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Abstract 

Background:  Advances in ultrasensitive detection of phosphorylated tau (p-tau) in plasma has enabled the use of 
blood tests to measure Alzheimer’s disease (AD) biomarker changes. Examination of postmortem brains of partici‑
pants with antemortem plasma p-tau levels remains critical to understanding comorbid and AD-specific contribution 
to these biomarker changes.

Methods:  We analyzed 35 population-based Mayo Clinic Study of Aging participants with plasma p-tau at threo‑
nine 181 and threonine 217 (p-tau181, p-tau217) available within 3 years of death. Autopsied participants included 
cognitively unimpaired, mild cognitive impairment, AD dementia, and non-AD neurodegenerative disorders. Global 
neuropathologic scales of tau, amyloid-β, TDP-43, and cerebrovascular disease were examined. Regional digital 
pathology measures of tau (phosphorylated threonine 181 and 217 [pT181, pT217]) and amyloid-β (6F/3D) were 
quantified in hippocampus and parietal cortex. Neurotransmitter hubs reported to influence development of tangles 
(nucleus basalis of Meynert) and amyloid-β plaques (locus coeruleus) were evaluated.

Results:  The strongest regional associations were with parietal cortex for tau burden (p-tau181 R = 0.55, p = 0.003; 
p-tau217 R = 0.66, p < 0.001) and amyloid-β burden (p-tau181 R = 0.59, p < 0.001; p-tau217 R = 0.71, p < 0.001). Linear 
regression analysis of global neuropathologic scales explained 31% of variability in plasma p-tau181 (Adj. R2 = 0.31) 
and 59% in plasma p-tau217 (Adj. R2 = 0.59). Neither TDP-43 nor cerebrovascular disease global scales independently 
contributed to variability. Global scales of tau pathology (β-coefficient = 0.060, p = 0.016) and amyloid-β pathology 
(β-coefficient = 0.080, p < 0.001) independently predicted plasma p-tau217 when modeled together with co-pathol‑
ogies, but only amyloid-β (β-coefficient = 0.33, p = 0.021) significantly predicted plasma p-tau181. While nucleus 
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basalis of Meynert neuron count/mm2 was not associated with plasma p-tau levels, a lower locus coeruleus neuron 
count/mm2 was associated with higher plasma p-tau181 (R = -0.50, p = 0.007) and higher plasma p-tau217 (R = -0.55, 
p = 0.002). Cognitive scores (Adj. R2 = 0.25–0.32) were predicted by the global tau scale, but not by the global 
amyloid-β scale or plasma p-tau when modeled simultaneously.

Conclusions:  Higher soluble plasma p-tau levels may be the result of an intersection between insoluble deposits of 
amyloid-β and tau accumulation in brain, and may be associated with locus coeruleus degeneration.

Keywords:  Alzheimer’s Disease, Neuropathology, Blood biomarker, Phosphorylated Tau, Neurofibrillary Tangles, 
Amyloid-β, Digital Pathology

Background
Recent advances in technology have enabled ultrasensi-
tive detection of plasma-derived phosphorylated-tau 
(p-tau) levels as a potential minimally-invasive Alzhei-
mer’s disease (AD) biomarker [1–4]. Plasma p-tau levels 
could provide a more feasible AD biomarker than neu-
roimaging or lumbar puncture at the population level 
for diagnosis or screening purposes [2]. Postmortem 
validation of antemortem plasma p-tau changes is criti-
cal for understanding the strength of the relationship 
between neuropathology and plasma p-tau levels, and 
thus, translation to the clinic [2, 5]. Autopsy series have 
demonstrated higher plasma p-tau levels in patients with 
AD dementia, compared to non-AD dementias, and high 
accuracy for predicting AD dementia [6–8]. Interestingly, 
non-disease controls and non-AD cases were shown to 
not differ in plasma p-tau levels, suggesting an AD-spe-
cific biomarker increase even when comparing to other 
tauopathies [1, 9, 10].

Comparison of plasma p-tau at threonine  181 
(p-tau181) and threonine  217 (p-tau217) levels with 
brain-derived global tau scales provides important insight 
into neuropathologic temporality and individual variabil-
ity [4, 11]. Neuroimaging studies suggest plasma p-tau 
levels reliably predict in  vivo positron emission tomog-
raphy (PET) assessments of both tau and amyloid-β [1, 
8], but the correlation with amyloid-β may be stronger 
– especially in individuals with elevated amyloid-β PET 
measures (i.e. amyloid-PET positive) [3]. The stronger 
relationship in amyloid-PET positive individuals could 
be an inferred reflection of greater tau pathology in brain 
or an amyloid-β-specific neuronal reaction influencing 
soluble p-tau production [12, 13]. Thus, to inform clini-
cal interpretation we investigated the contribution of tau 
and amyloid-β neuropathology to plasma p-tau181 and 
p-tau217 levels and identified whether other sources of 
variability contribute to plasma p-tau levels. As plasma 
p-tau levels are derived from circulating blood, we 
hypothesized that global scales of neuropathology would 
demonstrate a stronger association with plasma p-tau 
levels compared to regional measures digitally quanti-
fied from the hippocampus or parietal cortex. We further 

assessed the impact of medical comorbidities [14] and 
common co-existing pathologies in the aging brain, 
including cerebrovascular disease [15] and TAR DNA 
binding protein 43 (TDP-43) [16], on plasma p-tau levels. 
Our overall goal was to examine clinicopathologic con-
tributors to plasma p-tau181 and p-tau217 levels using 
global scales and regional measures to uncover sources of 
variability to help inform interpretation in the context of 
aging and neurodegeneration.

Methods
Participants
The Mayo Clinic Study of Aging (MCSA) is a popula-
tion based, prospective study of residents living in Olm-
sted County, Minnesota. MCSA participants aged 70–89 
were enumerated from the Rochester Epidemiology Pro-
ject (REP) medical records-linkage system in 2004 and 
recruitment was extended in 2012 to participants aged 
50 and older [17]. MCSA visits included an interview 
by a study coordinator, physician examination, cognitive 
testing, and a blood draw completed on the same day. 
The inclusion criteria for this study were MCSA partici-
pants who had undergone autopsy and who had plasma 
p-tau181 and p-tau217 levels within 3 years of death. To 
assess the relationship between neuropathology and cog-
nition, Clinical Dementia Rating (CDR) [18] and Mini-
Mental State Examination (MMSE) [19] were evaluated if 
testing occurred within 3 years of death.

Procedures
Blood was collected in-clinic after an overnight fast. The 
blood was centrifuged, resulting plasma aliquoted, and 
stored at − 80 °C. Both p-tau181 and p-tau217 levels 
were measured in duplicate on a streptavidin small spot 
plate using the meso scale discovery (MSD) platform 
by electrochemiluminescence using proprietary assays 
developed by Lilly Research Laboratories, as previously 
described [20]. Levels of creatinine, alanine transami-
nase (ALT), and aspartate aminotransferase (AST) were 
abstracted from the medical records at the time closest 
to the MCSA visit with the blood draw for the p-tau lev-
els. Only serum creatinine (mg/dL), ALT (U/L), and AST 
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(U/L) levels identified within 3 years of the plasma p-tau 
blood draw were abstracted.

Neuropathologic sampling followed Consortium to 
Establish a Registry for Alzheimer’s Disease (CERAD) 
recommendations and National Institute on Aging-Alz-
heimer’s Association criteria for AD neuropathologic 
change assessment [21, 22]. Formalin-fixed, paraffin-
embedded 5-μm-thick tissue sections were stained with 
hematoxylin and eosin, as well as Bielschowsky sil-
ver stain. Immunohistochemistry was performed on 
a Thermo Fisher Lab Vision 480S autostainer with 
3,3-diaminobenzidine as chromogen. Antibodies against 
tau, amyloid-β, α-synuclein, and TDP-43 were used for 
neuropathologic evaluation (Table S1) [22–24]. Cases 
were also evaluated for global scales that included Braak 
stage, Thal phase, limbic-predominant age-related TDP-
43 encephalopathy neuropathologic change (LATE-NC), 
and Kalaria cerebrovascular disease score [15, 16, 25, 
26]. Diffuse plaques and neuritic plaques were evaluated 
using a 4-point semi-quantitative scale: none, mild, mod-
erate, and severe. Neuropathologic diagnoses were ren-
dered by two board-certified neuropathologists (RRR and 
ATN). Neuropathologic grouping for graphical visualiza-
tion was prioritized as follows: progressive supranuclear 
palsy (n = 2) [27], AD (n = 9) [22], argyrophilic grain dis-
ease (n = 3) [28], primary age-related tauopathy (n = 14) 
[29], and pathological aging (n = 7) [30, 31] (Fig. S1). Par-
ticipants were assigned the neuropathologic diagnosis of 
AD if they had a Braak stage ≥IV and had at least moder-
ate neuritic plaques. Primary age-related tauopathy was 
assigned if they had a Braak stage ≤IV and Thal phase 
≤2. As part of ongoing efforts to investigate AD biomark-
ers [32, 33], we next assigned pathological aging if they 
had a Braak ≤III and at least moderate diffuse plaques 
with no more than moderate neuritic plaques. During 
evaluation of antemortem contributors to plasma p-tau 
variability, a single outlier argyrophilic grain disease case 
was identified that was excluded from subsequent cor-
relation and modeling analyses of neuropathology and 
cognition.

To clarify nomenclature when describing phosphoryl-
ated tau, “p-tau” is used for biomarker levels and “pT” for 
neuropathologic burden. The terms neuropathology and 
pathology are exclusively used when referencing exami-
nation of brain tissue and not used in reference to plasma 
p-tau biomarker changes. Digital pathology was used to 
quantify histopathologic burden of tau (pT181, pT217) 
and amyloid-β (6F/3D) in inferior parietal cortex and 
CA1-subiculum of hippocampus, as described in Supple-
mentary Methods (Tables S2 and S3). The parietal cortex 
was chosen as a region affected by accumulation of tau 
pathology in advanced AD (Braak stage >IV), but with 
limited involvement hypothesized to be influenced by 

age-related tau pathology [29]. The CA1 and subiculum 
subsectors of the hippocampus were specifically chosen 
to enhance relevance to AD, as they are highly vulner-
able to tau pathology in AD compared to CA2 involve-
ment more readily observed in primary tauopathies and 
age-related tauopathies [34, 35]. Neurotransmitter hubs 
reported to influence development of neurofibrillary 
tangles (i.e., nucleus basalis of Meynert) and amyloid-β 
plaques (i.e., locus coeruleus) were additionally evalu-
ated for neuronal count/mm2 on hematoxylin and eosin 
using pattern recognition digital pathology software, as 
described in Supplementary Methods (Table S4, Fig. S2, 
S3 and S4).

Statistical analysis
The statistical analysis consisted of five parts: a descrip-
tive summary table giving median (25th, 75th percen-
tiles) for the variables included in our study, receiver 
operating characteristic (ROC) curves with corre-
sponding area under the curves (AUC), scatter plots, 
Spearman correlations, and linear regression models. 
The ROC/AUC analysis was run to ascertain the abil-
ity of continuous plasma p-tau181 and p-tau217 lev-
els to predict intermediate-to-high from none-to-low 
AD neuropathologic change. To perform this analy-
sis, logistic regression models using the plasma mark-
ers and cognitive scores were individually run, and the 
predicted values from these models were used to cre-
ate the ROC curves and compute the AUCs. We also 
computed confidence intervals for the AUCs using 
bootstrap resampling with 10,000 replicates. The lat-
ter three analysis methods were used to investigate the 
relationship between the various measures of neuropa-
thology and plasma p-tau181 and p-tau217 as well as 
the relationship of other important factors (i.e., age, 
creatinine, etc.) with these plasma markers. In the lin-
ear models, the plasma markers served as the outcomes 
and β-coefficients, confidence intervals, and p-values 
were computed. All variables are shown for each model. 
Neuropathology variables were used as predictors and 
adjusted- R2 values were computed. Global neuropa-
thology variables used as predictors included Braak 
stage (tau), Thal phase (amyloid-β), LATE-NC (TDP-
43), and Kalaria cerebrovascular disease score. Global 
scales of tau and amyloid-β provide information on the 
topographic distribution of pathology (i.e., presence), 
but may not reflect severity of pathology. To quantita-
tively assess tau and amyloid-β pathology in corticolim-
bic regions, digital pathology was employed to enable a 
wider range of severity to be measured. Thus, regional 
neuropathology variables used as predictors included 
pT181, pT217, and 6F3D quantitatively measured 
in CA1-subiculum of the hippocampus and parietal 
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cortex. The standard cutoff of p < 0.05 was used to 
determine statistical significance. All statistical analy-
ses were performed with R version 3.6.2 (R Foundation 
for Statistical Computing, Vienna, Austria) and SAS 
version 9.4 (SAS Institute, Cary, NC).

Role of the funding source
The sponsors of this study had no role in study design, 
collection of data, analysis of data, interpretation 
of data, or writing of the report. The corresponding 
authors had full access to all the data in the study and 

had final responsibility for the decision to submit for 
publication.

Results
Among the 35 autopsy cases, the median (interquar-
tile range) age of death was 86 (81, 89) years, 20 were 
male (57%) and all self-identified as non-Hispanic white 
(Table 1). The median time from plasma draw to death 
was 2.0 (1.4, 2.3) years.

Table 1  Participant characteristics summary table by neuropathologic grouping

Data presented are median and interquartile range (25th,75th). aAGD case with high creatinine was not included. Acronyms: AD Alzheimer’s disease, AGD Argyrophilic 
grains disease, ALT Alanine transaminase, AST Aspartate aminotransferase, CVD Cerebrovascular disease, CAA​ Cerebral amyloid angiopathy, LATE-NC Limbic-
predominant age-related TDP-43 encephalopathy neuropathologic change, LC Locus coeruleus, MSD Meso scale discovery. p-tau phosphorylated tau in plasma, n/a 
not available, nbM nucleus basalis of Meynert, PA Pathological aging, PART​ Primary age-related tauopathy, PSP Progressive supranuclear palsy, pT phosphorylated 
threonine for immunohistochemical measures of tau

PSP (n = 2) AD (n = 9) AGD (n = 2a) PART (n = 14) PA (n = 7)

Age at plasma, years 80 (79,81) 87 (84,90) 89 (88,89) 81 (78,84) 79 (72,86)

Age at death, years 82 (81,83) 89 (86,92) 90 (90,91) 83 (81,86) 80 (74,88)

Postmortem interval, hours 4 (4,5) 13 (9,18) 20 (19,21) 20 (18,22) 14 (11,21)

Females 0 (0%) 4 (44%) 1 (50%) 8 (57%) 2 (29%)

APOE ε4 positivity 0 (0%) 4 (44%) 1 (50%) 2 (14%) 3 (43%)

Clinical Dementia Rating, 0–18 0.5 (0,1) 4 (0.5,7) 2 (1,3) 0 (0,0) 0 (0,0.5)

Mini-Mental State Examination, 0–30 29 (28,30) 23 (23,27) 28 (27,28) 28 (28,29) 28 (28,30)

Tau-PET parietal SUVr n/a 1.2 (1.1,1.3) n/a 1.0 (1.0,1.1) 1.1 (1.1,1.1)

Fluid levels
  MSD plasma p-tau181, pg/mL 1.6 (1.3,1.9) 3.4 (2.5,4.3) 1.7 (1.6,1.9) 1.2 (0.9,1.5) 1.3 (1.1,1.8)

  MSD plasma p-tau217, pg/mL 0.25 (0.21,0.29) 0.69 (0.52,0.75) 0.18 (0.17,0.20) 0.15 (0.12,0.20) 0.19 (0.17,0.29)

  Creatinine, mg/dL 1.0 (1.0,1.0) 1.2 (0.9,1.3) 1.4 (1.2,1.6) 1.0 (1.0,1.4) 1.1 (1.1,1.3)

  ALT level, U/L n/a 22 (15,24) 21 (21,21) 21 (18,27) 19 (18,47)

  AST level, U/L 24 (21,27) 23 (19,29) 18 (15,20) 26 (23,31) 28 (22,49)

Global scales
  Braak stage, 0-VI III (III, III) IV (IV, V) II (II, II) II (II, III) II (II, II)

  0 | I | II | III | IV | V | VI, counts 0|0|0|2|0|0|0 0|0|0|0|5|3|1 0|0|2|0|0|0|0 1|3|4|5|1|0|0 0|2|4|1|0|0|0

  Thal phase, 0–5 3 (3,3) 5 (4,5) 0.5 (0,1) 1 (1,2) 3 (3,4)

  0 | 1 | 2 | 3 | 4 | 5, counts 0|0|0|2|0|0 0|0|0|2|2|5 1|1|0|0|0|0 3|6|5|0|0|0 0|0|0|4|3|0

  Diffuse plaques, Moderate-Frequent 2 (100%) 9 (100%) 1 (50%) 3 (21%) 7 (100%)

  Neuritic plaques, Moderate-Frequent 2 (100%) 9 (100%) 0 (0%) 1 (7%) 4 (57%)

  LATE-NC stage, 0–3 0 (0,0) 1 (0,2) 1 (1,2) 0 (0,0) 0 (0,0)

  Kalaria CVD score, 0–10 3 (3,3) 4 (3,5) 6 (5,6) 2 (2,4) 3 (2,5)

Regional measures
  Parietal pT181, % 0.27 (0.27,0.27) 0.64 (0.54,0.93) 0.27 (0.22,0.32) 0.17 (0.12,0.22) 0.11 (0.080,0.23)

  Parietal pT217, % 0.46 (0.38,0.55) 0.63 (0.38,4.9) 0.22 (0.20,0.25) 0.080 (0.060,0.090) 0.11 (0.10,0.12)

  Parietal amyloid-β, % 2.7 (2.5,3.0) 2.7 (2.0,4.6) 0.24 (0.16,0.32) 0.16 (0.10,0.46) 1.1 (0.43,1.5)

  Hippocampal pT181, % 0.58 (0.41,0.74) 2.5 (1.9,3.9) 0.84 (0.51,1.2) 0.28 (0.18,0.34) 0.34 (0.16,0.38)

  Hippocampal pT217, % 4.8 (3.0,6.6) 21 (10,28) 6.6 (3.5,9.7) 2.3 (0.34,3.7) 0.95 (0.67,2.7)

  Hippocampal amyloid-β, % 0.36 (0.25,0.47) 0.64 (0.16,1.8) 0.050 (0.040,0.050) 0.050 (0.040,0.12) 0.11 (0.060,0.34)

  LC neurons/mm2 25 (18,33) 30 (22,33) 22 (22,22) 44 (38,52) 45 (39,52)

  nbM neurons/mm2 14 (11,17) 19 (14,19) 30 (26,35) 22 (17,27) 20 (15,29)
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Antemortem contributors evaluated for contribution 
to plasma p‑tau variability
As previous studies suggested that comorbidities, includ-
ing both kidney and liver disease, may affect p-tau bio-
marker levels [14, 36], we first examined Spearman 
correlations of creatinine, AST, and ALT with plasma 
p-tau levels (Fig. S5). One individual was identified as 
an outlier with high serum creatinine (3.7 mg/dL) and 
the highest plasma p-tau levels (p-tau181 = 10 pg/mL, 
p-tau217 = 1.3 pg/mL). This individual remained part of 
the initial analyses evaluating antemortem variability of 
creatinine, AST, ALT, age at plasma p-tau draw, and time 
from blood draw to death. However, this individual was 
removed from subsequent analyses investigating neuro-
pathology and cognition. AST and ALT were not found 
to significantly associate with plasma p-tau levels, which 
is further described in Supplemental Results. We next 
examined the relationship between age at plasma p-tau 
draw and time from plasma draw to death with plasma 
p-tau levels (Fig. S5). Age at plasma draw did not corre-
late with plasma p-tau181 (R = 0.25, p = 0.142) or with 
plasma p-tau217 (R = 0.27, p = 0.121). Similarly, time 
from plasma to death did not correlate with plasma 
p-tau181 (R = -0.012, p = 0.947) or with plasma p-tau217 
(R = -0.027, p = 0.879).

Qualitative global scales of neuropathology evaluated 
as predictors of plasma p‑tau
We next assessed the relationship between global scales 
of AD neuropathologic change and plasma p-tau lev-
els (Table  2). A discernible threshold of increase vis-
ibly appeared to be between Braak stage III and stage 
IV (Fig.  1A, C), corresponding with the observation of 
cortical tau pathology by Braak stage IV [25, 37]. Braak 
stage associated with both plasma p-tau181 (R = 0.45, 
p = 0.008) and plasma p-tau217 (R = 0.48, p = 0.004). 
Visual inspection of Thal phase graphs suggested a bio-
logical effect of increase between Thal phase 3 and 
phase 4 (Fig. 1B, D), corresponding with observations of 
amyloid-β plaque pathology in brainstem by Thal phase 
4 [26]. While Thal phase strongly associated with plasma 
p-tau181 (R = 0.57, p < 0.001), the correlation was even 
stronger with plasma p-tau217 (R = 0.71, p < 0.001). Simi-
larly, diffuse plaque scores (p-tau181 R = 0.44, p = 0.009; 
p-tau217 R = 0.64, p < 0.001) and neuritic plaque 
scores (p-tau181 R = 0.39, p = 0.024; p-tau217 R = 0.57, 
p < 0.001) were more strongly associated with plasma 
p-tau217 compared to p-tau181 (Table 2).

Based upon the surprising past [3, 38, 39] and cur-
rent (Table  2) observations of a stronger association 
between amyloid-β in the brain and plasma p-tau, we 

sought to investigate the predictive relationship between 
neuropathologic variables as predictors and plasma 
p-tau levels as outcome. In consideration of the com-
mon observation of co-existing neuropathologies in the 
aging brain [15, 16, 40, 41], we included TDP-43 (LATE-
NC [16]) and cerebrovascular disease (Kalaria score [15, 
42]) in the regression model. Models were restricted to 
four predictors based upon sample size, but sensitivity 
analyses including time from plasma to death confirmed 
observations presented in Table S5. When examining 
global scales of neuropathology, 31% of the variability 
in p-tau181 was explained (Adj.  R2 = 0.31). Thal phase 
(β-coefficient = 0.33 [0.053, 0.60], p = 0.021) was the 
main predictor of p-tau181. Neither Braak stage, LATE-
NC stage, nor Kalaria cerebrovascular disease score 
contributed independently to p-tau181 levels. In con-
trast to p-tau181, global scales accounted for 59% of the 
variability in p-tau217 (Adj.  R2 = 0.59). Both Thal phase 
(β-coefficient = 0.080 [0.042, 0.12], p < 0.001) and Braak 
stage (β-coefficient = 0.060 [0.012, 0.11], p = 0.016) inde-
pendently predicted p-tau217 levels, but LATE-NC stage 
or Kalaria cerebrovascular disease score did not.

Table 2  Evaluation of the relationship between global 
scales and regional neuropathologic measures with plasma 
p-tau181and p-tau217 levels

Spearman correlation data presented with correlation coefficient (R) and 
significance (p-value). Case with high creatinine was not included. Acronyms: 
CAA​ Cerebral amyloid angiopathy, CVD Cerebrovascular disease, LATE-NC 
Limbic-predominant age-related TDP-43 encephalopathy neuropathologic 
change, LC Locus coeruleus, MSD Meso scale discovery, nbM nucleus basalis of 
Meynert, p-tau phosphorylated tau in plasma, pT phosphorylated threonine for 
immunohistochemical measures of tau

MSD plasma
p-tau181

MSD plasma
p-tau217

Global scales R (p-value) R (p-value)
  Braak stage 0.45 (0.008) 0.48 (0.004)

  Thal phase 0.57 (< 0.001) 0.71 (< 0.001)

  Diffuse plaques score 0.44 (0.009) 0.64 (< 0.001)

  Neuritic plaques score 0.39 (0.024) 0.57 (< 0.001)

  LATE-NC stage 0.13 (0.464) 0.16 (0.379)

  Kalaria CVD score 0.32 (0.067) 0.27 (0.119)

Regional measures R (p-value) R (p-value)
  Hippocampal pT181 0.37 (0.054) 0.43 (0.023)

  Hippocampal pT217 0.30 (0.087) 0.28 (0.113)

  Hippocampal 6F/3D 0.41 (0.018) 0.46 (0.007)

  Parietal pT181 0.55 (0.003) 0.55 (0.003)

  Parietal pT217 0.55 (< 0.001) 0.66 (< 0.001)

  Parietal 6F/3D 0.59 (< 0.001) 0.71 (< 0.001)

  LC neurons/mm2 −0.50 (0.007) −0.55 (0.002)

  nbM neurons/mm2 −0.10 (0.663) −0.18 (0.418)
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Quantitative digital pathology measures evaluated 
as predictors of plasma p‑tau
Multivariable regression analyses utilizing global 
scales of neuropathology provided further evidence 
that accumulating insoluble amyloid-β plaque pathol-
ogy predicts higher soluble p-tau levels in plasma 
(Table S5). To further evaluate this perplexing rela-
tionship, quantitative regional measures of immu-
nohistochemical burden of tau and amyloid-β using 
digital pathology were next evaluated in the CA1-
subiculum hippocampal subsectors and parietal cortex 
(Table 2). The association of hippocampal burden with 
plasma p-tau181 was similar for tau pathology (pT181 

R = 0.37, p = 0.054) and amyloid-β pathology (6F/3D 
R = 0.40, p = 0.018) (Fig. S6). However, the associa-
tion of hippocampal burden with plasma p-tau217 was 
lower for tau pathology (pT217 R = 0.28, p = 0.113) 
than amyloid-β pathology (6F/3D R = 0.46, p = 0.007). 
The strength of the association of parietal cortex bur-
den with plasma p-tau181 was robustly observed for 
both tau pathology (pT181 R = 0.55, p = 0.003; Fig. 2A) 
and amyloid-β pathology (6F/3D R = 0.59, p < 0.001; 
Fig.  2B). The strongest association observed between 
parietal cortex burden and plasma p-tau217 was for 
tau pathology (pT217 R = 0.66, p < 0.001; Fig.  2C) 

Fig. 1  Neuropathologic evaluation of global tau and amyloid-β scales with plasma p-tau levels. We observed a strong association between the 
global tau scale (Braak stage [25]) and both p-tau181 (A) and plasma p-tau217 (C) across all cases studied. Visual inspection of graphs suggests 
a biological effect in plasma p-tau elevation between Braak stages III-IV (A, C). We observed an even stronger relationship between the global 
amyloid scale (Thal phase [26]) and p-tau181 (B), with the strongest association observed between Thal phase and plasma p-tau217 (D). Visual 
inspection of graphs suggests a biological effect in plasma p-tau elevation between Thal phase 3–4 (B, D). P-tau181 (A-B) and p-tau217 (C-D) were 
examined across all individuals studied with AD shown as triangles, PA as diamonds, and primary tauopathies as circles. Spearman correlation and 
corresponding significance displayed. Case with high creatinine was not included. Trendline with 95% confidence interval was computed from a 
linear model. Data presented are Spearman correlation and corresponding significance. Acronyms: AD Alzheimer’s disease, AGD argyrophilic grain 
disease, MSD meso scale discovery, PA pathological aging, PART primary age-related tauopathy, pg/mL picograms per milliliter, PSP progressive 
supranuclear palsy, p-tau phosphorylated tau for plasma levels
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and amyloid-β pathology (6F/3D R = 0.71, p < 0.001; 
Fig. 2D).

To focus our investigation, we next performed linear 
modeling utilizing digital pathology burden measures 
derived from parietal cortex because this region was 
more strongly correlated with plasma p-tau levels com-
pared to hippocampus (Table S5). Although the model 
for plasma p-tau181 accounted for 24% of the variability 
(Adj.  R2 = 0.24), neither parietal cortex pT181 tau bur-
den, parietal cortex amyloid-β burden, LATE-NC stage, 
nor Kalaria cerebrovascular disease score significantly 
contributed when modeled together (Fig. 3). In contrast, 

51% of the variability in p-tau217 (Adj.  R2 = 0.51) was 
accounted for by a similar model. Amyloid-β burden in 
the parietal cortex (β-coefficient = 0.077 [0.026, 0.13], 
p = 0.004) remained the main predictor of p-tau217, but 
there was not an independent contribution from parietal 
cortex pT217 tau burden, LATE-NC stage, or Kalaria cer-
ebrovascular disease score.

Quantitative assessment of neurotransmitter hubs 
association with plasma p‑tau
Based on the strength of the relationship observed 
between amyloid-β neuropathology and plasma p-tau 

Fig. 2  Neuropathologic evaluation of regional digital pathology measures of tau and amyloid-β pathology in comparison to plasma p-tau181 
and p-tau217 in parietal cortex. Utilizing the same epitope to immunohistochemically evaluate regional tau pathology in inferior parietal cortex, 
tau burden measures were compared to p-tau plasma levels (A, C). pT181 tau burden measures strongly associated with p-tau181 plasma levels 
(A), with the association even stronger between pT217 and p-tau217 plasma levels (C). Digital pathology measures of amyloid-β (6F/3D) were 
additionally compared to plasma p-tau levels (B, D). Amyloid-β burden strongly associated with ptau-181 (B). The strongest overall association of 
digital pathology measures was observed between amyloid-β (6F/3D) and p-tau217 (D). P-tau181 (A-B) and p-tau217 (C-D) were examined across 
all individuals studied with AD shown as triangles, PA as diamonds, and primary tauopathies as circles. Spearman correlation and corresponding 
significance displayed. Case with high creatinine was not included. Trendline with 95% confidence interval was computed from a linear model. Data 
presented are Spearman correlation and corresponding significance. Acronyms: AD Alzheimer’s disease, AGD argyrophilic grain disease, MSD meso 
scale discovery, PA pathological aging, PART primary age-related tauopathy, PSP progressive supranuclear palsy, p-tau phosphorylated tau for plasma 
levels, pT phosphorylated threonine for immunohistochemical measures of tau
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levels (Table  2), along with the diminished relationship 
with Braak stage (Table S5), we next explored the neu-
rotransmitter hubs considered to influence amyloid-β 
(locus coeruleus [43, 44]) and tau pathology (nucleus 
basalis of Meynert [45, 46]) through their widespread 
cortical projections. Nucleus basalis of Meynert neu-
ron count/mm2 was not associated with either plasma 
p-tau181 or plasma p-tau217 (Table  2, Fig. S7). In con-
trast, a lower locus coeruleus neuron count/mm2 
was strongly associated with higher plasma p-tau181 
(R = -0.50, p = 0.007) and plasma p-tau217 (R = -0.55, 
p = 0.002).

Global neuropathologic scales and plasma p‑tau evaluated 
as predictors of cognitive decline
Following assessment of antemortem and postmortem 
predictors of plasma p-tau variability, we examined the 
relationship between neuropathology and widely used 
cognitive measures (CDR [18], MMSE [19]) for general-
izability. Based on consistent reports that plasma p-tau 
levels associated with cognitive decline [1, 3, 8, 9, 47, 48], 
we sought to investigate whether soluble measures of 
plasma p-tau independently predicted cognitive decline 
when accounting for insoluble measures of amyloid-β 
and tau pathology. To do this we performed linear regres-
sion analysis on CDR and MMSE assessed nearest the 
time of death (Table S6) while controlling for time from 

Fig. 3  Multivariable linear regression modeling of neuropathologic variables as predictors of plasma p-tau levels. Global scales of tau and amyloid-β 
(Braak [25] and Thal [26], gray bars) and the strongest regional measure of tau and amyloid-β (parietal cortex, brown bars) were investigated as 
predictors of variability observed in plasma p-tau181 (left) and p-tau217 levels (right). To account for common co-pathologies, LATE-NC [16] and 
Kalaria cerebrovascular disease [15] were added to each model. Overall, the global scales performed better than the regional cortical measures 
with amyloid-β observed as strongest contributor to plasma p-tau variability. Time from plasma draw to death was not used to adjust, as it was not 
observed to associate with plasma p-tau levels. Case with high creatinine was not included. All variables in the model are shown, corresponding 
to Table S5. Significance denoted as *p < 0.05, **p < 0.01, ***p < 0.001. Acronyms: 6F/3D amyloid-β antibody, CVD cerebrovascular disease, 
LATE-NC limbic predominant age-related TDP-43 encephalopathy neuropathologic change, MSD meso scale discovery, p-tau phosphorylated tau for 
plasma levels, pT phosphorylated threonine for immunohistochemical measures of tau



Page 9 of 14Murray et al. Molecular Neurodegeneration           (2022) 17:85 	

plasma draw to death. Variability in cognitive scores 
was similarly predicted for CDR (p-tau181 model: Adj. 
R2 = 0.25; p-tau217 model: Adj. R2 = 0.27) and MMSE 
(p-tau181 model: Adj. R2 = 0.30; p-tau217 model: Adj. 
R2 = 0.32); however, neither was predicted indepen-
dently by plasma p-tau levels or Thal phase. Braak stage 
remained the significant predictor of cognitive measures 
for three of the four models. In the CDR model includ-
ing plasma p-tau181, for every increase in Braak stage 
the model predicted 1 point higher on CDR sum of 
boxes (β-coefficient = 1.091 [0.024, 2.158], p = 0.045). In 
the MMSE model including p-tau181, for every increase 
in Braak stage the model predicted nearly 1 point lower 
on MMSE (β-coefficient = − 0.760 [− 1.354, − 0.166], 
p = 0.014). The strongest model observed accounted 
for 32% of variability in MMSE and included plasma 
p-tau217, which found that for every increase in Braak 
stage the model predicted nearly 1 point lower on MMSE 
(β-coefficient = − 0.667 [− 1.293, − 0.040], p = 0.038).

Discussion
In this small series of 35 population-based autopsies 
from the Mayo Clinic Study of Aging, we report as much 
as 59% of the variability in plasma p-tau217 can be pre-
dicted by a combination of global neuropathologic scales. 
Tau and amyloid-β neuropathology remained significant 
predictors of plasma p-tau217, but not severity of LATE-
NC stage or cerebrovascular disease scaled score. With as 
much as 31% of the variability accounted for in plasma 
p-tau181 levels by global neuropathologic scales, only 
amyloid-β remained the significant predictor. A com-
mon observation across each of the analyses performed 

revealed plasma p-tau217 to have a stronger association 
with AD neuropathologic scales than p-tau181.

The neuropathologic findings in this study support the 
hypothesis that both tau and amyloid-β neuropathology 
intersect in their influence on plasma p-tau levels (Fig. 4). 
Interestingly, our study and others’ provide supportive 
evidence that amyloid-β neuropathology has a stronger 
association with plasma p-tau levels than tau neuropa-
thology [3, 8, 39]. To further extend the detailed work 
of Wennström and colleagues [49] that focused on the 
relationship between tau neuropathology and p-tau217, 
we compared both amyloid-β and tau neuropathology to 
plasma p-tau181 and p-tau217. Visual examination of this 
relationship using Thal phase [26] as a global amyloid-β 
scale demonstrated a biological influence potentially ini-
tiating between Thal phase 3 and Thal phase 4, suggesting 
either neuroanatomic extent to the brainstem or perhaps 
severity of amyloid-β plaque pathology may be required 
to cross a threshold. The relationship between regional 
amyloid-β burden measures from the parietal cortex was 
weaker than global Thal phase and did not indicate a lin-
ear increase in plasma p-tau levels as amyloid-β burden 
continued to increase in AD cases. Although amyloid-β 
plaque accumulation does not associate with cognitive 
decline when accounting for tau pathology [60, 61], sup-
portive evidence suggests neuronal hyperactivation is 
mediated through an amyloid-β linked defect in synap-
tic transmission [51, 52]. Increased neuronal activity was 
previously shown to stimulate the release of tau in vitro, 
enhance tau pathology in  vivo, and lead to produc-
tion of amyloid-β [53, 54]. We speculate that amyloid-β 
induced hyperactivation of neurons may impact neuronal 
dysfunction sufficient to influence release of p-tau into 

(See figure on next page.)
Fig. 4  Hypothesized intersection of amyloid-β and tau pathology in cortex and their influence on soluble p-tau release into plasma. We propose 
parallel processes occur for amyloid-β plaque (Left) and neurofibrillary tangle (Right) pathologies with an intersection (Middle) in the AD brain that 
impacts phospho-tau release into plasma. The hypothesized intersection is influenced by data from the cortex and may not apply to limbic regions, 
as the current study and others [49] observed a weaker relationship between limbic neuropathology and plasma p-tau levels. Plaque-mediated 
route: The locus coeruleus is highly vulnerable in the AD brain and is considered the earliest site of phospho-tau accumulation [50]. This 
noradrenergic hub nucleus (mid-sagittal brain, blue spot) sends projections throughout the brain [43] and is thought to influence amyloid-β 
plaque deposition through a mechanistic effect on glial disturbance [44]. Based upon available evidence that amyloid-β deposition induces a 
hyperactivation of neurons [51, 52], we speculate that the amyloid-β-mediated impact on soluble p-tau release is a result of increased neuronal 
activity that stimulates and enhances release of p-tau into the extracellular space [53, 54]. The association observed in the current study between 
lower locus coeruleus neuron counts and higher plasma p-tau levels is hypothesized to be mediated through noradrenergic deficiencies leading 
to increased leakage of blood-brain barrier [55] enhancing release of p-tau into plasma. Tangle-mediated route: The nucleus basalis of Meynert acts 
as a cholinergic hub (coronal brain, pink spot) that supplies acetylcholine to the cortex and is thought to influence cortical tangle accumulation 
through cholinergic deficiencies leading to neuronal dysfunction [45, 46, 56]. We did not observe an association between nucleus basalis of 
Meynert neuron count and plasma p-tau levels, which may suggest the resultant neuronal dysfunction from decreased acetylcholine does not 
affect p-tau release. The current study and others [4, 49] observed a strong relationship between severity of neurofibrillary tangle accumulation 
and plasma p-tau, which we speculate may result from neuronal injury [57] as tangles mature through their lifespan [58, 59]. Amyloid-β plaque 
accumulation does not associate with cognitive decline when accounting for tau pathology [60, 61], however we and others previously showed 
plasma p-tau to associate with cognitive decline [1, 3, 8, 9, 47, 48]. To evaluate both neuropathologic and soluble plasma p-tau contribution to 
cognitive decline, the current study utilized regression modeling. The results suggest that underlying tangle accumulation in the brain (Braak stage), 
but neither amyloid-β deposition (Thal phase) nor soluble plasma p-tau levels predict cognitive decline when modeled simultaneously. Acronyms: 
Aβ amyloid-β, AD Alzheimer’s disease, LC locus coeruleus, nbM nucleus basalis of Meynert, p-tau phosphorylated tau, T threonine. Created with 
BioRender.com
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the fluids without enough damage to impact cognitive 
decline.

Given the strength of the relationship between 
amyloid-β and plasma p-tau levels, we explored the 
novel hypothesis that neuronal loss in the locus coer-
uleus would associate with higher plasma p-tau levels. 
The locus coeruleus is a noradrenergic hub nucleus that 
sends projections throughout the brain and is thought to 
influence amyloid-β plaque deposition through a mech-
anistic effect on glial disturbance [43, 44]. Even in our 
small unselected series we observed a strong relationship 
between neuronal loss in the locus coeruleus and higher 

p-tau181 and p-tau217 levels. The locus coeruleus is an 
area observed to develop neurofibrillary tangle pathol-
ogy prior to entorhinal cortex [37, 62] that is currently 
being evaluated as an early AD biomarker [63, 64]. Fur-
thermore, evidence from animal studies suggests damage 
to the locus coeruleus may impact cerebrovascular clear-
ance mechanisms [55, 65]. We propose that the resultant 
increase in microvasculature permeabilty following locus 
coeruleus damage and amyloid-β-induced hyperexcita-
bilty of neurons may be the mechanism underlying the 
relationship between amyloid-β neuropathology and sol-
uble p-tau release into plasma (Fig. 4).

Fig. 4  (See legend on previous page.)
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Although we and others previously demonstrated a 
relationship between nucleus basalis of Meynert neu-
ronal loss and cortical vulnerability to tangle pathology 
in AD [45, 46, 56, 66], we did not observe a relationship 
with p-tau plasma levels. We speculate that neuronal dys-
function related to impaired cholinergic projections may 
be insufficient to influence release of soluble p-tau into 
plasma. We did observe an association between Braak 
stage, a widely used global scale of tau pathology in the 
brain [25], and plasma p-tau levels. This confirms several 
reports demonstrating this robust association [9, 11, 39, 
67]. A discernible threshold in p-tau levels was observed 
between Braak III and Braak IV, which corresponds with 
accumulation of cortical tau pathology by Braak IV [25, 
37]. To further examine a more direct relationship with 
cortical severity, we immunostained tissue sections with 
pT181 and pT217 antibodies that recognize the same 
phosphorylation sites studied in plasma. Increasing 
immunohistochemical burden for both tau antibodies 
in AD cases appeared to have a ceiling effect without the 
observation of a linear increase in plasma p-tau levels. 
This supports data from a longitudinal study that strati-
fied cases by Braak stage and observed a plasma p-tau181 
ceiling effect [68]. Regional cortical tau burden had a 
stronger relationship with plasma p-tau levels than global 
Braak stage, which may reflect greater power to detect 
differences using quantitative methods over semi-quan-
titative global scales.

The association of hippocampal tau burden with both 
plasma p-tau181 and p-tau217 levels was modest in com-
parison to the strength of the relationship observed with 
either cortical tau or Braak stage. This supports prior 
work demonstrating higher correlation with cortical tau 
measures compared to medial temporal lobe structures 
using pT217 antibodies [49], and further confirms this 
relationship with pT181. As the hippocampus is a small 
region, p-tau levels may better reflect global involve-
ment overrepresented by cortical tau load. An additional 
consideration for the weakened relationship in the hip-
pocampus is that age-related tau accumulation in limbic 
structures that occurs independent of amyloid-β (i.e., pri-
mary age-related tauopathy [29]) may be insufficient to 
affect a discernible release of soluble p-tau into plasma 
[39]. We previously demonstrated that pT181 and pT217 
antibodies recognize earlier aspects of tangle maturity 
[35], including pretangles and mature tangles. Thus, 
early tangle accumulation in the cortex may be more 
readily detected by the selected antibodies, enabling the 
observed relationship to be detected. In comparison, the 
hippocampus may have long-standing advanced tangle 
accumulation not as readily captured by the pT181 and 
pT217 antibodies.

We consistently observed a stronger relation-
ship between neuropathologic measures and plasma 
p-tau217, compared to p-tau181. Moreover, the ratio 
between hippocampus to parietal cortex pT181 bur-
den was muted in comparison to that observed in 
pT217. One possible explanation may be differences 
in antibody recognition of physiologic versus patho-
logic p-tau. Although uncommon, there were cases 
excluded from regional pT181 analyses as the immu-
nohistochemical burden reflected axonal staining 
rather than tau pathology. A high-resolution quantita-
tive proteomics study of tau demonstrated that phos-
phorylation at threonine  181 was observed in 70% of 
clinical controls with a Braak stage <IV and 92% of AD 
cases [69]. In comparison, phosphorylation at threo-
nine 217 was observed in 14% of controls and 86% of 
AD cases [69]. These observations of physiologic dif-
ferences between p-tau181 and p-tau217 should not 
detract from the prognostic data on p-tau181 [4, 6, 
7, 9–11, 67], but may provide a deeper understand-
ing of why p-tau217 associates more specifically with 
neuropathologic accumulation of tau pathology in the 
human brain.

Our study has several limitations that are important 
to consider, namely the small sample size. Although 
we investigated population-based study participants, 
all 35 participants who came to autopsy with plasma 
p-tau levels within 3 years were non-Hispanic white. 
With our finding that kidney health may impact 
plasma p-tau levels, further investigation in ethno-
racially diverse cohorts remains critical as the preva-
lence of chronic kidney disease varies [70]. While our 
series had a range of neuropathologic diagnoses, small 
sample sizes precluded group comparisons. To off-
set this limitation, graphs are presented with visual 
representation of disease groups for interpretation 
of AD neuropathologic change (i.e., AD, pathological 
aging) in comparison with primary tauopathies (i.e., 
primary age-related tauopathy, argyrophilic grain dis-
ease, and progressive supranuclear palsy). To expand 
our understanding between neuropathologic changes 
and plasma p-tau levels, we utilized digital pathology 
methods. As a result, the 6F/3D amyloid-β antibody 
was used for evaluation as the 6E10 antibody labels 
intracellular APP and was expected to interfere with 
burden analysis. However, it should be noted that in 
some cases the 4G8 antibody may be more sensitive 
to diffuse plaque pathology [26, 71], which could have 
an effect on performing Thal phase with 6F/3D. Our 
quantitative digital pathology studies were only per-
formed in the CA1-subiculum of the hippocampus and 
parietal cortex, which may limit interpretation with 
other brain regions. Most of our cases were older than 
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75 years at death, therefore limiting our interpretation 
in younger autopsy cohorts. We did not observe a rela-
tionship between age at plasma draw and plasma p-tau 
levels, but more work is needed in younger cases to see 
if this remains a consistent finding.

Conclusions
Our findings provide strong evidence that soluble 
plasma p-tau levels reflect insoluble accumulation of 
amyloid-β and tau pathology. As cut-points for diag-
nostic utility continue to undergo determination, it is 
important to note that plasma p-tau negativity does 
not exclude for the possibility of underlying tau and 
amyloid-β pathology. Instead, plasma p-tau positiv-
ity will reflect a threshold crossed where p-tau levels 
correspond to a functional measure ascribed to sig-
nificant disease-relevant changes. We propose paral-
lel processes occur for amyloid-β deposits and tangle 
development with an intersection between these neu-
ropathologies in AD that impacts soluble p-tau release, 
but not necessarily cortical tangle accumulation. The 
association observed between locus coeruleus and 
plasma p-tau levels suggests noradrenergic deficiencies 
may play a role in release of tau that we hypothesize 
to be mediated through amyloid-β-induced hyperac-
tivation of neurons and increased microvasculature 
leakage.
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