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Abstract

Background—~Polygenic hazard scores (PHS) estimate age-dependent genetic risk of late-onset
Alzheimer’s disease (AD), but there is limited information about the performance of PHS on
real-world data where the population of interest differs from the model development population
and part of the model genotypes are missing or need to be imputed.

Objective—We use Desikan PHS model developed based on a North American population, to
obtain age-dependent risk of developing late-onset AD Nordic populations.

Methods—We used Desikan PHS model, based on Cox proportional hazards assumption,
to obtain age-dependent hazard scores for AD from individual genotypes in the Norwegian
DemGene cohort (/7=2,772). We assessed the risk discrimination and calibration of Desikan
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model and extended it by adding new genotype markers (the Desikan Nordic model). Finally,

we evaluated both Desikan and Desikan Nordic models in 2 independent Danish cohorts: The
Copenhagen City Heart Study (CCHS) cohort (17=7,643) and The Copenhagen General Population
Study (CGPS) cohort (/7=10,886).

Results—We showed a robust prediction efficiency of Desikan model in stratifying AD risk
groups in Nordic populations, even when some of the model SNPs were missing or imputed. We
attempted to improve Desikan PHS model by adding new SNPs to it, but we still achieved similar
risk discrimination and calibration with the extended model.

Conclusion—PHS modeling has the potential to guide the timing of treatment initiation based
on individual risk profiles, and can help enrich clinical trials with people at high risk to AD in
Nordic populations.

Keywords

Alzheimer’s Disease; Polygenic hazard score; Age at onset; Nordic ancestry

INTRODUCTION

Late-onset Alzheimer’s disease (AD) is the most common type of dementia. It affects
nearly 50 million people worldwide, and this number is expected to increase to 152 million
by 2050[1]. Since AD is an irreversibly progressive neurodegenerative disease, detecting
individuals at high risk during the preclinical or pre-symptomatic stage could benefit early
intervention strategies to slow down the progression of the disease[2, 3].

Genetic factors play an important role in the development of AD, evidenced by an estimated
heritability (/2) of 60% to 80% in twin studies[4, 5]. This prominent genetic component has
been attributed to a mixture of rare and common genetic risk variants.[6-9]. In particular,
one of the most well-established genetic determinants for AD is the polymorphism in the
apolipoprotein E (APOE) gene, determined by haplotypes including 2 single nucleotide
polymorphisms (SNPs), rs7412 and rs429358, on chromosome 19[10]. Within this gene,

the common risk variant 4 increases the risk of AD 3~4-fold and the less common
neuroprotective variant 2 decreases the risk by half [10-12]. The age at onset of AD has
also been reported as heritable (/#=42%)[13] and partially determined by genetic variants
that also determine the risk of occurrence[14-17], such as the APOE e4/e2 alleles[17-19].
Previous studies have shown that the age at onset of AD can be predicted using a polygenic
hazard score (PHS) which extends beyond the APOE region[17, 20, 21]. The PHS is built on
a Cox proportional hazards model that estimates the risk of late-onset AD for an individual
over time in longitudinal studies based on the additive effects of the individual’s genotypes
over a set of polymorphic markers[17, 20]. The decreasing cost and the increasing quality of
genotyping technologies, as well as the stability of additive genetic effects over generations,
makes PHS modeling a powerful tool to assess the risk of developing AD before symptoms
appear.

However, the accuracy of genetic tests trained in specific populations is often reduced
when applied to other populations due to differences in genetic architecture across ancestral
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groups. Given the lack of genetic data from ancestrally diverse populations, this is currently
a major barrier to future clinical applications of genetic testing and precision medicine[22].
Furthermore, compared to standard genetic tests such as polygenic risk scores which are
trained on cross-sectional data, PHS models require longitudinal datasets with reliable
phenotyping of symptom onset, making cross-ancestral validation even more challenging.
Updating pre-existing PHS models with novel risk variants detected by new studies may also
improve the predictive accuracy of PHS models[23, 24].

In the current study, we first examined the prediction efficiency of the PHS model developed
using North American participants in the Alzheimer’s Disease Genetics Consortium
(ADGC) cohort by Desikan et al. [17], henceforth called the Desikan model, in a Norwegian
population from the longitudinal multi-center Norwegian Dementia Genetics Consortium
(DemGene) study[25, 26]. Using the Desikan model, we stratified individuals in the
DemGene population for the risk of late-onset AD based on the PHS quantiles[27]. In

our attempt to improve the accuracy of the Desikan model, especially to compensate for the
accuracy reduction due to the presence of missing or imputed SNPs, we extended the model
with additional SNPs to generate a PHS model adjusted to Nordic populations, which we
named the Desikan Nordic model. Finally, we evaluated both Desikan and Desikan Nordic
models in 2 independent Danish populations: The Copenhagen City Heart Study (CCHS)
and The Copenhagen General Population Study (CGPS).

MATERIAL AND METHODS

Participants and diagnosis

Norwegian population: DemGene cohort—The DemGene cohort consists of a
network of clinical sites that prospectively collect data based on standardized examinations
of cognitive, functional and behavioral measures of the participants[26]. Within this study,
we followed 2772 individuals of Nordic ancestry (mean age = 72.25, 95% CI: (47.03, 90))
among whom 1350 had been diagnosed with AD, from 10 study centers including: the
Norwegian Register of persons with Cognitive Symptoms (NorCog), the Progression of
Alzheimer’s Disease and Resource use (PADR), the Dementia Study of Western Norway
(DemVest), the Dementia Study in Rural Northern Norway (Nord Norge), Nord-Trgndelag
Health Study, TrenderBrain study, the Dementia Disease Initiation study (DDI), Nursing
home study, Karolinska Institute (K1) in Stockholm and Oslo PD study. For a complete
description of the cohorts, please refer to Supplementary Table 1.

More than 80% of participants in DemGene cohort were older than 65 years old
(Supplementary Table 1). As early-onset AD has shown distinct susceptibility genes

from late-onset AD[28], we first selected participants, who were cognitively healthy and
older than 65 years at enrollment. Next, we excluded participants who were diagnosed

as other types of neurodegenerative disorder or mild cognitive impaired, leaving 1198

AD cases and 1026 participants cognitively healthy at the end of the study. AD cases

were defined according to diagnostic guidelines from the National Institute on Aging—
Alzheimer’s Association (NIA/AA) (AHUS), the NINCDS-ADRDA criteria (DemVest and
TrgnderBrain) or the ICD-10 diagnosis criteria (NorCog, PADR, Nord Norge and Nord-
Trgndelag). The age of diagnosis for those developing AD was confirmed by a physician

J Alzheimers Dis. Author manuscript; available in PMC 2023 March 17.
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based on presenting signs and symptoms. Healthy subjects were also enrolled for follow-up
and were screened with the same standardized interviews and cognitive tests applied to the
AD population.

Of the 10 included cohorts, we used 9 for testing the stratification accuracy of the Desikan
model and developing the Desikan Nordic PHS model. Those 9 cohorts included 1878
individuals of whom 1048 were diagnosed with AD and 830 were censored at the end of
the follow-up period. We kept one cohort, Nord Norge, for validation and comparing of the
predictive performance of the two PHS models. The Nord Norge contained 346 subjects

of whom 150 were diagnosed with AD and 196 were right-censored. The inclusion and
exclusion criteria of the participants and their number in each validation or development set
are shown in Figure 1.

Danish populations: CCHS and CGPS studies —The CCHS study is a prospective
study of the Danish general population initiated in 1976—78 with follow-up examinations

in 1981-1983, 1991-1994, and 2001-2003[29-31]. For this study, data was collected using
questionnaires and physical examinations, as well as using blood sampling for biochemical
and DNA analyses. We included 7643 unrelated individuals of Danish descent without any
dementia at baseline who gave blood for biochemical and DNA analyses at the 1991-1994
examination, among whom 392 developed late-onset AD during follow-up (end of 2018).

The CGPS study is also a prospective study of the Danish General population, with its

first enrolments between 2003-2015[29-31]. Individuals aged 20-100 years were randomly
selected from the national Danish Civil Registration System and their data were obtained
from a self-administered questionnaire on lifestyle and health, as well as from physical
examinations and blood samples. The first 10886 unrelated participants of Danish descent
with no dementia at baseline were used for genotyping, of whom 263 developed late-onset
AD disease during follow-up (end of 2018).

Both CCHS and CGPS studies used ICD-10 codes, G30 and F00, from the national Danish
Patient Registry (hospital diagnoses) for AD diagnosis[30, 31].

Genotyping and imputation

The genotypes for the DemGene cohort were obtained using Human Omni Express-24
v.1.1 (Illumina Inc., San Diego, CA, USA) chip at deCODE Genetics (Reykjavik, Iceland).
Quality control (QC) steps were performed using PLINK][32], including removal of SNPs
with genotype call rate lower than 0.95, minor allele frequency (MAF) lower than 0.01,
less than 1e-06 probability of being in Hardy-Weinberg equilibrium, and ambiguous strand
assignment (A/T, C/G SNPs). Next, we applied quality control on participants by removing
participants with ambiguous sex information, a call rate < 0.95, an estimated relatedness of
>0.1, as well as outliers based on population structure using principal components analysis
(PCA)[26].

Illumina Exome Chip was used to obtain genotypes for the Danish cohorts. The minimum
call-rate threshold was 0.98 for keeping a SNP (sample call-rate) and for keeping an
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individual (genotyping call-rate). The ethnicity of the participants was also checked using
PCA only individuals of Nordic ancestry were included in the analysis.

For both Norwegian and Danish cohorts, Minimac software[33] (based on MaCH
algorithm[34]) was used to impute genotypes using the reference haplotypes derived from
samples of European ancestry in the haplotype reference consortium (HRC) v1.1[35]. We
required at least 50% confidence for keeping an imputed genotype in the analysis. Post
imputation QC steps were the same as the steps explained above.

Polygenic hazard scoring (PHS) model

The Desikan PHS model is composed of the APOE e2 and e4 variants as well as 31

other SNPs, i.e. the polygenic component of the model (Supplementary Table 2)[17]. The
SNP array data of DemGene included the APOE e2/e4 variants and 17 out of the 31
polygenic SNPs. The SNP array of CCHS and CGPS contained the APOE e2/e4 variants
and only 9 out of the 31 polygenic SNPs. After imputation, 2 SNPs were still missing in
the DemGene population due to low imputation quality, while 10 SNPs remained missing
in CCHS and CGPS populations (Supplementary Table 2). These SNPs were left-out from
PHS calculations, i.e. their effects were set to zero. To estimate PHS scores, undetermined
individual alleles of the APOE haplotypes and the other remaining SNPs were set to the
population average after numerically coding of the genotypes according to the dosages of
the reference allele.

The Desikan log proportional hazard score of each individual was obtained according to:

31
PHS). 40 = HAPOE,, + f,APOE,, + Z ﬂu,gu, (1)

i=1

where the first two terms of the right-side take the APOE e2/e4 alleles into account and

g, represents the genotypes of 31 SNPs, 4, in the polygenic part of the model. The genetic
effects Bin (1) were provided by Desikan et al[17], and the corresponding effect was left out
of the summation in (1) if g,, was excluded due to low imputation quality.

We examined the utility of the Desikan model in stratifying the Nordic population based
on liability to AD, by defining risk groups based on the PHS quantiles and calculating
the between group hazard ratios. The median incidence rate within each risk group

was considered as its hazard score and the between group hazard ratio H Re,uup/cram WaS
determined according to:

pCalibration(median(PH SGroup2) — median(PH SGroup!)) (2)

H RGroupZ/Gruupl =e

where Be........ Was obtained by fitting a Cox model to the age at onset using the PHS alone,
as described elsewhere[27]. Specifically, we calculated the hazard ratios between the top
20% and bottom 20%, as well as between the top 2% and bottom 50% and between the
top 50% and bottom 20% percentile groups of the proportional hazard scores. These ratios
namely represent high to low risk, extremely high to medium low risk and medium high to
low risk ratios. In calculating the PHS quantiles, we used those individuals who had been

J Alzheimers Dis. Author manuscript; available in PMC 2023 March 17.
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right-censored under the age of 70, as well as healthy subjects younger than 65 years old.
We considered these PHS quantiles as references for defining the risk groups, in order to
avoid inflation of the between group hazard ratios due to selection bias[17].

To compare the survival curves of AD over time using the Desikan PHS model with the non-
parametric Kaplan-Meier estimates for each risk group, we used Breslow’s method[36] for
obtaining the baseline population hazard from the DemGene population, with the baseline
hazard function smoothed according to previously established procedures[17].

To extend the Desikan model using DemGene population, candidate SNPs (excluding those
used in the Desikan model) were incrementally added as predictors to a Cox proportional
hazards model including the Desikan log proportional hazard score. We also included sex
and the first 4 principal components of the population genotype matrix (which explained
around 25% of the total variance of the genotypes) as covariates in the Cox model to adjust
for non-genetic and population structure effects. The candidate SNPs were obtained from

a group of SNPs associated with the risk of AD according to a large meta-analysis from

the International Genomics of Alzheimer’s Project (IGAP)[37]. The meta-analysis contained
69,814 AD cases and 375,741 controls of European ancestry, with samples from DemGene
excluded. Using a significance threshold of p< 1072, we included 4566 AD-associated SNPs
and extracted corresponding genotypes from DemGene cohort. The set of the candidate
SNPs obtained from IGAP was complemented using the results of a recent GWAS study

of late onset AD by the Psychiatric Genomics Consortium, combining 90,338 AD cases

and 1,036,225 controls from 13 cohorts after exclusion of DemGene subject[38]. Having
determined the SNP effect estimates on the updated sample, we used a selection threshold of
p <1075 and identified 985 additional SNPs, summing up in total to 5551 candidate SNPs
for Desikan Nordic model. To ensure numerical stability of the statistical procedures and
avoid spurious associations, we only considered those SNPs from the candidate set who had
an imputation rate of at least 0.9 and a minimum allele frequency (MAF) of at least 0.05

in the training population. After quality control, 5060 candidate SNPs remained in the PHS
analyses to obtain the Desikan Nordic model.

In developing the Cox regression model of Desikan Nordic, a subset of the candidate SNPs
was preselected by testing the association of each SNP with the diagnosis of AD in the
training population using univariate trend tests (a=0.05). The p-values of these trend tests
were also used to sort the order of addition of the SNPs to the model, i.e., from the most
strongly to the most weakly associated SNP. SNPs in the preselected subset were retained in
the Desikan Nordic model if their addition significantly increased the Cox partial likelihood
at a=0.05.

The predictive value of this modeling approach was evaluated by repeated 10-fold cross-
validation using 100 random seeds. Accordingly, we selected a final set of predictive SNPs
for the Desikan Nordic PHS model by considering those that appeared on at least 50 percent
of the repetitions[24]. We also only allowed those SNPs in the final model whose linkage
disequilibrium (LD) with the APOE &2 and 4 variants were /2 < 0.1, as APOE variants are
already included in the model.

J Alzheimers Dis. Author manuscript; available in PMC 2023 March 17.
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In the same manner as described for the Desikan model, we defined risk groups by PHS
quantiles of the Desikan Nordic model and obtained the between group hazard ratios

and confidence intervals according to Equation (2). To calculate the Desikan Nordic log
proportional hazard scores, we used the Desikan PHS scores obtained by Equation (1) as
well as the effect estimates of the /77additional Desikan Nordic SNPs from each training set
according to:

m
PH Sp.an Noraic = PH Spegian + Z ﬂx,-gs, 3)

i=1

where g, shows the genotype dosage for SNP g, among the /m SNPs additional to the

31 SNPs in Equation (1). Computation of the hazard ratios between the risk groups was
performed using the same approach as the Desikan PHS model, obtaining the g, in Equation

(3) from the training split and the fc,...... iN Equation (2) from the test split.

We validated the Desikan Nordic model and compared it with the original Desikan model by
investigating the relationship between the resulting hazard scores and age at onset, as well
as the risk of AD diagnosis, in the Nord Norge cohort, which was left out in the estimation
of Desikan Nordic model. In particular, we compared 0.2, 0.5, 0.8 and 0.98 quantiles of

the PHS scores among the right-censored individuals to define 5 risk groups that represent
very low risk, low risk, medium risk, high risk and very high-risk groups, respectively.
Using the 5 risk groups, we checked the association of the risk groups with the observed
risk of AD using generalized Cochran-Mantel-Haenszel test (¢.,,,) stratified by gender. We
also calculated Harrell’s C-index[39] to evaluate the discriminatory power and predictive
accuracy of the two PHS models.

Finally, both Desikan and Desikan Nordic models were independently evaluated in the
Danish CCHS and CGPS populations. In addition to obtaining the hazard ratios between the
risk groups defined above, we also calculated the intra-class correlation coefficient (ICC) of
the ages at onset within the defined risk groups for these populations.

Age of onset prediction in the Norwegian population

The average call-rate of the APOE e2/e4 alleles and 29 imputed SNPs from Desikan
model was 0.98 (SD=0.02, minimum = 0.91) in the Nordic population, except for SNPs
15115124923 and rs155675626 on chromosome 6 which were missing (Supplementary Table
2). Based on the available predictive markers, the median hazard ratio between the top
20% risk percentile versus the bottom 20% was H Ry, = 3.17,95%CI1[1.92, 5.18] while the
corresponding hazard ratio was H Ryss, = 4.98,95%CI[2.78, 8.6] for the top 2% risk group
versus the bottom 50% and H Ry, = 2.44,95%CI[1.69; 3.62] for the top 50% versus the
bottom 20% (Figure 2). Figure 3-a depicts the obtained survival curves using the Desikan
model along with the Kaplan-Meier estimates of survival for the bottom and top 20%
percentiles, as well as the mid 40% percentiles, i.e. between 30% and 70%, and the top 2%
percentile.

J Alzheimers Dis. Author manuscript; available in PMC 2023 March 17.
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The list of the Desikan Nordic specific SNPs and their effects on the log proportional hazard
of AD are provided in Table 1. A total of /=5 additional SNPs were added to the Desikan
Nordic model in Equation (3), including one located over each of chromosomes 2, 8, 11 and
16 and one other on chromosome 19 downstream the APOE gene. Among these 5 SNPs
(Table 1), rs7581787 on chromosome 2 was in considerable LD with 7510202748 from the
original Desikan model (+* = 0.56), and rs480781 on chromosome 11 was in considerable LD
with two of the SNPs from the original Desikan model (~* = 0.57 with 7s526904 and »* = 0.48
with r5543293) in the DemGene cohort. All other LD values were negligible between these
Nordic SNPs and the original Desikan SNPs or APOE alleles (* < 0.02).

Compared with the Desikan PHS model, the Desikan Nordic model resulted
in similar risk stratification, with a slight increase in the group hazard ratios:

H Ry = 3.51,95%C1[2.16,4.77], H Rog50 = 5.5,95%CI[2.93, 8.21]and H Rsy = 2.61,95%CI[1.81,
3.34]

(Figure 2). The Kaplan-Meier estimates of survival with age are depicted together with
the survival curves obtained by the Desikan Nordic model for each the bottom and top 20%
percentiles, as well as the mid 40% and top 2% percentiles in Figure 3-b.

We validated the obtained results using the Nord Norge cohort, which we left out from the
training. The association of the 5 risk groups defined by 0.2, 0.5, 0.8 and 0.98 PHS quantiles
with the risk of AD was significant for Desikan Nordic model (£, = 9.52, p = 0.049)

in this cohort. This association was weaker and not significant for the Desikan model

(Ecnm = 7.02, p = 0.13). Harrell’s C-index was also slightly better with Desikan Nordic model
(0.45,95%CI[0.39,0.52]) compared with Desikan model (0.43,95%CI1[0.36, 0.49]). The mean
difference of 0.028,95%C1[0.027,0.029] in the C-index was small, but significant (p < 0.001).

Age of onset prediction in the Danish population

The average imputation or call-rate of the available SNPs in the two Danish populations
was 0.86 (SD=0.15). 10 SNPs were removed from the Desikan model due to

low imputation quality (Supplementary Table 2), while all the 5 additional SNPs

in the Desikan Nordic model where covered. Using Desikan model, we achieved

H Ry = 4.49,95%CI[3.56,5.61], H Rygs5 = 8.76,95%CI[6.21, 11.9], H Ry = 3.09,95%C1I
[2.58,3.68]

in the CCHS population and

H Ry = 5.23,95%CI[3.89,6.93], H Rog/so = 10.55,95%C1[6.99,15.65], H Rsyya0 = 3.39,95%CI in the
[2.71,4.13]

CGPS population. Using Desikan Nordic model, similar results were obtained:

H Ry = 4.5,95%CI[3.51,5.61], H Rygss = 8.08,95%CI[5.74, 11.08], H Ry = 2.98,95%CI and
[2.47,3.52]

H Ry o = 4.94,95%CI[3.59,6.61], H Rog/so = 8.81,95%CI[5.76,13.16], H Rsono = 3.22,95%CI[2.53, 4]
for the CCHS and CGPS populations, respectively. The Kaplan-Meier and Cox survival
estimates in these populations are shown in Supplementary Figures 1-2, respectively. The
intraclass correlation coefficient (ICC) of the ages at onset within the risk groups defined
by 0.2, 0.5, 0.8 and 0.98 quantiles was 0.75,95%CI[0.48, 0.89] and 0.78, 95%CI[0.58, 0.90] with
the Desikan model, and 0.75,95%C1[0.50, 0.90] and 0.82,95%CI[0.68, 0.91] with the Desikan
Nordic model, in CGPS and CCHS populations, respectively.
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Among the Nordic SNPs (Table 1), the same 2 SNPs as in the DemGene cohort

were in considerable LD with SNPs from the original Desikan model also in the

Danish cohorts: rs7581787 on chromosome 2 was in considerable LD with 1510202748
from the original Desikan model (+* = 0.65(CGPS), 0.64(CCH S)), and rs480781 on
chromosome 11 was in considerable LD with two of the SNPs from the original Desikan
model (+* = 0.65(CGPS),0.63(CCHS) with 15526904 and r* = 0.59(CGPS),0.56(CC H.S) with
1s543293). All other LD values between the Nordic SNPs and the original Desikan SNPs or
APOE alleles were r* < 0.02 in the Danish cohorts.

DISCUSSION

We showed that the Desikan PHS model for age-dependent risk of late-onset AD based on
a North-American cohort [17], provided satisfactory prediction efficiency in Nordic cohorts.
By extending the Desikan PHS model using AD-associated SNPs, we also constructed a
Desikan Nordic model, which led to marginal improvement of prediction efficiency.

The PHS model, as a personalized genetic assessment of an individual’s age-dependent risk
for a disorder, has potential to risk-stratify individuals who would otherwise be missed by
traditional screening approaches, thereby identifying those at high risk at an early stage and
helping prioritize preventive and therapeutic interventions [40]. The PHS model can also be
extended by relevant environmental and biological information, such as sex [41], amyloid
and tau protein disposition [20, 42], and healthy lifestyle scores [43] to more accurately
predict the age-dependent risk of AD and its underlying mechanisms in individuals. With
the introduction of new AD drugs, identifying high-risk groups prior to neurodegeneration
and onset of cognitive-impairment or clinical symptoms may be the best strategy to reduce
the incidence and disability-adjusted life year of AD. Using an appropriate PHS model,
prospective clinical trials to investigate risk-lowering strategies could be enriched with
individuals with homogenous age-dependent genetic liability, to improve trial efficiency and
reduce the number of participants needed.

The Desikan PHS model has shown a H Ry, ranging from 3.4 to 3.8 for North American
participants with ages from 60 to 95 years [17]. In comparison, the same model resulted in
H Ry, Values from 3.2 to 5.2 in Nordic populations. The comparison of the Cox survival
curves of AD with the corresponding Kaplan-Meier curves for different risk groups (Figure
3, Supplementary Figures 1-3) showed that the assumption of proportional polygenic hazard
was reasonably valid. The robustness of the Desikan model was further confirmed by

the marginal improvement of the Desikan Nordic model. There are two factors that may
account for the cross-ancestral prediction efficiency shown in the present study. First of

all, the Desikan model was developed based on the North American participants in the
ADGC cohort [17, 44], which is composed of various immigrant populations including
Scandinavians [45]. Secondly, although there are genetic differences between the Nordic
population and the North American population, the two populations still share genetic
similarities. For example, according to a recent study by Han et a/. (2017) [45] within a
typical population gathered across the United States, 96% of the individuals assigned to
the Scandinavian cluster had at least 20% of their alleles descended from the postulated
cluster (individual admixture proportion d > 0.2), while the same was still true for 14% of
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the individuals outside this cluster [45]. However, as we did not have access to the individual
level genotype data of the ADGC cohort, we could not estimate its exact genetic distance

to the Nordic cohorts. Future research is therefore required to validate Desikan PHS model
in genetically more distant populations, and to boost power to discover larger proportions of
the polygenic component of AD risk.

One out of the 5 additional SNPs in the Desikan Nordic model was located near the APOE
locus on chromosome 19. Similarly, 3 out of the 4 other additional SNPs were close to

the loci already included in the Desikan model while two SNPs where in noticeable LD

(* > 0.5) with the neighboring Desikan SNPs. The added value of the Nordic SNPs could
therefore be in part due to their covering for missing Desikan genotypes, but also due to
genetic heterogeneity of the disease [46].

Among the Nordic SNPs, 15480781 detected on chromosome 11 is not associated with any
coding region but may have intergenic or intronic effects. SNP 57581787 on chromosome
2 is located on /NPP5D gene reported to be associated with late onset AD through
modulating the inflammatory process and immune response in Caucasian populations[47,
48]. Interestingly, the SNP 1535112405 on chromosome 8 is located on SCARA3 gene locus,
which encodes a macrophage scavenger protein that plays an important role in protecting
cells from oxidative stress. Variations in this gene are shown to be associated with the
progression of various types of malignant tumors[49, 50] as well as with the virally induced
hand-foot-and-mouth disease (HFMD)[51]. The only novel locus in the Desikan Nordic
model was detected by SNP 51549299 on chromosome 16, located on PRSS36 gene whose
expression in the brain is shown to be associated with AD and Parkinson’s disease [52].

In the current study, different follow-up and examination protocols were applied across the
recruitment centers. Due to the discrete follow-up examination times, the age at diagnosis
could differ up to a few months from the actual age at onset. The former was also influenced
by the different diagnostic procedures employed at different centers. Similarly, different
genotyping platforms were used across cohorts. As a result, different SNPs were missing in
the applied PHS models and the accuracy of the included genotypes also varied. Unless the
genotyping specifically targets the SNPs in the applied PHS model, the PHS models should
therefore inevitably be modified to be used in practice, as was the case in our study. These
limitations affect the obtained hazard scores and hazard ratios and make cross-population
comparisons more difficult. However, these limitations are most likely introducing random
noise to the model. Therefore, it is expected that the prediction performance will improve
with more stringent genotyping and clinical assessment protocols.

CONCLUSION

In the current study, we applied the North American Desikan PHS model [17] to Nordic
cohorts, including the Norwegian DemGene cohort and the Danish CGPS and CCHS
cohorts. We extended this model by including additional genetic variants to identify risk
groups of late-onset AD. We showed that the Desikan PHS model performs well, and its
performance is only slightly improved by extension with additional SNPs in the Nordic
populations. In summary, the Desikan PHS model showed potential to detect Nordic
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individuals who are at high age-dependent risk of AD. This further supports the potential use
of PHS in precision medicine approaches to design and evaluate preventive interventions in
the preclinical stage more efficiently.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Subjects from DemGene study excluding those
with inadequate genotype data and those
diagnosed with types of dementia other than
AD or other neurodegenerative disorders (n =

2,772)

Excluded:

y

Age at AD diagnosis < 65 years old
Age at censoring < 65 years old

A 4

Subjects available for analysis (n = 2,224)
including 1,198 AD cases and 1,026 healthy

right censored subjects

Validation and development set (n = 1,878)
including 1,048 AD cases and 830 healthy right

censored subjects

Figurel.

p
Validation set (n = 346) Nord Norge cohort,

including 150 AD cases and 346 healthy right

censored subjects
\

\

J/

p
External validation using subjects from
CCHS (n=7,643, 392 late-onset AD cases) and CGPS

L(ﬂ=10,886, 263 late-onset AD cases) studies

)

J

Flow chart illustrating the inclusion and exclusion criteria of the Norwegian DemGene
participants in the validation and development set (used to validate the Desikan model and
develop the Desikan Nordic model) and the validation set (used to validate both models).
Both models were also externally evaluated using two Danish studies CGPS and CCHS.
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Hazard ratios between predicted risk groups
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Desikan Desikan Nordic

Figure2.
Hazard ratios between different risk groups obtained by Desikan model (light gray) and

Desikan Nordic model (dark gray) in DemGene population. Ratios represent high to low risk
(the top 20% to bottom 20% percentile) (left), extremely high to medium low risk (the top
2% to bottom 50% percentile) (middle) and medium high to low risk (the top 50% to bottom
20% percentile) (right).
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Desikan Nordic Model
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Cumulative survival with age in the Nordic population used to develop the Desikan Nordic
model (11 out of 12 cohorts of the DemGene cohort, excluding the Nord Norge cohort)

for different polygenic hazard score percentiles predicted by a) Desikan and b) Desikan
Nordic PHS model. The solid lines show the survival estimated by Cox proportional
hazards assumption, with 95% confidence intervals shown shaded, and the dashed lines
show Kaplan-Meier estimates. The risk groups are defined by below 0.2 PHS percentile
(blue), mid 40% PHS percentiles, i.e. between 0.3-0.7 (black), between 0.8-0.98 (green) and

above 0.98 (red) PHS percentiles.
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Table 1
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Predictive SNPs in the Desikan Nordic model and their effects on the log proportional hazard of developing
Alzheimer’s disease. The given call rate and MAF are for the DemGene model development population.

rsiD Chromosome  Position (bp) Reference Alternative Call MAF SNP 95%CIl-L  95%CI-U
Allele Allele rate Effect

157581787 2 234,077,240 A C 0.998 0.481 0.16 0.13 0.18

1535112405 8 27,511,807 A T 0.999 0.05 -0.48 -0.53 -0.42

15480781 11 85,795,950 A G 0.994 0.29 -0.14 -0.15 -0.1

151549299 16 31,154,146 G A 0.993 0.287 -0.09 -0.16 -0.05

1557355367 19 45,698,085 A G 0.964 0.122 0.19 0.16 0.21
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