid and dashed) indicate the cutoff values for each biomarker.
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Extended Data Fig. 2 | Association between CSF biomarkers in MCl patients in the BioFINDER model selection/prognostic validation cohort. This figure
shows the association between the different possible combinations of ATN CSF biomarkers (left to right: a, CSF P-tau181vs CSF AB42/AB40; b, CSF NfL vs
CSF P-tau181; and ¢, CSF Ap42/Ap40 vs CSF NfL). Each filled circle represents a single MCl patient from the BioFINDER cohort (n=148); the histograms
above the scatterplots show the distribution of concentration values for the plasma biomarker on the x-axis (that is panel A, Ap42/Ap40; panel B,
P-tau181; panel C, NfL).
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Extended Data Fig. 3 | Association between plasma biomarkers in MCl patients in the ADNI model selection cohort. This figure shows the association
between the different possible combinations of ATN plasma biomarkers (left to right: a, plasma P-tau181 vs plasma AB42/AB40; b, plasma NfL vs plasma
P-tau181; and ¢, plasma AB42/AB40 vs plasma NfL). Each filled circle represents a single MCl patient from the ADNI selection cohort (n=86); the

histograms above the scatterplots show the distribution of concentration values for the plasma biomarker on the x-axis (that is panel A, AB42/Ap40;
panel B, P-tau187; panel C, NfL). The blue lines (solid and dashed) indicate the cutoff values for each biomarker.
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Extended Data Fig. 4 | ROC curves for all models in the model selection analysis with four-year conversion to AD dementia as outcome. This figure
shows ROC curves derived from the model selection analysis with four-year conversion to AD dementia as outcome. AUC values were the following in the
BioFINDER cohort: Basic Model = 0.70, ATN=0.88, AT=0.86, AN=0.80, TN=0.88, A=0.73, T=0.86, N=0.79. AUC values were the following in the ADNI
cohort: Basic Model = 0.74, ATN=0.88, AT=0.86, AN=0.79, TN=0.89, A=0.75, T=0.85, N=0.73. Full data is available in Supplementary Table 2.
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Extended Data Fig. 5 | Association between plasma biomarkers in MClI patients in the ADNI prognostic validation cohort. Scatterplot showing

plasma NfL versus plasma P-tau181 for the ADNI prognostic validation cohort (n=483). Each filled circle represents a single MCI patient; the histograms
above the scatterplots show the distribution of concentration values for plasma P-tau181. The blue lines (solid and dashed) indicate the cutoff values for
each biomarker.
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Extended Data Fig. 6 | Online individualized risk prediction tool. Screenshots from our webtool predictprogression.com with predictions for a 70-year
female with mild cognitive impairment and baseline MMSE 27. The upper panels (A) show predicted MMSE (left) and probability of conversion to AD
dementia (right) at 2 and 4 years in a scenario where plasma Ap42/AB40, P-tau181 and NfL are negative. In the lower panels (B), predicted MMSE (left)
and probability of conversion to AD dementia (right) are shown at 2 and 4 years in a scenario where plasma Ap42/Ap40, P-tau181 and NfL are

positive. In both A and B, the dark blue ribbons are 95% confidence interval of the estimates and the light blue ribbon are 90% prediction intervals.

The predictions are derived from linear and logistic regression models that were established in the BioFINDER study on non-demented individuals with
mild cognitive impairment.

NATURE AGING | www.nature.com/nataging

Content courtesy of Springer Nature, terms of use apply. Rights reserved



natureresearch

Last updated by author(s): Oct 20, 2020

Reporting Summary

Nature Research wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Research policies, see our Editorial Policies and the Editorial Policy Checklist.

=
Q
—
C
=
(@)
=
(D
W
()
QL
=
(@)
o
=
)
o
[}
=
2
(@]
(2]
c
3
3
Q
=
S

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a | Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

X X

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

X

A description of all covariates tested

X X

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

X

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

XX O 0O 00 O O
X

X [ [

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection No software was used for data collection.

Data analysis Il models were built using publicly available packages and functions in the R programming language (v4.0.0). The code that support the
findings of this study are available from the corresponding author upon request.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

Plasma and CSF data from ADNI were downloaded online at https://ida.loni.usc.edu. Anonymized data from the BioFINDER study will be shared by request from a
qualified academic investigator for the sole purpose of replicating procedures and results presented in the article and as long as data transfer is in agreement with
EU legislation on the general data protection regulation and decisions by the Ethical Review Board of Sweden and Region Skane, which should be regulated in a
material transfer agreement.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size We included all subjects who had data available for the variables of interest in BioFINDER and ADNI.
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Data exclusions  No data was excluded from our analyses.
Replication Prognostic validation was first done separately within each cohort using 1000 repetitions of five-fold cross validation (internal validation), and
then by fitting the model on BioFINDER subjects and testing on ADNI subjects, and vice-versa (external validation). We replicated results at

independent occasions before manuscript submission and during each revision step.

Randomization  Asboth BioFINDER and ADNI are observational cohort studies, allocation of participants into experimental groups was not performed (i.e. no
randomization). All analyses were adjusted for age, sex, education and baseline cognition.

Blinding Clinicians who evaluated cognitive decline and conversion to dementia were blinded to biomarker data.
CSF and plasma analyses were performed by technicians blinded to clinical data.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies X[ ] chip-seq
Eukaryotic cell lines |Z| |:| Flow cytometry
Palaeontology and archaeology |Z| |:| MRI-based neuroimaging

Animals and other organisms
Human research participants

Clinical data

NOOXXKXO S
OXXOOOKX

Dual use research of concern

Antibodies
Antibodies used Complete details for the assays used in the analysis of plasma and CSF can be found in the following publications: for BioFinder,
plasma AB42/AB40 (Palmaqyvist et al., JAMA Neurol 2019), plasma P-tau181 (Janelidze et al. Nature Med 2020), plasma NfL (Mattsson
et al., JAMA Neurol 2019), CSF AR42 and P-taul81 (Hansson et al. Alzheimers Dement 2018), CSF NfL (Mattsson et al., EMBO Mol
Med 2016). In ADNI, plasma AB42/AB40 (Ovod et al., Alzheimers Dement 2017), plasma P-taul181 (Karikari et al., Lancet Neurol
2020).
Validation These details are provided in the above mentioned publications.

Human research participants

Policy information about studies involving human research participants

Population characteristics Detailed information on the cohorts is provided in Tables 1 and 2 (and in the Supplement - Text 2 and 3). In short, we present
results for analyses from two different prospective cohorts with similar study designs. For the model selection step, were
included 148 MCI patients from the BioFINDER cohort (mean (IQR) age, 71.36 (5.47), 54 were women) and 86 MCI patients
from ADNI (age 71.51 (7.59), 44 were women). For the prognostic validation step, we included 425 MCI patients from ADNI
(70.98 (7.81), 220 were women).

Recruitment MCI patients in the Swedish BioFINDER study were consecutively recruited memory clinics in the cities of Lund, Malmé and
Angelholm between July 2008 and June 2019. Approximately 90% of these were referred by primary care physicians. In the
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Ethics oversight

ADNI study, MCI patients were recruited from many different clinics between September 2005 and December 2019, and
thereby represent a more selected sample (i.e. closer to a clinical trial population). Though this difference could introduce
bias, the fact that our findings held when validated in both cohorts—and were consistent even when performing sensitivity
analyses—speaks to their robustness.

For BioFINDER, ethical approval was given by the Regional Ethical Committee of Lund University. Ethical approval in ADNI was
given by the local ethical committees. The Ethics committees/institutional review boards that approved the ADNI study are:
Albany Medical Center Committee on Research Involving Human Subjects Institutional Review Board, Boston University
Medical Campus and Boston Medical Center Institutional Review Board, Butler Hospital Institutional Review Board, Cleveland
Clinic Institutional Review Board, Columbia University Medical Center Institutional Review Board, Duke University Health
System Institutional Review Board, Emory Institutional Review Board, Georgetown University Institutional Review Board,
Health Sciences Institutional Review Board, Houston Methodist Institutional Review Board, Howard University Office of
Regulatory Research Compliance, Icahn School of Medicine at Mount Sinai Program for the Protection of Human Subjects,
Indiana University Institutional Review Board, Institutional Review Board of Baylor College of Medicine, Jewish General
Hospital Research Ethics Board, Johns Hopkins Medicine Institutional Review Board, Lifespan - Rhode Island Hospital
Institutional Review Board, Mayo Clinic Institutional Review Board, Mount Sinai Medical Center Institutional Review Board,
Nathan Kline Institute for Psychiatric Research & Rockland Psychiatric Center Institutional Review Board, New York University
Langone Medical Center School of Medicine Institutional Review Board, Northwestern University Institutional Review Board,
Oregon Health and Science University Institutional Review Board, Partners Human Research Committee Research Ethics,
Board Sunnybrook Health Sciences Centre, Roper St. Francis Healthcare Institutional Review Board, Rush University Medical
Center Institutional Review Board, St. Joseph's Phoenix Institutional Review Board, Stanford Institutional Review Board, The
Ohio State University Institutional Review Board, University Hospitals Cleveland Medical Center Institutional Review

Board, University of Alabama Office of the IRB, University of British Columbia Research Ethics Board, University of California
Davis Institutional Review Board Administration, University of California Los Angeles Office of the Human Research Protection
Program, University of California San Diego Human Research Protections Program, University of California San Francisco
Human Research Protection Program, University of lowa Institutional Review Board, University of Kansas Medical Center
Human Subjects Committee, University of Kentucky Medical Institutional Review Board, University of Michigan Medical
School Institutional Review Board, University of Pennsylvania Institutional Review Board, University of Pittsburgh Institutional
Review Board, University of Rochester Research Subjects Review Board, University of South Florida Institutional Review
Board, University of Southern, California Institutional Review Board, UT Southwestern Institution Review Board, VA Long
Beach Healthcare System Institutional Review Board, Vanderbilt University Medical Center Institutional Review Board, Wake
Forest School of Medicine Institutional Review Board, Washington University School of Medicine Institutional Review Board,
Western Institutional Review Board, Western University Health Sciences Research Ethics Board, and Yale University
Institutional Review Board.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data

Policy information about clinical studies

All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration
Study protocol

Data collection

Outcomes

NCT01208675 (BioFINDER) and NCTO0106899 (ADNI)
Clinical protocols can be obtained online: BioFINDER, www.biofinder.se; ADNI, adni.loni.usc.edu

For BioFINDER, all data was collected between July 2008 and June 2019 at three memory clinics in the cities of Lund, Malmo and
Angelholm in the south of Sweden. For ADNI, data included in the present study were collected across 63 sites in the US and Canada
between September 2005 and December 2019. These dates include clinical evaluations. Full details are provided at https://
clinicaltrials.gov/ct2/show/NCT01208675?term=biofinder&rank=2 (BioFINDER) and https://clinicaltrials.gov/ct2/show/NCT00106899
(ADNI).

Primary outcomes were the global cognitive measure MMSE and clinical conversion to AD dementia evaluated four years after
baseline (“four-year MMSE” and “four-year conversion to AD”, respectively). As secondary outcomes, we used two-year MMSE and
two-year conversion to AD dementia. As exploratory outcomes, we used two-year and four-year Clinical Dementia Rating Scale - Sum
of Boxes (CDR-SB) along with two-year and four-year conversion to dementia due to any cause. Full details are provided at https://
clinicaltrials.gov/ct2/show/NCT01208675?term=biofinder&rank=2 (BioFINDER) and https://clinicaltrials.gov/ct2/show/NCT00106899
(ADNI).
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