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Abstract

Introduction—A substantial proportion of patients with Parkinson’s disease (PD) have
concomitant cognitive dysfunction. Identification of biomarker profiles that predict which PD
patients have a greater likelihood for progression of cognitive symptoms is pressingly needed for
future treatment and prevention approaches.

Methods—Subjects were drawn from the Deprenyl and Tocopherol Antioxidative Therapy of
Parkinsonism (DATATOP) study, a large clinical trial that enrolled initially untreated PD patients.
For the current study, Phase One encompassed trial baseline until just prior to levodopa
administration (n=403), and Phase Two spanned the initiation of levodopa treatment until the end
of cognitive follow-up (n=305). Correlations and linear mixed models were performed to
determine cross-sectional and longitudinal associations between baseline amyloid B1.42 (AB42),
total tau (t-tau), and phosphorylated tau (p-tau) in cerebrospinal fluid (CSF) and measures of
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memory and executive function. Analyses also considered APOE genotype and tremor- vs.
rigidity-dominant phenotype.

Results—No association was found between baseline CSF biomarkers and cognitive test
performance during Phase One. However, once levodopa treatment was initiated, higher p-tau and
p-tau/AP4, predicted subsequent decline on cognitive tasks involving both memory and executive
functions. The interactions between biomarkers and cognition decline did not appear to be
influenced by levodopa dosage, APOE genotype or motor phenotype.

Conclusions—The current study has, for the first time, demonstrated the possible involvement
of tau species, whose gene (MAPT) has been consistently linked to the risk of PD by genome-
wide association studies, in the progression of cognitive symptoms in PD.
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Introduction

Methods

Identification of surrogate markers that herald neuropathologic changes associated with
progression of cognitive symptoms represents an important focus in Parkinson’s disease
(PD) research. In PD biomarker investigation, amyloid beta 1-42 (AB42) has been reported to
be lower in cerebrospinal fluid (CSF) of PD patients, though to a lesser extent than in
Alzheimer’s [1-3]. Distinctly different from Alzheimer’s, CSF total tau (t-tau) and
phosphorylated tauqg; (p-tau), also appear to be lower in patients with PD compared to
controls in large-scale studies [1-3]. On the other hand, increased tau has been reported in
some PD patients with dementia [4,5]. The relationship between CSF biomarkers and
performance on specific cognitive tests in PD patients is likewise mixed [1,5-7]. However,
cognition-related results reported to date have been primarily cross-sectional and based on
small sample sizes with varying degrees of disease progression.

In a recent investigation, alterations in tau species were clearly associated with motor
progression in the Deprenyl and Tocopherol Antioxidative Therapy of Parkinsonism
(DATATORP) trial,[8] the largest PD cohort assembled to date with longitudinal collection of
CSF and clinical and cognitive assessments for close to eight years. The current study
evaluates the relationship between CSF biomarkers and cognition in the DATATOP cohort
with the following aims: 1) To determine cross-sectional correlations between CSF
biomarkers and cognitive test scores in patients with early, untreated PD; and 2) To
determine if CSF biomarkers predict subsequent rate of cognitive change.

Ethics Statement

The institutional review boards at all institutions that enrolled participants into the
DATATOP study (see e-Mothods) approved the study, and all subjects or their legal
surrogates provided written informed consent.
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The DATATOP study was a multi-center randomized trial designed to measure the
effectiveness of the monoamine oxidase type B inhibitor deprenyl (selegiline) and the
antioxidant a.-tocopherol (vitamin E) on delaying the progression of PD-related disability.
Inclusion and exclusion criteria are published elsewhere [9,10]; briefly, 800 participants
with de novo PD who did not require anti-parkinsonian medication upon study entry were
enrolled during 1987-88. Study endpoint occurred when the participant required levodopa
therapy. After ~14 months follow-up, the trial was discontinued due to the positive effects of
selegiline on reducing PD-related disability; the study switched to open-label administration
of selegiline for ~18 months. Cognitive performance was measured at baseline and every six
months thereafter. Following the study endpoint or termination of the open-label phase,
participants continued to undergo cognitive testing every six months. Though very limited
data are available regarding the status of known PD-related gene mutations in DATATOP
subjects, the few observations strongly suggest that the DATATOP cohort is similar to
typical sporadic cohorts [8,11,12].

The longitudinal data for each patient were divided into two phases: the first phase spans
study entry until just prior to levodopa initiation (an average of 2 years) (Phase 1), and the
second phase spans time from initiation of levodopa until end of follow up (average 4.3
years, maximum 6.9 years) (Phase 2). Clinical data and CSF samples were collected at the
beginning of Phases 1 and 2. Participants excluded from the current study included 110 with
follow up time of less than six months, 34 who withdrew, 45 whose initial PD diagnoses
were determined to be incorrect, and 212 who had missing CSF or UPDRS data at the
beginning of Phase 1 (n=63) or Phase 2 (n=189). The remaining 403 subjects were included
in the current analyses that examined data from Phase 1. Of these subjects, a total of 305
continued in the trial after starting levodopa and were included in Phase 2 analyses.

Study procedures

Cognitive measures—Longitudinal cognitive data were available across both Phases 1
and 2 for tests of verbal learning and memory (Selective Reminding Test [SRT] total and
delayed recall) [13], visuospatial working memory/processing speed (Symbol Digit
Modalities Test [SDMT]) [14], and visuospatial working memory (New Dot Test). The
Mini-Mental Status Examination (MMSE)[15] and other cognitive measures were
administered throughout Phase 1 [9], but not during Phase 2.

CSF biomarkers—CSF APgp, t-tau, and p-tau[181P] (p-tau) levels were obtained at the
beginning of Phases 1 and 2. Assays were measured using the INNO-BIA AlzBio3 kit
(Innogenetics, Gent, Belgium) as described previously [3]. We have extensively utilized the
assay platform and quality control procedures in our laboratory [3,8,16,17]. We found that
the concentrations of CSF APy, and tau in the DATATOP CSF samples, frozen for more
than two decades, were comparable with CSF samples collected recently [8]. There were no
apparent molecular CSF signatures of Alzheimer’s changes (e.g., elevated tau, low AB,») in
this population at baseline and during the first two years of investigation [8].
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APOE genotype—Genomic DNA was available from 199 DATATOP participants
included in Phase 2 analyses. APOE genotyping was performed as previously described (see
e-Methods).[18]

PD Motor Subtypes—Participants were categorized according to whether their dominant
motor features at baseline were related to postural instability and gait disturbance (PIGD),
tremor (TD), or “intermediate” (referring to those who were neither PIGD- nor TD) based
on previously published methods (see e-Methods).[19]

Analyses—Preliminary descriptive analyses found that during Phase 1 more than half of
the subjects showed improvement on cognitive measures, likely related to practice effects. In
contrast, during Phase 2 very few subjects improved on cognitive measures and most
declined, consistent with the practice effect having been exhausted during Phase 1. Because
of these observations, analyses were conducted separately for Phases 1 and 2. To create a
more homogenous population in terms of stage of disease and drug treatment status, Phase 2
analyses included only those who had reached the endpoint by the end of the open-label
trial. Levodopa equivalent daily dose (LEDD) was calculated as described previously [20].
Descriptive statistics were calculated for demographic, clinical, and CSF measurements at
the beginning of Phases 1 and 2. CSF biomarker analysis included the following: t-tau, p-
tau, p-tau/t-tau ratio, APy, t-tau/AB,y, and p-tau/AB4,. All biomarkers were log-transformed
due to non-normality with the exception of A4, and p-tau/t-tau.

Cross-sectional partial correlations between biomarkers and cognitive tests measured at both
Phase 1 and Phase 2 baseline visits controlling for age, sex, and education were performed.
Linear mixed effects models were used to determine whether CSF biomarkers at the start of
Phase 1 or Phase 2 predict subsequent longitudinal change of cognitive scores. For Phase 1
analyses, repeated measures of cognitive test scores were entered as dependent variables;
sex, education, age, MMSE, UPDRS total, cognitive score, CSF biomarker at the beginning
of Phase 1, follow-up time, CSF biomarker x follow-up time interaction were entered as
covariates. For Phase 2 analyses, repeated measures of cognitive test scores during Phase 2
were entered as dependent variables; sex, education, age at the beginning of Phase 2, final
Phase 1 MMSE score, average UPDRS total score and average cognitive score over six
months prior to the beginning of Phase 2, CSF biomarker at the beginning of Phase 2,
follow-up time, CSF biomarker x follow-up time interaction were entered as covariates. The
models included random intercepts and slopes.

Statistical tests are two-tailed; p-value significance was set at below the 0.05 level. In order
to protect against spurious results due to the somewhat large number of multiple
comparisons being done, the cohort was divided into discovery and validation sets and only
the findings that could be confirmed in the validation set were considered to be valid. All
analyses were performed using IBM SPSS 20.0 (IBM, Chicago, IL).

Parkinsonism Relat Disord. Author manuscript; available in PMC 2016 March 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal.

Results

Page 5

Cohort characteristics

Demographic data, clinical characteristics, and mean CSF biomarker levels at the start of
Phases 1 and 2 are provided (Tables 1 and 2). Subjects were randomly split into discovery
(Phase 1 n=201; Phase 2 n=154) and validation (Phase 1 n=202; Phase 2 n=151) sets; the
groups did not differ significantly on demographic characteristics, clinical ratings, or
biomarker levels.

Cross-sectional correlations

Cross-sectional correlation of CSF biomarkers and cognitive test performance at the
beginning of each phase, controlling for age, sex, and education, did not meet our criteria of
producing significant cross-sectional correlations in the discovery cohort with confirmation
in the validation sample in either Phase 1 or Phase 2 (Tables el and e2).

Longitudinal analyses of Phase 1

CSF biomarkers measured at baseline did not predict longitudinal change of performance on
any cognitive measures during the course of Phase 1.

Longitudinal analyses of Phase 2

The predictive values of the CSF biomarkers measured at the beginning of Phase 2 on
longitudinal change in cognition for the discovery and validation subjects are shown (Table
3). In both the discovery set and confirmed in the validation set, p-tau and the ratio p-tau/
A4, measured at the start of Phase 2 predicted subsequent decline on verbal learning (SRT-
Total Recall) and on a measure of visuospatial working memory/processing speed (SDMT).
The magnitude of this interaction is illustrated in Figure 1, in which those with higher levels
of the biomarkers measured prior at the start of Phase 2 have a considerably faster decline of
the cognitive measurements than those with lower levels of the biomarker.

None of the other CSF biomarkers met our criterion of being significant in the discovery set
and confirmed in the validation set, although there is some weaker evidence of an
association between measures of p-tau and t-tau with visuospatial working memory (New
Dot Test) and with t-tau and visuospatial working memory/processing speed (SDMT).

The linear mixed model was run for those with LEDD data available (n=254) both with
LEDD and LEDD x follow up time interaction included as covariates, and without the
LEDD data included in the model. The analyses produced similar results whether or not the
LEDD data were included (Table e3).

Although several of the biomarkers correlated with rate of change in cognitive measures for
the APOE ¢4- group only, a time x biomarker x APOE &4 genotype interaction was not
found. Because the significant correlations in subgroups may be a result of disparate sample
sizes, additional analyses were not pursued. Similarly, a time x biomarker x motor subtype
(PIGD vs. TD vs. intermediate) interaction was not found (Table e4 and data not shown).
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Discussion

The current study is the largest to date relating CSF biomarkers to longitudinal cognitive
function in PD patients. Here, we report new findings concerning the predictive value of
CSF biomarkers with respect to decline in cognitive function, including: 1) there was a lack
of association between AB4, and cognitive function and subsequent rate of decline in
cognitive function in PD patients, and 2) higher p-tau and p-tau/AP4» predicted subsequent
decline on cognitive tasks involving both memory and executive functions, among patients
who have just started levodopa therapy.

The absence of an association between AB,, and cognitive performance and decline in our
data differs from several other reports with respect to PD patients. Cross-sectional reports
have shown that lower values of multiple A species (including AB4p) correlate with
impaired performance on both memory and non-memory measures in PD patients [1,6].
Similar to the current study, Siderowf et al.[7] failed to detect any baseline correlations
between cognitive function and either A4, or tau in a cohort of 45 patients with PD, yet
they did report a strong association between lower baseline A4, and subsequent decline on
a global cognitive measure. However, participants in that cohort had a longer mean illness
duration, thus it is possible that reduced AB4, may indicate the onset of subsequent cognitive
decline in patients with more advanced disease than those evaluated in this cohort. Further,
differences in sample size, stage of disease, cognitive measures incorporated, and included
covariates may all contribute to the disparate findings with regard to AB4,. Any of these (or
additional unknown) factors might have contributed to some type of cohort bias in the
DATATOP sample.

Clearly, the most important results coming out of this study center on alterations in tau
species, whose gene (MAPT) has been consistently associated with PD risk, that may be
associated with cognitive decline in PD. Several reports indicate cross-sectional reductions
in CSF t-tau and p-tau in PD patients as compared to controls [1,2,21,22]. Reduced tau in
the substantia nigra has been demonstrated in both animals and in human brain; further,
reductions in tau were noted to facilitate neurodegeneration in mouse models of PD [23].
Recent studies have demonstrated a negative association between both CSF t-tau and p-tau
and motor symptoms in PD patients [24] as well as greater presynaptic dopaminergic
involvement in PD patients with lower CSF p-tau and t-tau [25]. In recently published
DATATORP results [8], we reported that higher baseline p-tau as a proportion of total
baseline tau predicted slower motor progression, suggesting that perhaps higher p-tau early
in PD serves some type of protective function.

Intriguingly, the current study demonstrates that higher levels of p-tau at the end of Phase 1
predicted increased cognitive decline in subsequent years. Thus, a potential alternate
explanation is that there is initial sequestration of soluble t-tau and p-tau as a protective
mechanism in reaction to the earliest disease processes (thus resulting in lower tau cleared
into the CSF), with subsequent loss of this protection occurring with more rapid disease
progression. The associations of tau species with motor symptom worsening and with
cognitive decline might also be different, and may reflect underlying differential
mechanisms for cognitive versus motor symptoms. Support for this is found in recent studies
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that demonstrate that, while CSF tau levels may be reduced in nondemented PD patients as
compared to controls, levels are higher in those with PD-related dementia.[4,5,26] An
important caveat is that the role of tau phosphorylation in areas other than the tubulin-
binding domains on tau is largely unknown, and our studies are purely correlational and do
not provide mechanistic explanations as to how and why tau species are important in
cognitive decline in PD patients.

Our findings differ from those presented in a recent follow up study by Parnetti et al.[27],
which found no association between CSF levels of tau and subsequent cognitive decline, as
measured by two global cognitive screening tests. However, the DATATOP study
implemented more sensitive cognitive measures designed to measure performance in
specific cognitive domains. Unlike the global tau pathology expected in Alzheimer’s
disease, tau pathology in early PD is likely to be limited to the striatum [28]. As a result, the
associations between tau and progression of specific measures of verbal learning (rather than
recall) and executive functioning in the DATATOP sample are not entirely unexpected, as
performance on these tasks may be impeded as a result of disruptions in the fronto-striatal
pathways, often first affected in PD patients.

It is possible that the study medications (selegiline and or a-tocopherol) had some unknown
or unmeasured effects that may interfere with the current analyses. Of note, prior analyses of
the DATATOP cohort yielded no effects of the study medications on cognitive test
performance [29]. Thus, we felt comfortable including all participants in the current set of
analyses. A further limitation exists in terms of the range of cognitive tests and clinical data
available for analysis. Not all of the cognitive tests administered at baseline were
consistently measured for the duration of the study, and thus we were limited in our ability
to detect the influence of CSF biomarkers on certain areas of cognitive test performance
(e.g., visuospatial and language abilities). Further, information concerning participants who
developed dementia or mild cognitive impairment during the course of the trial was not
collected. To address this concern, we controlled for MMSE scores prior to the start of
Phase 2; however, this measure does not necessarily correlate well with clinical cognitive
diagnosis. Thus, future studies should carefully collect data related to cognitive impairment
and dementia. Additionally, we did not have access to longitudinal biomarkers beyond
Phase 2, the presence of which may have helped to further elucidate the relationship
between tau species and cognitive change over time. Also, during Phase 2, all participants
who had reached the designated endpoint were placed on levodopa or other anti-
parkinsonian medications, and this coincided with cognitive decline in the sample. In the
current analyses, we controlled for LEDD, which did not substantially affect the results; thus
we surmise that the cognitive decline noted in Phase 2 may be more likely to be related to
disease progression rather than the commencement of anti-parkinsonian medications.
However, we were unable to control for levodopa onset and dose a priori, thus, there
remains the possibility that levodopa treatment may have had an impact on cognition in this
study. Additional studies in large cohorts that stringently control for dose and duration of
anti-parkinsonian medications will be important contributions. Advancing age may have
also played a role in the cognitive decline noted during Phase 2. Despite our control of this
variable during analyses, the effects of age and other variables on CSF biomarkers
independent of PD may have impacted our results; additional studies that incorporate non-
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PD control groups will be important to address this issue. Finally, we did not detect an
association between APOE and cognition nor an interaction between APOE, CSF
biomarkers, and cognition. We surmise that, given the reduced number of participants with
available APOE data in combination with a limited cognitive test battery, our ability to
detect such a relationship was reduced, particularly when testing three-way interaction
effects.

In summary, the current study provides novel data concerning the potential ability of CSF
tau species to predict subsequent decline in cognitive test performance in the largest sample
of PD patients assembled to date. These findings are not only entirely consistent with
GWAS studies linking tau to PD risk, but also suggest that tau may be involved in cognitive
decline in PD patients. This is particularly important, given the recent realization that even
at the time of PD diagnosis, many PD patients already have at least subtle cognitive
difficulties. If reproduced, in addition to pathogenic roles of tau, these findings will move
the field closer to possible identification of PD signature biomarkers in CSF that may herald
the onset of cognitive decline.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Change of predicted cognitive test scores over time in PD patients during Phase 2
Data shown are the mean cognitive scores predicted from CSF biomarkers levels (low,

mean, high) at the beginning of Phase 2 based on output from a mixed linear model; sex,
education, and age at the beginning of Phase 2, final Phase 1 MMSE score, average UPDRS
total and cognitive scores over 6 months prior to the beginning of Phase 2 were controlled as
covariates. Blue lines indicate predicted cognitive scores by the mean levels of CSF
biomarkers, green lines indicate predicted scores by low levels (mean — 1 SD) of CSF
biomarkers, and red lines indicate predicted scores by high levels (mean + 1 SD) of CSF
biomarkers. A: CSF p-tau vs SDMT, low p-tau can predict a 0.37/year decline of SDMT,
mean p-tau can predict a decline of 0.97/year, high p-tau can predict a decline of 1.58/year;
B: CSF p-tau/APB4p vs SDMT (low — 0.43/year, mean — 0.97/year, high — 1.50/year); C: CSF
p-tau vs SRT-total Recall (low — 0.78/year, mean — 1.12/year, high — 1.45/year); D: CSF p-
tau/AB4, vs. SRT-total Recall (low — 0.77/year, mean —1.10/year, high —1.44/year). SRT:
Selective Reminding Test; SDMT: Symbol Digit Modalities Test
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Demographics and CSF biomarker values of the discovery and validation cohorts at the start of Phase 1 in the

DATATOP sample

Discovery (n=201)

Validation (n=202)

Total (n=403)

Sex, F/IM (% male) 71/130 (54.6%) 71/131(54.2%) 142/261 (54.4%)

Age (yrs) Mean £ SD  60.94 + 9.55 60.93 + 8.82 60.93+9.18
Range 36-78 34-79 34-79

Disease Duration (yrs) Mean+SD 1.99+1.33 2.08 +1.38 2.04 +1.36
Range 0-6 0-7 0-7

MMSE Mean+SD  28.78 +1.48 2897 +141 28.87 +1.45
Range 23-30 23-30 23-30

UPDRS total Mean+SD  25.77 £11.10 22.91+12.17 24.34+11.72
Range 7-61 0-63 0-63

UPDRS motor Mean+SD  17.15 + 8.46 15.47 +9.10 16.31+8.82
Range 3-50 0-46 0-50

Hoehn and Yahr Median 15 15 15
Range 1-3 1-3 1-3

CSF AB4, (pg/mL) Mean+SD  233.98 + 78.63 238.29 £ 71.32 236.14 + 74.99
Range 52.14 - 670.08 74.77 - 435.72 52.14-670.08

CSF t-tau (pg/mL) Mean+SD  47.27 + 25.90 46.79 + 25.07 47.03 £ 25.45
Range 13.97 - 146.91 10.72 - 213.58 10.72 - 213.58

CSF p-tau (pg/mL) Mean+SD  23.23 +11.66 2344 +12.14 23.34+11.89
Range 4.56 — 88.02 3.99-93.11 3.99-93.11

CSF p-tau/t-tau Mean+SD 0.54+0.21 0.54 £0.21 0.54 £0.21
Range 0.14-1.06 0.14-1.06 0.14-1.06

CSF t-tau/AB4, Mean+SD 0.21+0.11 0.21+0.13 0.21+0.12
Range 0.08-0.71 0.09-1.21 0.08-1.21

CSF p-tau/ABy4; Mean+SD  0.11 + 0.06 0.11+0.07 0.11+0.06
Range 0.03-0.42 0.02-0.55 0.02-0.55

UPDRS: Unified Parkinson Disease Rating Scale; MMSE Mini Mental State Examination; AB1-42: amyloid beta peptide 1-42; CSF: cerebrospinal
fluid; p-tau: phosphorylated tau; t-tau: total tau
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Demographics and CSF biomarker values of the discovery and validation cohorts at the start of Phase 2 in the

DATATOP sample

Discovery (n=154)

Validation (n=151)

Total (n=305)

Sex, F/IM (% male) 48/106 (45.3%) 54/97(55.7%) 102/203 (50.2%)

Age (yrs) Mean+SD  62.80 + 9.57 62.86 + 9.05 62.83+9.3
Range 36-79 35-80 35-80

Disease Duration (yrs) Mean+SD 3.82+1.58 3.83+1.42 3.82+15
Range 1-8 1-9 1-9

MMSE Mean+SD  28.72 +2.30 28.85+2.10 28.79£2.20
Range 8-30 9-30 8-30

UPDRS total Mean +SD  45.12 +13.37 43.84 +£14.72 44.49 + 14.05
Range 10-83 8.5-88 8.5-88

UPDRS motor Mean +SD  30.22 +10.30 29.61 +10.91 29.92 +10.59
Range 6-59 45-62 4.5-62

Hoehn and Yahr Median 2 2 2
Range 1-3 1-4 1-4

CSF ABy4, (pg/mL) Mean+SD  233.37 + 80.06 231.01+72.14 232.21+76.14
Range 12.13-631.25 15.53 — 464.04 12.13-631.25

CSF t-tau (pg/mL) Mean+SD  47.67 + 25.18 46.65 + 24.94 47.16 + 25.02
Range 13.38-171.80 12.29-191.42 12.29-191.42

CSF p-tau (pg/mL) Mean+SD 2295+ 11.11 24.22 +13.06 2358 +£12.11
Range 3.85-62.90 4.35-96.93 3.85-96.93

CSF p-tau/t-tau Mean+SD 0.52+0.21 0.56 +0.24 0.54 +0.23
Range 0.16 — 1.09 0.16-1.83 0.16-1.83

CSF t-tau/AB4, Mean+SD  0.24 £0.33 0.22+0.13 0.23 +0.26
Range 0.10-4.14 0.10-0.81 0.10-4.14

CSF p-tau/ABy4; Mean+£SD 0.12+0.20 0.12+0.13 0.12+0.17
Range 0.03-2.45 0.03-1.45 0.03-2.45

MMSE:Pre-washout Mini Mental State Examination prior to the beginning of Phase 2; UPDRS: Unified Parkinson Disease Rating Scale; CSF:
cerebrospinal fluid; AB42: amyloid beta peptide 1-42; p-tau: phosphorylated tau; t-tau: total tau.
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