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Abstract.16

Background: Age-related cerebrovascular and neuroinflammatory processes have been independently identified as key
mechanisms of Alzheimer’s disease (AD), although their interactive effects have yet to be fully examined.
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Objective: The current study examined 1) the influence of pulse pressure (PP) and inflammatory markers on AD protein levels
and 2) links between protein biomarkers and cognitive function in older adults with and without mild cognitive impairment
(MCI).

19

20

21

Methods: This study included 218 ADNI (81 cognitively normal [CN], 137 MCI) participants who underwent lumbar
punctures, apolipoprotein E (APOE) genotyping, and cognitive testing. Cerebrospinal (CSF) levels of eight pro-inflammatory
markers were used to create an inflammation composite, and amyloid-beta 1–42 (A�42), phosphorylated tau (p-tau), and total
tau (t-tau) were quantified.
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Results: Multiple regression analyses controlling for age, education, and APOE �4 genotype revealed significant PP x
inflammation interactions for t-tau (B = 0.88, p = 0.01) and p-tau (B = 0.84, p = 0.02); higher inflammation was associated with
higher levels of tau within the MCI group. However, within the CN group, analyses revealed a significant PP x inflammation
interaction for A�42 (B = –1.01, p = 0.02); greater inflammation was associated with higher levels of A�42 (indicative of
lower cerebral amyloid burden) in those with lower PP. Finally, higher levels of tau were associated with poorer memory
performance within the MCI group only (ps < 0.05).
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Conclusion: PP and inflammation exert differential effects on AD CSF proteins and provide evidence that vascular risk is
associated with greater AD pathology across our sample of CN and MCI older adults.
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INTRODUCTION35

Alzheimer’s disease (AD) is the leading cause of36

dementia among older adults, and significant efforts37

have been placed upon identifying factors that may38

ultimately prevent or halt disease progression [1].39

AD pathology is characterized by the accumulation40

and aggregation of beta-amyloid and pathological41

tau proteins, with consequential neuronal loss and42

cerebral atrophy [2]. Although genetic susceptibility43

(e.g., apolipoprotein E [APOE] �4 genotype) plays44

a clear role in the risk for AD, other—potentially45

modifiable—environmental, lifestyle, and health fac-46

tors (e.g., exposure to pollutants, diet, diabetes) have47

also been forwarded as propagators of AD-related48

pathology [3–6].49

While not included in most AD pathological stag-50

ing frameworks [7, 8], cerebrovascular dysfunction51

represent one such risk factor, or critical “hit”, in the52

pathogenesis of AD [9–11]. For example, research53

has shown that the increased presence of vascular54

risk factors (e.g., hypertension, obesity, hypercholes-55

teremia) beginning in mid-life, coupled with age-56

related cerebrovascular changes (e.g., pericyte and57

microvascular loss, increased vascular permeability),58

is associated with cerebral blood flow alterations and59

blood-brain barrier breakdown in older adults [9, 12,60

13]. These vascular changes have been linked to AD61

pathology in the form of increased amyloid-� (A�)62

production and accumulation as well as tau hyper-63

phosphorylation and neurofibrillary tangle formation64

[14, 15]. Importantly, these vascular-mediated path-65

ways have been posited to be some of the earliest66

drivers of neurodegeneration and cognitive decline67

in AD and other AD-related dementias [16, 17].68

Inflammation has also been implicated as an impor-69

tant factor in the AD cascade in recent years. As70

a common consequence of both vascular dysfunc-71

tion and amyloid accumulation, the brain’s immune72

response is activated and uncontrolled neuroinflam-73

matory processes contribute to neuronal damage74

and synaptic loss [18–20]. Although this immune75

response may initially be protective—activated76

microglia have been demonstrated to promote amy-77

loid clearance and degradation—prolonged inflam-78

mation leads to the release of cytokines that have79

been directly linked to tau tangle formation [20–22].80

The precise nature, temporal aspect, and patholog-81

ical consequences associated with the activation of82

inflammatory pathways has yet to be fully charac-83

terized, but research from both animal and human84

studies have highlighted that inflammation precedes85

and may exacerbate a primarily tau-mediated neu- 86

rodegeneration that is associated with worse overall 87

disease severity, cognitive impairment, and conver- 88

sion to AD [23–27]. Nevertheless, as detailed in 89

a review by Golde [28], immunoproteiostasis, or 90

the link between immune system activation and 91

neurodegenerative proteinopathy, is incredibly com- 92

plex, and the manipulation of either pro- and/or 93

anti-inflammatory pathways may yield adverse neu- 94

rological consequences [28, 29]. 95

There is a complex interplay between vascular dys- 96

function and inflammation, as they both commonly 97

co-occur and are associated with worsening levels of 98

neuronal injury [30–32]. Currently, most studies of 99

older adults have centered on exploring the indepen- 100

dent contributions of vascular risk and inflammation 101

on AD pathologic changes, and models incorporating 102

both have found that each uniquely explains func- 103

tional impairment and neuropsychiatric functioning 104

of older adults at risk for AD [33]. However, they 105

may in fact act in synergistic fashion to worsen AD 106

pathology, and the extent to which both may differen- 107

tially affect specific AD proteins across various stages 108

of the disease remains understudied. Therefore, we 109

investigated the interactive effects of vascular risk 110

and inflammation on AD cerebrospinal fluid (CSF) 111

biomarkers (i.e., A� and tau) and stratified by diag- 112

nostic group (i.e., cognitively normal versus mild 113

cognitive impairment (MCI)) to examine whether the 114

interactive effects of vascular risk and inflammation 115

differed across the aging spectrum from normal cog- 116

nition to MCI. We then explored the extent to which 117

AD biomarkers were directly related to cognition 118

within each cognitive group. 119

METHODS 120

Data availability 121

Data used for the present study were obtained from 122

the Alzheimer’s Disease Neuroimaging Initiative 123

(ADNI) database (http://adni.loni.usc.edu). ADNI is 124

a public-private partnership that was launched in 125

2003 by Principal Investigator, Michael W. Weiner, 126

MD. The primary goal of ADNI is to explore whether 127

serial magnetic resonance imaging, positron emis- 128

sion tomography (PET), other biological markers, 129

and clinical and neuropsychological assessment can 130

be combined to measure the progression of MCI and 131

preclinical stages of AD. Information on ADNI can 132

found at http://www.adni-info.org. The ADNI study 133

was approved by the Institutional Review Boards 134

http://adni.loni.usc.edu
http://www.adni-info.org
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of all participating sites and written informed con-135

sent was obtained for all study participants prior to136

engagement in the study.137

Participants and inclusion/exclusion criteria138

Enrollment criteria for the ADNI study are des-139

cribed in detail elsewhere [34], but briefly include:140

adults between the ages of 55–90 years with ≥ 6141

years of education or work-history equivalent, that142

are fluent in English or Spanish, have adequate vision143

and hearing to perform neuropsychological tests and144

are in generally good health without significant neu-145

rologic disease or history of traumatic brain injury.146

Per the ADNI website’s reported biofluid banking147

statistics (http://adni.loni.usc.edu/methods/), approx-148

imately 1,118 participants of the ADNI 1 cohort149

had CSF samples collected. However, only a small150

subsample of 386 participants had CSF data for non-151

amyloid/tau inflammatory biomarker baseline data152

(collected primary between 2005–2008) that was153

available for download from the ADNI HULAB.csv154

on August 1, 2020. The final study sample consisted155

of 218 ADNI participants that were not diagnosed156

with dementia at their initial study visit and had data157

available for: all CSF inflammatory protein markers158

of interest for creation of our composite; Elecys CSF159

AD protein markers; blood pressure measurements,160

other relevant medical/health background informa-161

tion (e.g., history of heart disease or diabetes); key162

demographic information, (e.g., age, education, sex);163

apolipoprotein E (APOE) genotyping; and Mini-164

Mental Status Exam (MMSE) and cognitive scores.165

Assessment of cognitive functioning166

Participants completed neuropsychological testing167

and variables of interest included performance on168

measures of general cognition (MMSE) and the cog-169

nitive subdomains of attention/executive functioning170

(Trail Making Test Parts A and B), verbal mem-171

ory (Immediate and Delayed Recall and Recognition172

Total from Story A of the Weschler Memory Scale-173

Revised; Delayed Recall and Recognition Total of the174

Rey Auditory Verbal Learning Test), and language175

(Boston Naming Test or Multilingual Naming Test;176

animal fluency). Raw scores for each of the measures177

representing the cognitive subdomains were con-178

verted to z-scores that were based on predicted values179

from regression equations (adjusted for age, sex,180

and education) that had been derived from a robust181

normal control group that has remained cognitively182

normal (CN) throughout their duration of participa- 183

tion in ADNI [35–38]. Finally, z-scores across tests 184

within each cognitive subdomain were then averaged 185

to create attention/executive, language, and memory 186

composites. 187

MCI diagnosis was based upon Jak/Bondi actuar- 188

ial neuropsychological criteria, which has previously 189

been shown to improve diagnostic precision, bio- 190

marker associations, and AD progression rates when 191

compared with conventional ADNI MCI criteria 192

(35–38). Jak/Bondi MCI criteria is based upon the 193

above tests (with the exception of MMSE and the 194

Wechsler Memory Scale Story A) and participants 195

were characterized as MCI if they showed 1) impair- 196

ment on at least two scores within one cognitive 197

subdomain or 2) one impaired score across three 198

separate cognitive subdomains [37, 38]. Importantly, 199

Story A measures have traditionally been utilized 200

for ADNI MCI conventional diagnostic criteria and 201

were intentionally not been included within the 202

Jak/Bondi actuarial criteria to ensure independence of 203

the criteria for comparisons purposes in the original 204

investigation. Please see [38], the original investiga- 205

tion, for a graphical representation of the cognitive 206

measures utilized in the actuarial criteria employed 207

here. Of the 218 participants, 81 were classified as 208

CN, whereas 137 were classified as MCI. 209

AD CSF and genetic markers 210

Baseline levels of CSF A�42, total tau (t-tau), and 211

tau phosphorylated at the threonine 181 position (p- 212

tau) were measured using Elecsys immunoassays on 213

a fully automated cobas e601 platform. Higher levels 214

of CSF t-tau and p-tau and lower levels of A�42 are 215

indicative of greater AD pathology within the cen- 216

tral nervous system [39–42]. Positivity rates of CSF 217

A�42 (< 1,098 pg/mL), t-tau (> 242 pg/mL), and p-tau 218

(>19.2 pg/mL) were calculated based on Schindler 219

(2018) criteria. APOE �4 positivity was determined 220

by the possession of at least one APOE �4 allele. 221

Neuroinflammatory and physiological vascular 222

markers 223

CSF levels of eight pro-inflammatory markers 224

were quantified using multiplex immunoassays: 225

Interleukin-7, Interleukin-6, Interleukin-9, Interferon 226

Gamma-Induced Protein 10, Tumor Necrosis Factor 227

Alpha, Tumor Necrosis Factor Receptor 1, Vascu- 228

lar Cell Adhesion Molecule-1, Intercellular Adhesion 229

Molecule 1 (IL-7, IL-6, IL-9, IP-10, TNF�, TNFR1, 230

http://adni.loni.usc.edu/methods/
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VCAM1, ICAM1, respectively). We focused on231

markers that were not highly correlated with one232

another (to ensure appropriate statistical approaches),233

were repeatedly documented to have largely pro-234

inflammatory effects, were consistently implicated235

in the AD literature, and consistently had estimated236

values for use in analyses.237

In an effort to preserve power and reduce the num-238

ber of comparisons, a principal component analysis239

(PCA) was performed to reduce data into one fixed240

pro-inflammatory marker. An orthogonal (varimax)241

rotation was utilized to enhance interpretability and to242

obtain a set of independent loadings that are reflective243

of simple correlations between individual inflamma-244

tory markers and the overall composite. All loadings245

for individual inflammatory markers were required246

to be > 0.4 in an effort to ensure meaningful con-247

tribution of each inflammatory marker to the larger248

pro-inflammatory composite [43, 44].249

During the first PCA iteration, 35% of the variance250

in the data was explained by the eight component251

pro-inflammatory composite. However, the rotated252

component matrix revealed IL-6 and IL-7 factor253

loadings (0.19, 0.38, respectively) were below the254

acceptable loading range, although loading values255

for all other factors ranged from 0.51–0.76. PCA256

analyses were repeated with both factors removed257

one at a time until all loadings were determined258

to be in the acceptable range. Results revealed that259

45% of the variance in the data was explained by a260

6-component pro-inflammatory composite (IL-9, IP-261

10, TNF�, TNFR1, ICAM1, VCAM1) and all rotated262

factor loadings ranged from 0.49–0.82. Standard-263

ized principal component scores for this 6-component264

pro-inflammatory composite were calculated for each265

study participant and utilized in subsequent analyses.266

Finally, pulse pressure (PP), an indirect index of267

arterial stiffening, was calculated as the difference268

between systolic and diastolic blood pressure mea-269

surements. Notably, a Pearson’s correlation test was270

performed to demonstrate PP and inflammation were271

independent markers and revealed there was no272

significant association between PP and the pro-273

inflammatory composite across the entire sample (r =274

0.11, p = 0.11).275

Statistical analyses276

All data were checked for outliers (defined as > 3277

standard deviations from the mean) and to ensure no278

basic statistical assumptions were violated; for cog-279

nitive analyses, scores for 1 CN and 1 MCI subject280

on the language and attention/executive composites 281

were deemed to be outliers and thus not included 282

in the analyses. Multicollinearity statistics were per- 283

formed prior to analyses and determined to be in the 284

acceptable range for all regression models (variance 285

inflation factor < 1.5, tolerance, < 1, all rs < 0.4). All 286

analyses were performed with the Statistical Pack- 287

age for the Social Sciences (SPSS) version 26 and R 288

version 3.5.0 (https://cran.r-project.org/). 289

Analyses of variance (ANOVAs) were used to 290

determine whether the groups (CN versus MCI) 291

differed on continuous demographic and clinical 292

variables. Chi-squared analyses examined group dif- 293

ferences on categorical demographic and clinical 294

variables. Analyses of covariance (ANCOVAs) were 295

used to explore whether the groups differed on 296

AD CSF markers. Covariates (age, education, and 297

APOE �4 genotype) were included when there was 298

a relationship between the potential covariate and 299

dependent variables of interests; model parsimony 300

was preferred and thus sex was not included as a 301

covariate in our primary analyses given there were 302

no sex differences in dependent variables of inter- 303

est. Please note degrees of freedom slightly differ 304

across CSF AD analyses as t-tau and p-tau data were 305

degraded for four subjects (1 CN, 3 MCI) and, there- 306

fore, these individuals were not included in the tau 307

analyses. Multiple regression analyses were used to 308

explore 1) main effects of PP and inflammation, 2) 309

PP x inflammation interactions, and 3) the associ- 310

ation between AD CSF biomarkers and cognitive 311

performance within the CN and MCI groups. The 312

standardized beta estimates for continuous predictors 313

are reported in the text. 314

RESULTS 315

Participant demographics and clinical character- 316

istics are presented in Table 1. Although mean age 317

and the proportion of women within each group were 318

comparable, the MCI group had significantly fewer 319

years of education (p = 0.007) and, as expected, lower 320

MMSE scores (p < 0.001). Also as expected, rela- 321

tive to the CN group, the MCI group also had a 322

greater proportion of individuals that were APOE �4 323

positive, as well as CSF amyloid, t-tau, and p-tau pos- 324

itive (ps < 0.001). There were no group differences on 325

markers of vascular risk or inflammation (ps < 0.05), 326

but as expected, the MCI group performed signif- 327

icantly worse than the CN group on all cognitive 328

composites (ps < 0.001).

https://cran.r-project.org/
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Table 1
Participant demographics and clinical characteristics

Total Sample CN MCI F or χ2 p
N = 218 N = 81 N = 137

Mean or % SD Mean or % SD Mean or % SD

Age, y 74.75 7.24 75.22 6.02 74.47 7.59 F = 0.55 0.46
Education, y 15.50 3.02 16.21 2.98 15.07 2.97 F = 7.41 0.007
Women, % 43 – 43 – 42 – χ2 = 0.01 0.90
Race/Ethnicity, % χ2 = 3.92∧ 0.14

Black 4 – 6 – 2 –
Asian 1 – 0 – 2 –
White 95 – 94 – 96 –

CSF A�42 Total, pg/mL 868.02 429.58 1110.46 424.76 724.64 364.15 F = 50.40 < 0.001
CSF t-tau Total, pg/mL 300.98 123.08 245.90 88.61 333.85 129.16 F = 28.93 < 0.001
CSF p-tau Total, pgmL 29.53 14.21 23.03 9.70 33.42 14.21 F = 30.49 < 0.001
APOE �4+, % 50 – 30 – 61 – χ2 = 20.44 < 0.001
CSF A�+, % 72 – 47 – 86 – χ2 = 38.47 < 0.001
CSF t-tau+, % 63 – 43 – 75 χ2 = 20.09 < 0.001
CSF p-tau+, % 74 – 58 – 84 – χ2 = 17.63 < 0.001
MMSE Total Score 26.60 2.67 28.42 1.77 25.52 2.53 F = 82.09 < 0.001
Vascular Risk

Pulse Pressure, mmHg 58.54 15.66 56.90 15.11 59.59 15.96 F = 1.42 0.24
Diabetes History, %Y 6 – 5 – 7 – χ2 = 0.24 0.62
Smoking History, %Y 45 – 44 – 45 – χ2 = 0.01 0.91
Cardiac History, %Y 6 – 5 – 7 – χ2 = 0.24 0.62
Hachinski Score Total 0.58 0.69 0.63 0.72 0.55 0.67 F = 0.60 0.44

Pro-Inflammatory Composite –0.03 0.95 –0.01 0.83 –0.05 1.00 F = 0.70 0.79
Language Composite, z-score –0.97 1.27 –0.18 0.68 –1.45 1.31 F = 65.81 < 0.001
Memory Composite, z-score –1.73 1.31 –0.40 0.79 –2.51 0.84 F = 334.49 < 0.001
Attention/Executive Composite, z-score –1.16 1.92 –0.01 0.70 –1.84 2.08 F = 57.66 < 0.001

F statistic reported for one-way ANOVAs; χ2 statistic report for chi-square tests; ∧denotes utilization of the Likelihood Ratio. CN, cognitively
normal; MCI, mild cognitive impairment; APOE, apolipoprotein E; CSF, cerebrospinal fluid; p-tau, phosphorylated tau; A�, amyloid-beta.
Please note 4 MCI subjects were missing t and p-tau data due to sample degradation. 1 CN subject and 1 MCI subject were considered
outliers and excluded from analyses with the language and attention/executive composite. Please note the reported statistics for CSF levels
of amyloid and tau within the table slightly differenced from within-text statistics which included covariates and utilized ANCOVAs.

Main effects of group (CN versus MCI) on AD329

CSF biomarkers330

ANCOVAs adjusting for age, education, and331

APOE �4 positivity revealed that the MCI group332

displayed significantly higher levels of t-tau (F (1,333

209) = 19.41, p < 0.001, ηp
2 = 0.085) and p-tau (F (1,334

209) = 19.60, p < 0.001, ηp
2 = 0.086), and lower lev-335

els of A�42 (indicative of higher cerebral amyloid336

pathology in the brain; (F (1, 213) = 31.74, p < 0.001,337

ηp
2 = 0.130)) relative to the CN group. Given that the338

groups differed on AD CSF biomarkers, a series of339

parallel analyses were performed in an effort to better340

understand the associations between inflammation,341

pulse pressure, and AD CSF biomarkers within each342

cognitive group.343

Pulse pressure x inflammation interactions on344

AD CSF biomarkers in CN and MCI groups345

Multiple regression analyses adjusting for age,346

education, and APOE �4 positivity, were used to347

explore PP x inflammation interactions on AD CSF 348

biomarkers within the MCI group. Results revealed 349

there were significant PP x inflammation interac- 350

tions for t-tau (B = 0.88, t = 2.55, p = 0.01) and p-tau 351

(B = 0.84, t = 2.39, p = 0.02) such that higher levels 352

of inflammation were significantly associated with 353

higher levels of tau in those with higher levels of PP. 354

A median split for pulse pressure (60 mmHg) was 355

conducted to aid in interpretation and to graphically 356

depict the association between the three continuous 357

variables, and MCI participants were divided into 358

those with low (n = 59) versus high levels of pulse 359

pressure (n = 60). See Figs. 1 and 2. In contrast, there 360

were no significant PP x inflammation interactions 361

for amyloid (B = 0.02, t = 0.06, p = 0.96) in the MCI 362

group. See the Supplementary Material for a depic- 363

tion of this non-significant association in the MCI 364

group. 365

With regard to the CN group, results revealed 366

there was a significant PP x inflammation interac- 367

tion for amyloid (B = –1.01, t = 2.43, p = 0.02) such 368
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Fig. 1. PP x Inflammation on CSF T-tau within the MCI Group.
PP, pulse pressure; MCI, mild cognitive impairment; CSF, cere-
brospinal fluid. CSF T-tau (pg/mL) is depicted on the y-axis. The
inflammatory composite is on the x-axis (z-score). The red dots
and line represent the association inflammation and t-tau within
the high pulse pressure group for MCI participants. The blue dots
and line represent the association inflammation and t-tau within
the low pulse pressure group for MCI participants.

Fig. 2. PP x Inflammation on CSF P-tau within the MCI Group.
PP, pulse pressure; MCI, mild cognitive impairment; CSF, cere-
brospinal fluid. CSF P-tau (pg/mL) is depicted on the y-axis. The
inflammatory composite is on the x-axis (z-score). The red dots
and line represent the association inflammation and p-tau within
the high pulse pressure group for MCI participants. The blue dots
and line represent the association inflammation and p-tau within
the low pulse pressure group for MCI participants.

Fig. 3. PP x Inflammation on CSF AB-42 within the CN Group.
PP, pulse pressure; CN, cognitively normal; CSF, cerebrospinal
fluid. CSF AB-42 (pg/mL) is depicted on the y-axis. The inflam-
matory composite is on the x-axis (z-score). The red dots and line
represent the association inflammation and AB-42 within the high
pulse pressure group for CN participants. The blue dots and line
represent the association inflammation and AB-42 within the low
pulse pressure group for CN participants.

that inflammation was associated with higher levels 369

of A�42 (indicative of lower cerebral amyloid bur- 370

den) in those with lower PP. As with the MCI group, 371

median split for pulse pressure (60 mmHg) was con- 372

ducted in order to aid in interpretation and graphically 373

depict the association between the three continu- 374

ous variables and CN participants were divided into 375

those with low (n = 39) versus high levels of pulse 376

pressure (n = 42). See Fig. 3. In contrast, there were 377

no significant PP x inflammation interactions for t- 378

tau (B = 0.16, t = 0.45, p = 0.66) and p-tau (B = 0.25, 379

t = 0.67, p = 0.51) within the CN group. See the 380

Supplemental Material for depictions of these non- 381

significant association in the CN group. 382

Main effects of pulse pressure and inflammation 383

on AD CSF biomarkers in CN and MCI groups 384

Multiple regression analyses adjusting for age, 385

education, and APOE �4 positivity, were used to 386

explore main effects of 1) pulse pressure and 2) 387

inflammation on AD CSF biomarkers within each 388

group. Results from the first set of regressions 389

revealed no significant associations between PP 390

and amyloid (B = 0.03, t = 0.42, p = 0.68), t-tau (B = 391

0.08, t = 0.94, p = 0.35), or p-tau (B = 0.08, t = 0.89, 392
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Table 2A
Pearson’s correlations between individual CSF inflammatory and AD markers within the MCI group

IL-9 IP-10 TNFR1 TNF� ICAM-1 VCAM-I

A�42 r = 0.19 r = 0.13 r = 0.18 r = 0.04 r = 0.02 r = 0.17
p = 0.03∗ p = 0.12 p = 0.04∗ p = 0.64 p = 0.85 p = 0.05

t-tau r = 0.31 r = –0.04 r = 0.56 r = 0.05 r = 0.31 r = 0.38
p <0.001∗∗ p = 0.69 p < 0.001∗∗ p = 0.58 p < 0.001∗∗ p < 0.001∗∗

p-tau r = 0.26 r = –0.07 r = 0.51 r = 0.04 r = 0.28 r = 0.31
p = 0.001∗∗ p = 0.42 p = 0.001∗∗ p = 0.62 p = 0.001∗∗ p = 0.001∗∗

Please note that n = 134 for inflammation, t-tau, and p-tau data as samples degraded for 3 subjects; n = 137 for
inflammation and amyloid comparisons; ∗p < 0.05, ∗∗p < 0.005.

Table 2B
Pearson’s correlations between individual CSF inflammatory and AD markers within the CN group

IL-9 IP-10 TNFR1 TNF� ICAM-1 VCAM-I

A�42 r = 0.23 r = 0.21 r = 0.25 r = –0.10 r = 0.12 r = 0.15
p = 0.03∗ p = 0.05 p = 0.02∗ p = 0.37 p = 0.29 p = 0.17

t-tau r = 0.31 r = 0.15 r = 0.70 r = 0.28 r = 0.31 r = 0.31
p < 0.005∗∗ p = 0.29 p < 0.001∗∗ p = 0.01∗ p < 0.005∗∗ p < 0.005∗∗

p-tau r = 0.26 r = 0.08 r = 0.60 r = 0.26 r = 0.28 r = 0.28
p = 0.02∗ p = 0.52 p < 0.001∗∗ p = 0.02∗ p = 0.01∗ p = 0.01∗

Please note that n = 80 for inflammation, t-tau, and p-tau data as samples degraded for 1 subject; n = 81 for
inflammation and amyloid comparisons; ∗p < 0.05, ∗∗p < 0.005.

p = 0.37) within the MCI group. However, higher PP393

was significantly associated with higher levels of t-394

tau (B = 0.21, t = 2.09, p = 0.04) and p-tau (B = 0.24,395

t = 2.38, p = 0.02), but not amyloid (B = 0.04, t = 0.39,396

p = 0.70) within the CN group.397

Results from the second set of regressions revealed398

that inflammation was significantly associated with399

higher levels of t-tau (B = 0.54, t = 6.26, p < 0.001)400

and p-tau (B = 0.49, t = 5.52, p < 0.001), but not amy-401

loid (B = 0.14, t = 1.67, p = 0.10) within the MCI402

group. Pearson’s correlations between individual403

inflammatory markers and AD CSF biomarkers are404

presented in Table 2A. Within the CN group, results405

revealed that higher inflammation was significantly406

associated with higher levels of A�42 (indicative of407

lower cerebral amyloid burden) (B = 0.25, t = 2.29,408

p = 0.03), t-tau (B = 0.57, t = 5.84, p < 0.001), and409

p-tau (B = 0.48, t = 4.70, p < 0.001). Pearson’s corre-410

lations between individual inflammatory markers and411

AD CSF biomarkers are presented in Table 2B.412

AD CSF biomarkers and cognitive associations413

within CN and MCI groups414

Regressions adjusting for age, education, and415

APOE �4 positivity, were used to determine whether416

levels of AD CSF biomarkers were associated with417

cognitive performance within the groups.418

Within the MCI group, results revealed there were419

significant associations between lower A�42 (indi-420

cating higher cerebral amyloid burden; B = 0.26, t =421

2.89, p = 0.005), higher t-tau (B = –0.26, t = –3.28, 422

p = 0.001), and p-tau (B = –0.24, t = –2.96, p = 0.004), 423

and poorer performance on the memory composite. 424

In contrast, there were no significant associations 425

between amyloid (B = 0.18, t = 1.84, p = 0.07), t- 426

tau (B = –0.16, t = –1.79, p = 0.08), or p-tau (B = 427

–0.14, t = –1.59, p = 0.11) and performance on the 428

attention/executive composite, nor were there any 429

significant associations between amyloid (B = 0.10, 430

t = 1.40, p = 0.29), t-tau (B = –0.14, t = 1.67, p = 0.09), 431

or p-tau (B = –0.09, t = 0.99, p = 0.32) and perfor- 432

mance on the language composite within the MCI 433

group. Results revealed no significant associations 434

between amyloid (Bs range = –0.09 to 0.17; ps 435

range = 0.18 to 0.47), t-tau (Bs range = –0.06 to –0.18; 436

ps range = 0.15 to 0.64), or p-tau (Bs range = –0.08 to 437

–0.22; ps range = 0.09 to 0.53) and performance on 438

any of the cognitive composites within the CN group. 439

DISCUSSION 440

We examined the independent and interactive 441

effects of PP and inflammation on AD CSF pro- 442

tein markers, as well as associations between AD 443

protein markers and cognition, within CN and MCI 444

groups. Results showed no main effects of PP on 445

CSF AD proteins markers within the MCI group, 446

although higher PP was associated with higher lev- 447

els of tau in CN older adults. Within each group, 448

higher levels of inflammation were associated with 449
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higher tau burden. Interestingly, inflammation was450

positively related to higher levels of A�42 (indica-451

tive of lower cerebral amyloid burden) within the CN452

group only, suggesting that inflammation was pro-453

tective against cerebral amyloid burden among the454

cognitively unimpaired. Results also revealed that the455

combination of elevated PP and inflammation exac-456

erbated tau levels within the MCI group. However,457

lower levels of PP and higher inflammation was asso-458

ciated with higher levels of A�42 (indicative of lower459

cerebral amyloid burden) in the CN group, although460

the CN group had lower amyloid when compared to461

the MCI group. Finally, higher tau and lower lev-462

els of A�42 (indicative of higher cerebral amyloid463

burden) were associated with poorer memory per-464

formance in the MCI group, but no such associations465

were observed within the CN group. Overall, findings466

suggest that increased PP and inflammation are inde-467

pendently associated with AD CSF protein markers,468

and they interact to produce unique effects on amy-469

loid and tau that appear to differ amongst older adults470

with and without MCI.471

Our results demonstrating that PP and inflamma-472

tion interact on CSF levels of tau in older adults with473

MCI illustrate the importance of considering both474

factors when assessing AD risk and/or underlying475

pathology. Importantly, arterial stiffening in combi-476

nation with inflammation confers a unique risk on tau,477

and interventions aimed at controlling both factors478

may ultimately delay disease progression. The impor-479

tance of multiple targets in preventing neurological480

injury has been highlighted by Zlokovic and Grif-481

fin’s (2011) “vasculo-neuronal-inflammatory” triad482

model. Importantly, they highlight that “multi-point”483

therapeutic targets aimed at reducing both inflamma-484

tion and vascular dysfunction may more effectively485

modify complex disease mechanisms responsible for486

neurodegeneration. Although vascular dysfunction487

and inflammation are intertwined, it is important to488

note that our metrics of PP and inflammation were489

not significantly associated with another. In other490

words, we suspect that each may be capturing some-491

what unique disease processes that are not merely the492

byproduct of each other, and thus further illustrate493

the point that both vascular and inflammatory driven494

pathophysiological processes represent critical points495

of intervention.496

In contrast to what was observed within our MCI497

group, we found that at lower levels of PP and higher498

levels of inflammation were associated with higher499

levels of CSF amyloid—reflecting less amyloid in500

the brain and suggesting the possibility of success-501

ful amyloid clearance and lower plaque formation 502

in our CN group. This relationship was some- 503

what surprising, as sustained inflammatory processes 504

have consistently been demonstrated to promote AD 505

pathology [24, 26, 45]. However, there is some evi- 506

dence to suggest that inflammation may be helpful 507

acutely and may lead to successful amyloid clearance 508

in the early AD pathologic stages before inflamma- 509

tion becomes more chronic [24, 46]. Given there was 510

no association between inflammation and amyloid 511

accumulation in those with higher levels of PP, it 512

is possible that any “helpful” inflammatory cascades 513

are negated in the presence of vascular dysfunction. 514

Indeed, vascular dysfunction itself has been inde- 515

pendently linked to amyloid angiopathy and links 516

between elevated PP and greater CSF amyloid have 517

also been established in other samples of older adults, 518

although this association was not significant in our 519

CN sample [41, 42]. While we cannot fully speak 520

to the temporal relationship between inflammation 521

and AD pathology within this group, given this was 522

a cross-sectional analysis of cognitively normal indi- 523

viduals with lower overall levels of amyloid and tau 524

positivity, we suspect they may not have experienced 525

detrimental effects of prolonged inflammation char- 526

acteristic of more advanced disease states (MCI, AD). 527

Somewhat in line with the hypothesis that phase 528

along the AD continuum may be relevant with 529

regard to inflammation, an intact cholinergic sys- 530

tem is essential for delicately balancing the anti- 531

and pro-inflammatory M1/M2 microglial pathways 532

[47]. However, degradation of this system due to AD 533

pathological changes has been linked to unchecked 534

pro-inflammatory pathways. For example, in a recent 535

ADNI study, CN older adults were subdivided into 536

neurotypical versus preclinical subgroups based on 537

CSF amyloid and tau cut-offs, and associations 538

between inflammation and basal forebrain volume (a 539

posited metric of cholinergic system integrity) were 540

explored over time. The study demonstrated that the 541

preclinical subgroup demonstrated higher levels of 542

inflammation with greater levels of basal forebrain 543

loss, although this relationship was not observed in 544

the neurotypical group [48]. In our study, given the 545

CN group is not yet experiencing significant AD 546

pathologic changes (as evidenced by their relatively 547

low levels of amyloid and tau positivity when com- 548

pared to the MCI group), pro-inflammatory cascades 549

(at least with regard to amyloid) may not yet be inflict- 550

ing harmful neuronal damage and instead are being 551

properly “regulated”. However, additional studies 552

that also model vascular dysfunction are needed to 553
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better understand the interactive nature of these find-554

ings and to ensure the validity of this finding within555

the CN group via replication given the numerous556

comparisons and weaker nature of this finding.557

We also demonstrated a main effect of inflamma-558

tion on tau accumulation within both the CN and559

MCI groups. Findings comport with several animal560

and human AD studies that have shown microglial561

activation is a critical component of tau accumula-562

tion, occurs independently of amyloid status, and is563

a main driver of neurodegeneration and disease pro-564

gression over time [24–27]. Results align with the565

notion that inflammation is a critical part of the AD566

continuum and direct remediation may prevent tau567

hyperphosphorylation and tangle formation across568

the preclinical, early, and late AD disease states.569

This is especially important given we also demon-570

strated that tau, but not amyloid, had an adverse effect571

on memory performance in the MCI group. While572

spatio-temporal patterns of tau pathology cannot be573

delineated with CSF biomarkers, tau-PET and neu-574

ropathological studies have revealed that brainstem575

and medial temporal cortices, which houses brain576

regions important in memory function, are some of577

the earliest regions affected by AD tau pathology578

[49–51]. As such, this may explain why only tau579

and memory correlations were observed in our MCI580

group, as additional cognitive domains such as lan-581

guage and attention may be more likely to be affected582

with disease progression and the spread of tau pathol-583

ogy to regions beyond the medial temporal lobe.584

However, it is important to note that the CN group585

had lower levels of amyloid and tau and a relatively586

restricted range of cognitive performance compared587

to the MCI group, and may therefore have made the588

detection of brain-behavior associations within the589

CN group more difficult.590

Interestingly, a close inspection of our inflamma-591

tory composite (see Tables 2A and 2B) revealed that592

the individual markers of IL-9, TNFR1, ICAM1, and593

VCAM1 were most strongly associated with the AD594

CSF protein markers of interest. While these indi-595

vidual inflammatory markers have a diverse range596

of regulatory and functional pathways—many of597

which are still being characterized—there is some598

evidence to suggest that each of these markers are599

somewhat involved in immune reactions that target600

elements of the blood-brain barrier and/or vascular601

pathways [52, 53]. While we suspect that vascu-602

lar health-related risk factors (e.g., diabetes, heart603

disease, hypertension, and stroke) are, again, inti-604

mately tied to vascular inflammatory processes, we605

believe this provides further evidence that 1) AD 606

risk and development is also tied to vascular heath 607

and maintenance, and 2) vascular pathways may 608

be independent contributors of both amyloid and 609

tau pathology within the central nervous system. 610

Nevertheless, additional work centered on clarifying 611

and the negative effects of each of these inflamma- 612

tory markers is needed in order to better understand 613

the precise role and consequences of these immune 614

pathways. Finally, the relationship between innate 615

immune activation and AD is incredibly complex, 616

and there is a growing appreciation for challenges to 617

the long-standing hypothesis that pro-inflammatory 618

activation accelerates AD processes, whereas anti- 619

inflammatory strategies are neuroprotective. For 620

example, pleiotropic anti-inflammatory cytokines 621

(e.g., interleukin-4 and 10) have been demonstrated 622

to relate to increased amyloid plaque deposition 623

and impaired cognition in mice [29, 54], and anti- 624

inflammatory therapeutics in AD trials have revealed 625

harmful effects on cognition and disease progression 626

[55–57]. Although we focused on pro- inflamma- 627

tory markers in the current investigation, additional 628

research that encompasses anti-inflammatory mark- 629

ers is also needed, as anti-inflammatory cytokines 630

may disrupt proteostasis underlying neurodegenera- 631

tion in ways that may currently be underappreciated. 632

Taken together, both suppression and/or activation 633

of the immune response may yield negative and/or 634

positive effects, and additional research is needed to 635

clarify key functions of immune activation along the 636

spectrum of normal to pathological aging trajectories. 637

As noted by Golde [28], it may be beneficial 638

to move away from the somewhat oversimplified 639

dichotomization of pro- and anti-inflammatory cas- 640

cades into a lexical description of “immune response” 641

that ultimately elevates the complex and variable 642

function of the immune system in disease states. 643

In contrast, despite the fact that elevated PP has 644

been linked to greater levels of amyloid and tau in 645

other studies of adults [58, 59], we found that PP 646

was associated with CSF tau in our CN, but not MCI, 647

group. Importantly, there is some evidence to sug- 648

gest that the negative effects of PP on AD protein 649

accumulation are age-dependent, with the indepen- 650

dent effects of PP being most evident in the fifth and 651

sixth decade of life [58]. The mean age of both CN and 652

MCI groups was in the mid-seventies and we may not 653

be capturing what may be earlier effects of influences 654

of vascular disease on AD processes. Alternatively, 655

it is important to note that the groups display sim- 656

ilarly low levels of vascular risk, and findings may 657
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differ among individuals with greater levels of vas-658

cular disease burden, especially given that the ADNI659

primarily excludes individuals with high vascular660

risk. Other vascular markers (e.g., cerebral blood661

flow) may alternatively be more strongly associated662

with AD biomarkers in individuals in the CN and663

MCI stage. Moreover, findings might vary with the664

use of other amyloid metrics such as CSF A�40 or665

A�40/42 concentrations, which are not currently pub-666

licly available for download and exploration from667

Elecsys immunoassay metrics of ADNI 1 cohort668

participants.669

There are several limitations to our study that war-670

rant careful consideration. First, this was a relatively671

healthy, homogenous sample of predominantly edu-672

cated, older White adults, which is not reflective of673

the United States larger racial and ethnic demograph-674

ics. While ADNI provides a unique opportunity to675

characterize AD pathological processes using sophis-676

ticated novel biomarkers, there is an ever-pressing677

and critical need to better understand how sociode-678

mographic factors may influence AD and its risks679

(e.g., access to healthcare, quality of education, pro-680

longed stress) in more representative samples, and681

thus the generalizability of these findings to diverse682

samples are likely limited. How vascular risk, inflam-683

mation, and AD risk differ across different racial684

groups in an effort to better understand factors driv-685

ing these disparities is clearly needed (see [60]).686

Second, this sample was a relatively healthy sample687

with generally low levels of vascular risk and find-688

ings may differ in those with greater vascular disease689

risk burden. Third, only a small subsample of par-690

ticipants from the initial ADNI cohort had analyzed691

CSF inflammatory markers available for use and data-692

availability or selection bias may be an important693

factor to consider. Although its currently difficult to694

explore potential factors, as information pertaining695

to the sub-selection of these participants is limited696

and not clearly delineated in the accompanying Hu697

laboratory methods document available within the698

ADNI data portal, more aggressive brain pathology699

as indexed by neuroimaging metrics (e.g., hippocam-700

pal volume loss) have been noted within ADNI when701

compared to another population-based sample [61].702

In order to ensure generalizability of these results,703

future work within the larger ADNI cohort, as well704

as other non-ADNI samples is needed, and efforts to705

explore analytic changes in estimates of CSF metrics706

with additional data should be reported. Strengths of707

the study include the creation of data-driven com-708

posite measures of pro-inflammatory markers and709

cognition in an effort to reduce the likelihood of 710

Type I errors; the exploration of both independent 711

and interactive effects of pulse pressure and inflam- 712

mation; as well as the inclusion of parallel statistical 713

analyses in CN and MCI individuals in order to bet- 714

ter understand how pathological mechanisms differ 715

across various stages of disease. 716

CONCLUSIONS 717

Our findings suggest that PP and inflammation 718

exert differential effects on AD protein markers in 719

individuals with and without MCI. While inflam- 720

mation is associated with higher levels of A�42 721

(indicative of lower cerebral amyloid burden) in CN 722

individuals with low levels of vascular risk, this ben- 723

efit is not observed in those with elevated levels 724

of arterial stiffening. Moreover, the combination of 725

elevated vascular risk and inflammation appear to 726

be associated with greater tau levels in older adults 727

with MCI. Results highlight that vascular risk and 728

inflammation may be beneficial intervention targets, 729

particularly when both are elevated, to slow or prevent 730

AD pathogenesis. Future studies should clarify these 731

findings in more racially diverse samples, as well as 732

explore the influence of potential protective factors 733

(e.g., exercise, sleep) in reducing inflammation, arte- 734

rial stiffening, and associated AD pathophysiology. 735
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