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Abstract

We evaluated the relationship between baseline CSF p-tau181 and the rate of tau PET change 

in the temporal meta-ROI and entorhinal cortex (ERC) and how it varied by amyloid level (CSF 

Aβ42 or amyloid PET) among 143 individuals from the Mayo Clinic Study of Aging and Mayo 

Alzheimer Disease Research Center. Higher CSF p-tau181, lower CSF Aβ42, and higher amyloid 

PET levels were associated with faster rates of tau PET change in both the temporal meta-ROI 

and ERC. In the temporal meta-ROI, longitudinal tau PET accumulation occurred primarily in 

participants with abnormal biomarker levels and a diagnosis of dementia, which supports the 

hypothesis that tau aggregation begins later in the disease process. Compared to the temporal 

meta-ROI, the ERC showed greater change in tau PET in non-demented participants but less 

change in later disease stages, supporting ERC as a more sensitive marker of early tau PET 

changes but with less dynamic range over the disease spectrum. We found both amyloid and 
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CSF p-tau181 were associated with rates of tau PET change but there were some differences in 

associations by region, amyloid biomarker, and disease stage.
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1. INTRODUCTION

The time course over which Alzheimer disease (AD) biomarker levels change, the rate of 

change, and the associations between biomarkers must be better understood to allow for 

early diagnosis and treatment. Currently, AD biomarkers of amyloid and tau pathology are 

most often assessed by CSF or PET but they have different interpretations (Jack et al., 2016, 

2018a). CSF measures of amyloid and tau are a result of the of net influx versus efflux of a 

soluble protein in the CSF compartment, whereas PET standardized uptake values (SUVR) 

reflect the cumulative burden of aggregated insoluble protein in the brain (Blennow and 

Hampel, 2003; Gordon et al., 2016).

Relationships between CSF and PET metrics have been studied in various populations 

for both amyloid and tau. Studies in Alzheimer Disease Research Center (ADRC) and 

Alzheimer Disease Neuroimaging Initiative (ADNI) participants have shown that CSF 

amyloid levels decrease as amyloid aggregation in the brain begins (Fagan et al., 2009, 

2006; Jagust et al., 2009), and longitudinal decline in CSF amyloid levels may be detected 

prior to accumulation of amyloid on PET (Palmqvist et al., 2016). Associations between tau 

pathologic changes on CSF and PET have been recently studied with the more widespread 

availability of tau PET. Cross-sectional studies have shown modest levels of correlation 

between CSF phosphorylated tau (p-tau181) and tau PET that are greater in participants 

with AD than in participants who are cognitively unimpaired (Chhatwal et al., 2016; 

Gordon et al., 2016; La Joie et al., 2018; Mattsson et al., 2018; Wolters et al., 2020). 

Based on modeling of cross-sectional data in dominantly inherited and sporadic AD and 

limited longitudinal data in sporadic AD, changes in CSF p-tau appear to occur prior to 

detectable tau accumulation on PET (Barthélemy et al., 2020; Mattsson-Carlgren et al., 

2020). However, further study of the temporal relationship of CSF p-tau and tau PET in 

sporadic AD and larger samples of longitudinal data is warranted to better understand 

disease progression.

Additionally, any modifying effect of amyloid on the relationship of CSF p-tau181 with 

tau aggregation assessed by PET and the independent value of CSF biomarkers of amyloid 

and tau must be better understood. Pathologic decreases in CSF Aβ have been shown to 

occur prior to change in CSF p-tau and accumulation of neocortical tau (Bateman et al., 

2012; Donohue et al., 2014; Fagan et al., 2014; Fleisher et al., 2015; Jack et al., 2013, 

2010; Pontecorvo et al., 2017) while aggregation of amyloid as measured via PET has been 

shown to occur more closely in time with rise in CSF p-tau (Bateman et al., 2012). Although 

changes in amyloid (decrease in CSF Aβ42 and increase in amyloid PET) and increase CSF 

p-tau have all been shown to be associated with tau aggregation (Barthélemy et al., 2020; 
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Jack et al., 2020; Mattsson-Carlgren et al., 2020), it is not well understood if CSF p-tau 

and measures of amyloid provide unique information in predicting rates of tau deposition 

on PET. Additionally, prior work assessing associations of p-tau with tau PET have been 

performed using primarily cross-sectional data and, in part, autosomal dominant AD for 

which specific numeric relationships may not translate directly to longitudinal change in 

sporadic onset disease. The purpose of this work is to evaluate the relationship between 

baseline CSF p-tau181 and future tau aggregation measured via longitudinal tau PET and 

also to assess how that relationship may differ with CSF or PET amyloid level along the 

continuum of sporadic AD. Given the literature supporting the idea that amyloid biomarkers 

(CSF and PET) as well as CSF p-tau become abnormal prior to tau PET, the temporality 

implied in our analyses seems well founded.

2. METHODS

2.1 Participants

This study included participants in the Mayo Clinic Study of Aging (MCSA), a longitudinal 

cohort study of individuals residing in Olmsted County, Minnesota, or in the Mayo 

Alzheimer Disease Research Center (ADRC), a longitudinal study of patients enrolled 

through the clinical practice. To be included in the study, participants were required to have 

at least two tau PET exams between April 2015 and November 2020, CSF collection at or 

before the first (baseline) tau PET visit, and a diagnosis of cognitively unimpaired, mild 

cognitive impairment, or amnestic dementia at the first tau PET visit. Three participants with 

incomplete or other diagnoses were excluded. CSF was not always collected at the time of 

the first tau PET scan. Therefore, for 61 (43%) participants we used CSF data collected from 

up to three years prior to the first tau PET visit. Utilizing the medical history, neurologic 

examination, and detailed neuropsychological exam, an expert panel determined clinical 

diagnoses using established criteria (Blacker et al., 1994; Petersen, 2004). Further details of 

the clinical evaluation have been previously published (Roberts et al., 2008).

2.2 Standard protocol approvals, registrations, and patient consents

The study was approved by the Mayo Clinic and Olmsted Medical Center institutional 

review boards. Written informed consent was obtained for all participants; consent was 

obtained from a legally authorized representative for cognitively impaired participants as 

necessary.

2.3 CSF analysis

CSF was collected via lumbar puncture after overnight fasting and stored in polypropylene 

tubes at −80°C. CSF hyperphosphorylated tau (p-tau) and β-amyloid 42 (Aβ42) were 

analyzed using Elecsys p-tau [181P] and Elecsys Aβ [1–42] CSF electrochemiluminescence 

immunoassays (Roche Diagnostics, Basel, Switzerland). For participants with more than 

one CSF visit, we used the CSF data collected at or closest to the tau PET visit. Details 

of CSF collection and storage as well as validation of CSF metrics have previously been 

described (Van Harten et al., 2020). CSF Aβ42 values were truncated at 1701 pg/mL for 22 

participants where the CSF Aβ42 value was greater than the upper technical limit of 1700 

pg/mL. Although CSF total-tau (t-tau) was also available in this cohort, our analyses focused 

Cogswell et al. Page 3

Neurobiol Aging. Author manuscript; available in PMC 2023 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



on CSF p-tau181 given the high correlation of these two biomarkers in the cohort (r = 0.98) 

and the greater specificity of CSF p-tau181 for AD pathologic changes (Blennow, 2017).

2.4 PET imaging and analysis

Tau PET was performed with [18F]flortaucipir (Avid Radiopharmaceuticals) on GE (models 

Discovery 690XT and Discovery MI) or Siemens scanners (Biograph Vision 600). A 

longitudinal pipeline with two-compartment partial volume correction (Schwarz et al., 

2021), an updated version of the Mayo longitudinal PET pipeline (Schwarz et al., 2019), 

was used to measure change in tau PET standardized uptake value ratio (SUVR). We studied 

tau PET in a temporal meta-ROI (amygdala, fusiform, middle/inferior temporal, entorhinal, 

and parahippocampal regions) which has been shown to best correlate with disease state 

and separate diagnostic groups (Jack et al., 2017; Lowe et al., 2018). The meta-ROI 

SUVR was calculated as a voxel number weighted average of the median uptake in each 

region divided by the median uptake in a composite reference region (eroded supratentorial 

white matter, pons, and whole cerebellum). A recent thorough evaluation of different 

longitudinal tau PET methods revealed this to be the optimal method based on effect 

sizes for separating cognitively unimpaired versus impaired participants and measurement 

repeatability (Schwarz et al., 2021). We also studied tau PET in the entorhinal cortex region 

(ERC) as it may be more sensitive to early changes in tau pathology (Braak and Braak, 

1991; Kaufman et al., 2018). The baseline tau PET exam was defined as the first available 

PET and all available subsequent tau PET exams were included in the analysis.

Amyloid PET was performed with Pittsburgh compound B (Klunk et al., 2004) on GE 

scanners (models Discovery 690XT, Discovery RX, and Discovery MI) and was processed 

via standard cross-sectional pipelines with SUVR normalized to the cerebellar crus gray 

matter (Jack et al., 2017). The amyloid PET meta-ROI was composed of the prefrontal, 

orbitofrontal, parietal, temporal, anterior and posterior cingulate, and precuneus regions. 

Amyloid PET obtained nearest to the baseline tau PET exam was used. See prior work for 

further details of the amyloid and tau PET acquisitions (Jack et al., 2017; Schwarz et al., 

2021, 2019).

2.5 Cross-sectional statistical analysis

The primary goal of this work was to evaluate associations between CSF p-tau181 and 

longitudinal changes in tau PET. However, we also performed cross-sectional analyses 

to confirm that previously demonstrated associations of CSF and PET biomarkers were 

similarly present in this study population. We used Spearman correlations to assess the 

strength of associations between baseline CSF p-tau181, CSF Aβ42, and amyloid PET 

SUVR and tau PET SUVR (computed from the same longitudinal pipeline) for both the 

temporal meta-ROI and ERC among all participants and within the subset of CU and MCI 

participants.

2.6 Longitudinal statistical analysis

Before considering both amyloid and PET biomarkers in a single model as predictors of tau 

aggregation, we used Spearman correlations to assess the strength of associations between 

each of the predictor variables — CSF p-tau181, CSF Aβ42, and amyloid PET SUVR — 
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and within-person annual percent change in tau PET in the temporal meta-ROI and ERC. 

To estimate this within-person annual percent change in tau PET SUVR, we fit a linear 

regression model for each person using log-transformed SUVR as the outcome and time 

from baseline scan as the predictor. The use of the log-transformation reduces skewness, 

stabilizes variability, and allows us to interpret the slope coefficient as annual percent change 

in tau PET.

For the primary analysis, we fit longitudinal linear mixed effects models to assess the 

associations between CSF p-tau181 and rate of tau PET accumulation and to evaluate 

if these associations differed by amyloid level. We fit models with each CSF Aβ42 and 

amyloid PET as the amyloid measure and with each the temporal metal-ROI and ERC as 

the tau PET outcome. We also fit models among all participants and within the subset of 

CU and MCI participants. The models were fit with log-transformed tau PET SUVR as the 

dependent variable and years from first tau PET scan as the time variable. CSF p-tau181 

and amyloid were the primary predictors. Age at the first tau PET scan (i.e., baseline 

age), sex, and the duration between CSF p-tau181 to tau PET measurement were included 

to control for potential confounding effects. The model was parameterized to allow for 

covariate associations with initial tau PET SUVR and change in tau PET (i.e. interactions 

with time). Our focus was on predictors of change in tau PET with particular interest 

in the interaction between CSF p-tau181, amyloid, and time which allowed us to assess 

differences in the association between CSF p-tau181 and annual percent change in tau PET 

by amyloid level. CSF p-tau181 and amyloid PET were log-transformed to reduce skewness. 

The model also included participant-specific random intercepts and slopes. With the use of 

log-transformation of tau PET SUVR, regression coefficients may be interpreted as annual 

percent change in tau PET.

2.7 Secondary analyses: CSF p-tau181 to Aβ42 ratio

Because the CSF p-tau181 to Aβ42 ratio is used as a diagnostic biomarker in the clinical 

setting and because the ratio accounts for differences among individuals based on global 

differences in central nervous system protein production, we repeated the above analysis 

using the ratio of CSF p-tau181 to CSF Aβ42, in place of CSF p-tau181 alone.

2.8 Data availability

Numeric data underlying these analyses may be made available to investigators upon 

reasonable request.

3. RESULTS

3.1 Participants

We identified 594 participants with serial tau PET from 2015–2020, and of these, 143 

participants had a CSF collection within 3 years of the baseline tau PET scan. The included 

143 participants had a median age of 67 (range 32–94); 87 (61%) were male (Table 1). The 

majority of participants, 109 (76%), were cognitively unimpaired with diagnoses of MCI in 

22 (15%) and amnestic dementia in 12 (8%). In 82 (57%) participants’ CSF was collected 

at the same visit as the first (baseline) tau PET exam, with CSF collection occurring up to 
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2.9 years prior to the baseline tau PET exam in some participants. Nearly all participants 

(138, 97%) had amyloid PET and baseline tau PET on the same day with a maximum time 

between PET scans of 23 days. Of the 143 participants, 106 (74%) had two tau PET exams, 

33 (23%) had three exams, and 4 (3%) had four exams. The median time from the first to 

last tau PET scan was 2.6 years (range 0.9 to 5.1 years).

3.2 Cross-sectional associations among CSF and PET biomarkers

CSF p-tau181 (meta-ROI rho = 0.54, p <0.001; ERC rho = 0.56, p <0.001) and amyloid 

PET (meta-ROI rho = 0.63, p <0.001; ERC rho = 0.53, p <0.001) were positively associated 

with baseline tau PET for both the temporal meta-ROI and the ERC, while CSF Aβ42 was 

negatively associated with baseline tau PET (meta-ROI rho = −0.42, p <0.001; ERC rho 

= −0.27, p = 0.001) (Figure 1). When considering only CU and MCI participants, most 

associations remained statistically significant though were attenuated to varying degrees: 

CSF p-tau181 (meta-ROI rho = 0.43, p <0.001; ERC rho = 0.46, p <0.001), CSF Aβ42 

(meta-ROI rho = −0.27, p = 0.002) and amyloid PET (meta-ROI rho = 0.53, p <0.001; ERC 

rho = 0.40, p < 0.001). However, when only considering participants with a diagnosis of 

CU or MCI, the association of CSF Aβ42 with ERC tau PET was no longer statistically 

significant (rho = −0.09, p = 0.29).

Participants with a diagnosis of amnestic dementia had higher CSF p-tau181 (median 29 vs 

17 and 16 pg/mL, p <0.001), lower CSF Aβ42 (median 524 vs 1097 and 1133 pg/mL, p = 

0.002 and p <0.001), higher amyloid PET (median 2.38 vs 1.40 and 1.38 SUVR, p <0.001), 

and higher baseline temporal meta-ROI tau PET (1.89 vs 1.21 and 1.15 SUVR, p <0.001) 

and ERC tau PET (1.74 vs. 1.11 and 1.08 SUVR, p <0.001) values than participants with 

diagnoses of MCI or CU (Table 1).

3.3 Rate of tau PET SUVR change with age

Individual trajectories of tau PET SUVR by age are shown in Figure 2. Most participants 

showed an increase in tau PET SUVR over time for both the temporal meta-ROI (73% 

increasing) and ERC (68% increasing). Rates of change in the temporal meta-ROI were 

greatest for participants with amnestic dementia with little change in the MCI and CU 

participants (5.4% per year vs 0.6% and 0.4% per year, p < 0.001). For the ERC, rates 

remained low in CU but rates tended to be a little higher in MCI compared to CU (0.6% vs. 

1.3% per year, p = 0.06) and in amnestic dementia compared to MCI (3.3% vs. 1.3% per 

year, p = 0.09), indicating more of a gradient in rates across diagnosis groups compared to 

the temporal meta-ROI.

3.4 Association between biomarkers and rate of tau PET change

Higher CSF p-tau181 (meta-ROI rho = 0.19, p = 0.02; ERC rho = 0.39, p <0.001) and higher 

amyloid PET (meta-ROI rho = 0.27, p = 0.001; ERC rho = 0.39, p <0.001) were associated 

with faster rates of tau PET change for both the temporal meta-ROI and the ERC while 

lower CSF Aβ42 was associated with faster rates of tau PET change (meta-ROI rho = −0.23, 

p = 0.005; ERC rho = −0.24, p = 0.004) (Figure 3). When limiting the analysis to CU and 

MCI participants, the associations with temporal meta-ROI tau PET rate of change were 

attenuated and no longer statistically significant. However, the associations with ERC tau 
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PET rate of change were similar with or without including the participants with amnestic 

dementia.

3.5 Linear mixed effects models

In longitudinal modeling, the estimated mean increase in tau PET varied considerably with 

CSF p-tau181 and amyloid levels. More abnormal levels of both CSF p-tau181 (p <0.001) 

and amyloid (p <0.001) were associated with higher rates of change in temporal meta-ROI 

tau PET SUVR, and there was a significant interaction (p <0.001 for time × CSF p-tau181 

× amyloid PET and p = 0.01 for time × CSF p-tau181 × CSF Aβ42) indicating that the 

association between higher CSF p-tau181 and faster rates of tau PET depended on amyloid 

levels (Figure 4 A and C, Supplemental Table 1). Table 2 shows the estimated mean 

annual percent change in tau PET SUVR for combinations of three exemplar values of CSF 

p-tau181 and either CSF Aβ42 or amyloid PET. Specifically, mean annual percent change 

in tau PET SUVR was greatest with higher CSF p-tau181 and lower CSF Aβ42 or higher 

amyloid PET SUVR (lower right quadrant of the tables).

When we excluded participants with amnestic dementia, the associations of CSF p-tau181 

and CSF Aβ42 with change in temporal meta-ROI tau PET were attenuated (Figure 4B, 

Table 2, Supplemental Table 1). The interaction between CSF p-tau181 and Aβ42 was 

no longer significant (p = 0.53), and while rates of temporal meta-ROI tau PET change 

still appeared to increase some with higher CSF p-tau181 (p = 0.10) and CSF Aβ42 (p = 

0.16), neither were significantly associated with rates of tau PET change in the model. For 

the model with amyloid PET, the coefficients were not significantly different among the 

participants without dementia compared to all participants (p = 0.21) and a similar pattern 

was seen such that higher CSF p-tau181 was associated with greater rates of temporal meta-

ROI change when amyloid PET was more abnormal (Figure 4D, Table 2, Supplemental 

Table 1). However, the interaction of CSF p-tau181 and amyloid PET was not significant (p 

= 0.12) and only amyloid PET was significantly associated with rate of temporal meta-ROI 

tau PET change (p = 0.02).

In the ERC, more abnormal levels of both CSF p-tau181 (p <0.001) and CSF Aβ42 (p 

= 0.04) were associated with higher rates of change in tau PET (Figure 4E, Table 2, 

Supplemental Table 2). When using amyloid PET instead of CSF Aβ42, more abnormal 

levels of amyloid were associated with higher rates of change in tau PET (p <0.001) but 

CSF p-tau181 was not (p = 0.29) (Figure 4G, Table 2, Supplemental Table 2). There were no 

significant interactions between CSF p-tau181 and amyloid in either of these ERC models. 

The associations of CSF p-tau181 and amyloid with rate of change in ERC tau PET were 

quite similar when excluding the participants with amnestic dementia (Figure 4 F and H, 

Table 2, Supplemental Table 2).

Age, sex, and duration between CSF and baseline tau PET measurements were not 

associated with rates of tau PET change for any of the models with one exception. Among 

participants without dementia, a 10-year difference in age (i.e. 80 vs. 70) was associated 

with a 0.3% higher rate of change in ERC tau PET.
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Note, results were similar when the models were fit among the subset of participants with 

CSF and tau PET measured at the same visit (data not shown).

3.6 Association between CSF p-tau181 to Aβ42 ratio and tau PET

The associations between the CSF p-tau181/Aβ42 ratio and baseline or rate of change in 

temporal meta-ROI tau PET SUVR (Figure 5 A and B) were similar to the associations 

using CSF p-tau181 alone, although the magnitude of the associations were slighter larger 

with the CSF p-tau181/Aβ42 ratio (rho = 0.63 [p <0.001] and rho = 0.26 [p = 0.002] for 

CSF p-tau181/Aβ42 vs rho = 0.54 [p <0.001] and rho = 0.19 [p = 0.02] for CSF p-tau181 

alone). In the ERC, the correlations between the CSF p-tau181/Aβ42 ratio and baseline or 

rate of change in tau PET (Figure 5 E and F) were also very similar to the associations 

when using CSF p-tau181 alone (rho = 0.55 [p <0.001] and rho = 0.41 [p <0.001] for CSF 

p-tau181/Aβ42 vs rho = 0.56 [p <0.001] and rho = 0.39 [p <0.001] for CSF p-tau181 alone).

In the linear mixed effects model, both amyloid PET (p = 0.03) and the CSF p-tau181/Aβ42 

ratio (p = 0.002) were associated with rate of change in temporal meta-ROI tau PET 

(Figure 5C). While the interaction between CSF p-tau181/Aβ42 and amyloid PET was 

not statistically significant (p = 0.10 for time × CSF p-tau181/Aβ42 × amyloid PET), 

the pattern was similar to CSF p-tau181 alone. When including only CU and MCI 

participants, the effects were attenuated and while rates of tau PET change were still higher 

at more abnormal amyloid PET levels (p = 0.12), there was no association with the CSF 

p-tau181/Aβ42 ratio (p = 0.53) (Figure 5D). In the ERC, amyloid PET was the primary 

predictor of rate of change in tau PET for both the models fit among all (p = 0.004) and 

among the CU and MCI only (p <0.001) (Figure 5 G and H). The CSF p-tau181/Aβ42 ratio 

was not significantly associated with rate of change in ERC tau PET (p = 0.97 among all, 

p = 0.41 among CU and MCI). These results were consistent with the models including 

amyloid PET and CSF p-tau181 alone.

4. DISCUSSION

As longitudinal tau PET data are becoming more widely available, there is an opportunity to 

better define the relationship between baseline CSF p-tau181 and future tau aggregation 

measured via tau PET and how that relationship may differ with amyloid level. 

Understanding the disease mechanisms as well as how to predict tau aggregation more 

accurately is important in both clinical and research setting as tau aggregation is closely 

related to cognitive decline. We found that CSF p-tau181, CSF Aβ42, and amyloid PET 

SUVR were associated with annual percent change in temporal meta-ROI and ERC tau PET 

SUVR, however, there were some differences in the associations across the different models 

we fit.

Though not a primary focus of this work, the cross-sectional analyses showed anticipated 

relationships of CSF p-tau181, CSF Aβ42, and amyloid PET with tau PET and confirmed 

that results obtained in larger cohorts were similarly present in this study population. 

Amyloid may become abnormal without tau accumulation, but higher levels of tau PET only 

occurred in the setting of abnormal CSF Aβ42 and amyloid PET (Jack et al., 2018b, 2019b). 

Participants with diagnoses of CU and MCI had amyloid levels that spanned the entire range 
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seen in the study population, but few CU and MCI participants had temporal meta-ROI or 

ERC tau PET SUVR > 1.5. By comparison, the participants with amnestic dementia all had 

temporal meta-ROI and ERC tau PET SUVR > 1.5, which is well into the abnormal range 

of tau PET SUVR. The separation of diagnostic groups by tau PET but overlap in amyloid 

levels corresponds with known close associations between tau aggregation and cognitive 

decline and frequent existence of amyloid without abnormal tau (Brier et al., 2016; Johnson 

et al., 2016; Ossenkoppele et al., 2016).

Our primary interest was to assess the association of biomarker predictors on within-person 

change in tau PET. Figure 3 showed that higher CSF p-tau181 as well as more abnormal 

amyloid (lower CSF Aβ42 and higher amyloid PET SUVR) were associated with greater 

rates of temporal meta-ROI and ERC tau PET aggregation.

Participants with amnestic dementia had the greatest rates of tau PET change and rates of 

tau PET were notably higher in the temporal meta-ROI region compared to the ERC. As 

expected, participants with amnestic dementia also had quite abnormal baseline biomarker 

levels. CU participants showed little, if any, increase on average for both tau PET regions 

while MCI participants were moderately increasing only in the ERC. These findings agree 

with prior work showing that the earliest tau PET change occurs in the ERC (Braak and 

Braak, 1991; Kaufman et al., 2018) and are consistent with tau aggregation not being 

detectible by tau PET until later in the disease process, after other biomarkers have become 

abnormal (Mattsson-Carlgren et al., 2020; Pontecorvo et al., 2017; Reimand et al., 2020; 

Smith et al., 2020). Temporal meta-ROI tau PET showed little change in early disease stages 

but rapid increased from already high levels in those with dementia (Brier et al., 2016; 

Johnson et al., 2016). Our findings also reflect that in general participants with greater 

baseline tau PET levels (i.e. those with amnestic dementia) also had faster rates of change 

compared to those with lower baseline tau PET levels as has been observed in prior work 

(Jack et al., 2020, 2018b; Sanchez et al., 2021).

The linear mixed effects models provide a better understanding of the interrelationships of 

CSF p-tau181 and amyloid level on change in tau PET. The model summaries shown in 

Figure 4 and Table 2 demonstrate important variation in tau PET rates by CSF p-tau181 and 

amyloid, but there are some differences with region, amyloid marker, and disease stage. In 

the temporal meta-ROI, the association between CSF p-tau181 and rate of tau PET change 

depended on amyloid level. For example, tau PET increased minimally when amyloid was 

more normal (e.g. 1400 pg/mL or 1.3 SUVR) and was not found to be sensitive to CSF 

p-tau181 levels. However, at more abnormal amyloid levels, an increase in CSF p-tau181 

was associated with faster tau PET accumulation rates, reaching roughly 2.5% per year at 

30 pg/mL. When restricting the sample to participants with CU and MCI, the associations of 

CSF p-tau181 and amyloid with rate of temporal meta-ROI tau PET change were attenuated. 

This is not unexpected as CU and MCI participants showed low (<1%) annual change in 

this region on average, in keeping with a close link between cortical tau aggregation and 

cognitive performance (Brier et al., 2016; Jack et al., 2019a; Johnson et al., 2016). Omitting 

the participants with amnestic dementia restricts the dynamic range of tau PET change 

in the temporal meta-ROI. Therefore, associations of biomarkers with tau PET change in 

the temporal meta-ROI may be difficult to detect among CU and MCI participants using 
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currently implemented methods. The use of other tau PET regions, such as the ERC, may 

provide further insight into biomarker changes in early disease stages.

In the ERC, both higher CSF p-tau181 and lower CSF Aβ42 were associated with greater 

rates of tau PET change, but the CSF p-tau181 and CSF Aβ42 effects were independent 

of each other, and these results did not differ when restricting the sample to CU and MCI 

participants. In contrast, when adjusting for amyloid level via amyloid PET, CSF p-tau181 

added little additional predictive information. As ERC tau PET SUVR best reflects change 

early in the disease stage, these findings may indicate that earlier in the disease stage CSF 

p-tau181 provide less unique information than later in the disease stage, when tau PET 

aggregation becomes more widespread. Additionally, the relatively high noise levels in the 

small ERC region may make associations with CSF p-tau181 more difficult to detect.

Our findings provide further support for a temporal ordering in which CSF p-tau181 changes 

occur prior to tau PET aggregation, as suggested by prior studies using primarily cross-

sectional data (Mattsson-Carlgren et al., 2020; Meyer et al., 2020). However, whereas prior 

work has shown that amyloid and CSF p-tau181 are correlated and therefore may provide 

similar, or redundant, information regarding future tau aggregation (Mattsson-Carlgren et 

al., 2020), we generally found that each of these biomarker levels contribute important 

information in predicting tau PET rates. The exception was when predicting change in ERC 

tau PET using amyloid PET, where only amyloid was associated with change. In all models, 

amyloid, assessed by either CSF or PET, was an important predictor of tau PET change 

which is consistent with prior work showing amyloid is necessary for tau accumulation 

in the AD spectrum (Bateman et al., 2012; Fagan et al., 2014; Pontecorvo et al., 2017). 

Our results suggest that amyloid level provides additional information regarding future tau 

PET accumulation, beyond that provided by CSF p-tau181. Specifically, amyloid is not only 

necessary for tau accumulation, but as the amyloid level becomes more abnormal, it appears 

to continue to affect the disease process.

These differences in our results compared to other studies could be due in part to target brain 

regions, analysis techniques, study population, and sample size. Specifically, we evaluated 

the interaction of amyloid and CSF p-tau181 on tau accumulation in a larger cohort of 

sporadic AD with longitudinal tau PET data and considered amyloid as a continuous 

variable compared to prior work in a smaller cohort with models fit separately for amyloid 

positive and negative participants (Mattsson-Carlgren et al., 2020).

Although it has been proposed that tau PET rates may plateau at more advanced disease 

stages, we did not observe this. Rates of tau PET change in the ERC were indeed lower 

in those with more advanced disease stages compared to rates in the temporal meta-ROI 

but nevertheless they still tended to be increasing. Lower rates in this region may be partly 

due to a ceiling effect of tau PET binding in this region or due to the later stage ghost 

tangles having lower binding efficiency for the tau PET ligand (Moloney et al., 2021). As in 

other studies, we may not observe a plateau stage in tau PET change as individuals in that 

advanced stage of disease are too impaired to participate in research imaging exams.
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Normalizing CSF p-tau181 by CSF Aβ42 resulted in only slight changes in the associations 

between CSF p-tau181 and baseline tau PET SUVR and annual change in tau PET, and 

the ratio did not provide addition mechanistically interesting information. However, small 

increases in the magnitude of the associations when using the ratio could be important in 

the setting of clinical trials. In the linear mixed effect models, the association between the 

CSF p-tau181/Aβ42 ratio and rate of temporal meta-ROI tau PET change was somewhat 

less dependent on amyloid level, which may be due to the ratio accounting for the amyloid 

level as well as variable protein production levels (Wiltfang et al., 2007). Although this 

ratio may be useful in some applications, by normalizing to amyloid some of the effects of 

tau could also be removed. Further, the CSF p-tau181/Aβ42 ratio provided little additional 

information in predicting rates of change in ERC tau PET.

The longitudinal tau PET processing pipeline used in this work improves stability in 

longitudinal measurements (Schwarz et al., 2021), increasing the likelihood that small 

changes seen over time were due to true change rather than measurement variability. Despite 

improved longitudinal measures, there were some participants with small decreases in tau 

PET SUVR over time presumably due to measurement variability. Similar measurement 

decreases have also been observed in other cohorts (Harrison et al., 2019; Pontecorvo et al., 

2019).

There are limitations to this study. Given the invasive nature of CSF collection, the number 

of participants with CSF in this longitudinal cohort study was low relative to the larger 

potential group of participants with imaging. In the future, plasma p-tau measures may 

allow us to study changes in soluble vs aggregated tau in larger sample sizes as plasma 

is more easily obtained than CSF. While we analyzed CSF p-tau181 in this study, it is 

possible that different effect sizes would be seen with CSF p-tau217 or CSF p-tau231 

based on the disease process and timing of changes in those CSF markers relative to tau 

accumulation (Barthélemy et al., 2020, 2017). The CSF assay used could also influence 

the results along with instrumental variation, pre-analytic handling for CSF, and biologic 

variation (e.g. protein production for CSF). The ratio of CSF Aβ−42/40 has shown to be a 

better indicator of disease status than CSF Aβ42 (Wiltfang et al., 2007), but CSF Aβ40 was 

not available in this study. Tau PET was evaluated using a temporal meta-ROI and ERC. 

These two ROIs should reflect the most commonly involved regions of tau accumulation in 

early to mid-stage disease (Jack et al., 2018b). Given the temporal and spatial heterogeneity 

recognized with tau deposition (Ossenkoppele et al., 2016; Whitwell et al., 2018), it is 

possible that some participants have tau deposition in regions not captured with this metric. 

By limiting the dementia group to only those with amnestic dementia, we aimed to reduce 

the possibility of less typical tau patterns. The age range of participants with amnestic 

dementia ranges from less than 60 years to approximately 80 years, resulting from the 

inclusion of early onset dementia cases from the ADRC.

Finally, as with other studies, we capture a short piece of an individual’s disease trajectory 

within the available data for this study. This limits our ability to directly infer temporal 

ordering of biomarkers. Further, for some individuals the CSF measures were collected up 

to 3 years before the first tau PET scan. A prior study of patients with dominantly inherited 

AD showed that p-tau181 levels begin to decline (i.e. become more “normal”) once tau 
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aggregation on PET begins (Barthélemy et al., 2020). If similar disease trajectories apply to 

our population, participants with very high levels of tau PET at baseline may have a lower 

level of CSF p-tau181 than if measured several years prior, which may decrease estimated 

effect sizes of baseline CSF p-tau181 with subsequent rate of change in tau PET. Despite 

this potential limitation, statistically significant associations were detected between baseline 

CSF p-tau181 and subsequent change in tau PET in this sample and adjusting for the time 

delay between measurements did not change the results.

In conclusion, higher levels of CSF p-tau181 and more abnormal amyloid are associated 

with greater temporal meta-ROI and ERC tau aggregation, as detected via rates of 

change on tau PET. Temporal meta-ROI tau PET accumulation occurred primarily in 

participants with abnormal CSF p-tau181 and amyloid levels and a diagnosis of amnestic 

dementia, corresponding to temporal meta-ROI tau aggregation being a later event in disease 

progression. Compared to the temporal meta-ROI, the ERC showed greater change in tau 

PET in participants without dementia but less change in later disease stages, supporting ERC 

to be more sensitive to early tau PET changes but have less dynamic range over the disease 

spectrum. Both CSF p-tau181 and amyloid are important in predicting tau aggregation 

and disease progression in AD but the associations vary some with brain region, amyloid 

biomarker, and disease stage. When focusing on the early disease stages, CSF p-tau181 

provides little additional predictive information about the rates of tau PET accumulation 

after taking into account amyloid PET level.
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Highlights

• Tau PET rates increased with more abnormal CSF p-tau181, CSF Aβ42, and 

amyloid PET

• Temporal meta-ROI and ERC tau PET rates were greatest in participants with 

dementia

• ERC tau PET showed greater rates of change in MCI compared to CU 

participants

• Both CSF p-tau181 and amyloid are important in predicting temporal tau 

aggregation

• At early disease stages, the predictive ability of CSF p-tau181 is limited
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Figure 1 (color figure). 
Cross-sectional associations between tau PET and CSF p-tau181, CSF Aβ42, and amyloid 

PET. Scatter plots of temporal meta-ROI (top row) and entorhinal cortex (ERC, bottom row) 

tau PET SUVR versus CSF p-tau181 pg/mL (panels A and D), CSF Aβ42 pg/mL (panels B 

and E), and amyloid PET SUVR (panel C and F) with points colored by clinical diagnosis 

(orange = cognitively unimpaired [CU], blue = mild cognitive impairment [MCI], and 

pink = amnestic dementia [aDementia]). Spearman correlations, rho (p value), are shown 

as a measure of the strength of association among all participants and within the subset 

of participants who were cognitively unimpaired (CU) or had mild cognitive impairment 

(MCI).
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Figure 2 (color figure). 
Individual tau PET trajectories by age. Tau PET trajectories within each participant for 

the temporal meta-ROI (Panel A) and entorhinal cortex (ERC, Panel B) regions by age 

colored by clinical diagnosis (orange = cognitively unimpaired [CU], blue = mild cognitive 

impairment [MCI], pink = amnestic dementia [aDementia]). Tau PET is shown on the 

logarithmic scale.
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Figure 3 (color figure). 
Associations between annual % change in temporal meta-ROI (top row) and entorhinal 

cortex (ERC, bottom row) tau PET and CSF p-tau181, CSF Aβ42, and amyloid PET. Scatter 

plots of annual % change in tau PET SUVR versus CSF p-tau181 pg/mL (panels A and D), 

CSF Aβ42 pg/mL (panels B and E), and amyloid PET SUVR (panels C and F) with points 

colored by clinical diagnosis (orange = cognitively unimpaired [CU], blue = mild cognitive 

impairment [MCI], and pink = amnestic dementia [aDementia]). Spearman correlations, rho 

(p-value), are shown as a measure of the strength of association among all participants 

and within the subset of participants who were cognitively unimpaired (CU) or had mild 

cognitive impairment (MCI). The annual % change in tau PET was estimated by fitting a 

linear regression within each person using all tau PET scans.

Cogswell et al. Page 20

Neurobiol Aging. Author manuscript; available in PMC 2023 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4 (color figure). 
Estimated mean (95% confidence interval) annual % change in temporal meta-ROI (top 

row) and entorhinal cortex (ERC, bottom row) tau PET by CSF p-tau181 for three exemplar 

CSF Aβ42 pg/mL (Panels A, B, E, and F) and amyloid PET SUVR (Panels C, D, G, and 

H) values. Panels A, C, E, and G were estimated among all participants and Panels B, 

D, F, and H were estimated among participants who were cognitively unimpaired (CU) 

or had mild cognitive impairment (MCI). Estimates are from linear mixed effects models 

with log-transformed tau PET SUVR as the outcome and years from first tau PET scan, 

age, sex, log-transformed CSF p-tau181, and either CSF Aβ42 pg/mL or log-transformed 

amyloid PET as predictors. The models included years from CSF draw to first tau PET 

scan to adjust for any delay between the measurements. Subject-specific random intercepts 

and slopes were also included. The model was parameterized to allow covariate associations 

with initial tau PET SUVR and change in tau PET (i.e. interactions with time). The model 

also included an interaction with CSF p-tau181 and amyloid. Estimates are shown for a 

hypothetical 70-year-old male with no delay between CSF draw and first tau PET scan.
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Figure 5 (color figure). 
Associations between the CSF p-tau181/Aβ42 ratio and temporal meta-ROI (top row) 

and entorhinal cortex (ERC, bottom row) tau PET. Scatter plots of CSF p-tau181/Aβ42 

versus baseline tau PET SUVR (panel A and E) and annual percent change in tau PET 

(panel B and F) are shown with points colored by clinical diagnosis (orange = cognitively 

unimpaired [CU], blue = mild cognitive impairment [MCI], and pink = amnestic dementia 

[aDementia]). Spearman correlations, rho (p-value), are shown as a measure of the strength 

of association among all participants and within the subset of participants who were 

cognitively unimpaired (CU) or had mild cognitive impairment (MCI). Panels C, D, G, and 

H show the estimated mean (95% confidence interval) annual percent change in temporal 

meta-ROI and ERC tau PET by CSF p-tau181/Aβ42 for three exemplar amyloid PET SUVR 

values. Estimates are from a linear mixed effects model fit among all participants (panels 

C and G) and fit among the subset of CU and MCI participants (panels D and H). The 

models included log-transformed tau PET SUVR as the outcome and years from first tau 

PET scan, age, sex, and log-transformed CSF p-tau/Aβ42 as predictors. The model included 

the duration from CSF draw to first tau PET scan to adjust for any delay between the 

measurements. The model also included participant-specific random intercepts and slopes. 

The model was parameterized to allow covariate associations with initial tau PET SUVR 

and change in tau PET (i.e. interactions with time). The model also included an interaction 

with CSF p-tau181/Aβ42 and amyloid PET SUVR. Estimates are shown for a hypothetical 

70-year-old male with no delay between CSF draw and first tau PET scan.
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Table 1.

Table of participant characteristics

Characteristic Overall (n = 143) CU (n = 109) MCI (n = 22) Amnestic Dementia (n = 
12)

Study, n (%)

 MCSA 122 (85%) 109 (100%) 13 (59%) 0 (0%)

 ADRC 21 (15%) 0 (0%) 9 (41%) 12 (100%)

Age at tau PET, years

 Median (IQR) 67 (60, 74) 66 (60, 73) 73 (66, 79) 69 (62, 73)

 Range 32 to 94 32 to 94 55 to 94 55 to 83

Sex, n (%)

 Female 56 (39%) 51 (47%) 1 (5%) 4 (33%)

 Male 87 (61%) 58 (53%) 21 (95%) 8 (67%)

APOE ε4, n (%)

 Non-carrier 96 (68%) 78 (72%) 16 (73%) 2 (17%)

 Carrier 46 (32%) 30 (28%) 6 (27%) 10 (83%)

Short Test of Mental Status, median (IQR) 36 (34, 37) 37 (35, 37) 34 (31, 35) 30 (24, 34)

Amyloid PET, SUVR

 Median (IQR) 1.41 (1.33, 1.65) 1.38 (1.32, 1.49) 1.40 (1.33, 1.54) 2.38 (2.31, 2.60)

 SUVR ≥1.48 49 (34%) 30 (28%) 7 (32%) 12 (100%)

Tau PET, SUVR*

 Median (IQR) 1.16 (1.13, 1.24) 1.15 (1.12, 1.20) 1.21 (1.15, 1.30) 1.89 (1.85, 2.13)

 SUVR ≥1.29 24 (17%) 6 (6%) 6 (27%) 12 (100%)

Entorhinal cortex tau PET, SUVR*

 Median (IQR) 1.09 (1.04, 1.16) 1.08 (1.04, 1.13) 1.11 (1.05, 1.28) 1.74 (1.59, 1.97)

 SUVR ≥1.27 29 (20%) 11 (10%) 6 (27%) 12 (100%)

CSF Aβ42, pg/mL**

 Median (IQR) 1100 (801, 1454) 1133 (858, 1519) 1097 (711, 1503) 524 (488, 589)

 pg/ml≤1026 65 (45%) 44 (40%) 9 (41%) 12 (100%)

CSF t-tau, pg/mL**

 Median (IQR) 198 (161, 255) 186 (149, 244) 207 (176, 273) 322 (269, 471)

 pg/ml≥238 49 (34%) 30 (28%) 9 (41%) 10 (83%)

CSF p-tau, pg/mL**

 Median (IQR) 17 (14, 22) 16 (13, 20) 17 (15, 23) 29 (25, 48)

 pg/ml≥22 36 (25%) 19 (17%) 6 (27%) 11 (92%)

Time from CSF to first tau PET scan, years

 Median (IQR) −0.0 (−0.0, 2.5) −0.0 (−0.0, 2.5) −0.0 (−0.0, 1.2) −0.0 (−0.0, 0.3)

 Range −0.3 to 2.9 −0.3 to 2.9 −0.1 to 2.9 −0.2 to 1.2

Tau PET scans, n (%)

 2 106 (74%) 87 (80%) 13 (59%) 6 (50%)

 3 33 (23%) 22 (20%) 5 (23%) 6 (50%)

 4 4 (3%) 0 (0%) 4 (18%) 0 (0%)
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Characteristic Overall (n = 143) CU (n = 109) MCI (n = 22) Amnestic Dementia (n = 
12)

Time from first to last tau PET scan, years

 Median (IQR) 2.6 (2.1, 3.7) 2.6 (2.4, 3.7) 1.9 (1.1, 2.9) 1.7 (1.0, 2.2)

 Range 0.9 to 5.1 1.1 to 5.1 0.9 to 4.2 1.0 to 4.0

Temporal meta-ROI tau PET rate, %/year, median 

(IQR)*
0.5 (−0.1, 1.4) 0.4 (−0.2, 1.1) 0.6 (0.1, 1.0) 5.4 (2.6, 7.9)

Entorhinal cortex tau PET rate, %/year, median 

(IQR)*
0.8 (−0.2, 1.7) 0.6 (−0.2, 1.5) 1.3 (0.1, 2.7) 3.3 (0.9, 4.3)

*
The tau PET scans were processed with a longitudinal pipeline. SUVR values are summarized for the first tau PET scan.

**
The CSF visit is defined as the most recent visit with CSF on or within 3 years prior to the first tau PET visit.

Previously established biomarker cutpoints: CSF t-tau 238 pg/mL, CSF ptau181 22 pg/mL, CSF Aβ42 1026 pg/mL, amyloid PET 1.48 SUVR, 
temporal meta-ROI tau PET 1.29 SUVR, and entorhinal cortex tau PET 1.27 SUVR.
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Table 2 (color table).

Estimated mean annual percent change in tau PET SUVR for combinations of three exemplar values of CSF 

p-tau181 pg/mL and CSF Aβ42 pg/mL or amyloid PET SUVR. The top rows show estimates for change in 

the temporal meta-ROI and the bottom rows show estimates for the entorhinal cortex (ERC). The estimates are 

for the same linear mixed effects model as summarized in Figure 4 and are shown to provide estimates for a 

variety for exemplar values. Cells with colored backgrounds indicate rates that were significantly increasing 

with darker colors indicating higher rates. Estimates are shown for a hypothetical 70-year-old male with no 

delay between the CSF and tau PET measurements and 95% confidence intervals are shown below each 

estimate. The estimates for females or at other ages would be very similar.

Temporal meta-ROI tau PET

CSF Aβ42, pg/mL Amyloid PET, SUVR

All CU and MCI All CU and MCI

CSF p-tau181, pg/mL CSF p-tau181, pg/mL CSF p-tau181, pg/mL CSF p-tau181, pg/mL

CSF 
Aβ42

10 20 30 10 20 30 Amyloid 
PET

10 20 30 10 20 30

1400 
pg/mL

−0.0
−1.0 to 

0.9

0.6
0.1 to 

1.1

1.0
0.2 to 

1.8

0.3
−0.4 to 

1.1

0.6
0.2 to 

1.0

0.8
0.1 to 

1.4

1.3 SUVR 0.3
−0.4 to 

1.1

0.3
−0.2 to 

0.9

0.3
−0.5 to 

1.1

0.5
−0.1 to 

1.1

0.4
−0.0 to 

0.9

0.4
−0.3 to 

1.0

1100 
pg/mL

−0.0
−0.7 to 

0.6

1.2
0.7 to 

1.6

1.9
1.2 to 

2.5

0.4
−0.1 to 

0.9

0.8
0.4 to 

1.1

1.0
0.5 to 

1.6

1.5 SUVR 0.3
−0.3 to 

0.8

0.8
0.3 to 

1.2

1.0
0.4 to 

1.7

0.5
−0.0 to 

0.9

0.6
0.2 to 

1.0

0.7
0.1 to 

1.2

800 
pg/mL

0.0
−0.6 to 

0.6

1.8
1.3

to 2.2

2.8
2.2

to 3.3

0.4
−0.1 to 

0.9

1.0
0.5

to 1.4

1.3
0.7

to 1.8

2.0 SUVR 0.1
−1.0 to 

1.2

1.6
1.0

to 2.2

2.5
2.0

to 3.0

0.3
−0.7 to 

1.4

0.9
0.4

to 1.4

1.3
0.7

to 1.8

Entorhinal cortex tau PET

CSF Aβ42, pg/mL Amyloid PET, SUVR

All CU and MCI All CU and MCI

CSF p-tau181, pg/mL CSF p-tau181, pg/mL CSF p-tau181, pg/mL CSF p-tau181, pg/mL

CSF 
Aβ42

10 20 30 10 20 30 Amyloid 
PET

10 20 30 10 20 30

1400 
pg/mL

−0.2
−1.2 to 

0.7

0.7
0.2 to 

1.2

1.2
0.4 to 

2.0

−0.0
−0.9 to 

0.8

0.8
0.3 to 

1.2

1.3
0.5 to 

2.0

1.3 SUVR 0.1
−0.6 to 

0.8

0.1
−0.4 to 

0.7

0.1
−0.6 to 

0.9

0.2
−0.5 to 

0.8

0.2
−0.2 to 

0.7

0.3
−0.4 to 

1.0

1100 
pg/mL

0.0
−0.6 to 

0.7

0.9
0.5 to 

1.4

1.4
0.8 to 

2.1

0.2
−0.4 to 

0.8

1.0
0.6 to 

1.4

1.5
0.9 to 

2.0

1.5 SUVR 0.3
−0.3 to 

0.8

0.5
0.0 to 

0.9

0.6
−0.0 to 

1.2

0.5
−0.1 to 

1.0

0.6
0.2 to 

1.0

0.8
0.2 to 

1.3

800 
pg/mL

0.3
−0.3 to 

0.9

1.2
0.7

to 1.6

1.7
1.1

to 2.3

0.4
−0.1 to 

1.0

1.2
0.8

to 1.6

1.6
1.0

to 2.2

2.0 SUVR 0.7
−0.3 to 

1.7

1.2
0.7

to 1.8

1.5
1.0

to 2.0

1.1
0.0

to 2.1

1.4
0.9

to 2.0

1.7
1.1

to 2.2
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