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Abstract. Amyloid deposition occurs in aging, even in individuals free from cognitive symptoms, and is often interpreted as
preclinical Alzheimer’s disease (AD) pathophysiology. YKL-40 is a marker of neuroinflammation, being increased in AD,
and hypothesized to interact with amyloid-� (A�) in causing cognitive decline early in the cascade of AD pathophysiology.
Whether and how A� and YKL-40 affect brain and cognitive changes in cognitively healthy older adults is still unknown.
We studied 89 participants (mean age: 73.1 years) with cerebrospinal fluid samples at baseline, and both MRI and cognitive
assessments from two time-points separated by two years. We tested how baseline levels of A�42 and YKL-40 correlated
with changes in cortical thickness and cognition. Thickness change correlated with A�42 only in A�42+ participants (<600
pg/mL, n = 27) in the left motor and premotor cortices. A�42 was unrelated to cognitive change. Increased YKL-40 was
associated with less preservation of scores on the animal naming test in the total sample (r = –0.28, p = 0.012) and less
preservation of a score reflecting global cognitive function for A�42+ participants (r = –0.58, p = 0.004). Our results suggest
a role for inflammation in brain atrophy and cognitive changes in cognitively normal older adults, which partly depended on
A� accumulation.
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INTRODUCTION 33

Low level of cerebrospinal fluid (CSF) amyloid- 34

� 42 (A�42) represents a major risk factor for 35

Alzheimer’s disease (AD) [1] but it is also a com- 36

monly described feature within clinically normal 37
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aging populations [2]. Numerous studies show high38

concordance between low CSF A�42 and high ligand39

retention on amyloid positron emission tomography40

(PET), irrespective of clinical status [3] indicat-41

ing that low CSF A�42 reflects amyloid deposition.42

However, we still do not understand why A�4243

is related to the development of disease in some44

persons, while others seem able to cope with sub-45

stantial amyloid burden. Therefore, many studies46

point to an inconsistent relationship between A�42,47

brain atrophy as measured with magnetic reso-48

nance imaging (MRI), and cognition in aging, which49

can be caused by other factors that interact with50

amyloid [4].51

In the sense of these interactions with amy-52

loid, neuroinflammation has been proposed as one53

critical factor. Similar to amyloid deposition, neu-54

roinflammation occurs in both AD and normal aging55

[5, 6]. Although neuroinflammation is observed in56

pathologically vulnerable brain regions in AD, it57

remains unclear whether insoluble A� deposits or58

neurofibrillary tangles are causing inflammation [7]59

or whether inflammation may actually promote or60

accelerate deposition of A� [8]. In addition, by61

means of neuropathological studies, we know that62

increasing age is associated with increased microglial63

activation accompanied by production of inflamma-64

tory cytokines and compromised neuronal function,65

including synaptic dysfunction [9]. The chitinase-3-66

like protein 1 (YKL-40) is a CSF biomarker reflecting67

neuroinflammation [10]. Some studies have reported68

higher YKL-40 levels in AD [11], and these increases69

have also been associated with conversion to demen-70

tia [10, 12, 13]. YKL-40 has also been related to71

brain atrophy in AD [14, 15]. However, the capa-72

bilities of YKL-40 to distinguish AD from controls73

have so far been found to be moderate in compari-74

son with other CSF-markers such as total tau (T-tau),75

phosphorylated tau (P-tau), and A�42 [16], and some76

report no relationship with AD [17, 18]. This may77

suggest that YKL-40 levels correlate with brain and78

cognitive processes just as much in normal aging as79

in AD.80

In the present study, we tested the role of neuroin-81

flammation in cortical atrophy and cognitive change82

in older adults without cognitive symptoms with83

either abnormal or normal amyloid status. For this84

purpose, we used baseline measures of A�42 and85

YKL-40, a measure of the brain cortical thickness86

and the scores of cognitive tests. Although there87

are reasons to expect a relationship between amy-88

loid levels and neuroinflammation, no previous study89

has directly tested how these biomarkers interact 90

in contributing to brain and cognitive decline in 91

aging. While the role of YKL-40 in normal aging 92

is almost unexplored, previous research on amyloid- 93

related changes in the aging brain are conflicting, 94

with some reporting more atrophy [19–21] in sub- 95

jects with lower CSF A�42 levels and others larger 96

volumes [22], or non-linear relationships [23]. It has 97

also been suggested that the correlations between 98

A�42 and atrophy can be different for A�42 positive 99

versus negative individuals. This has been described 100

in the Alzheimer’s Disease Neuroimaging Initiative 101

(ADNI) database [24, 25], but has to our knowledge 102

not been tested in other samples. With regard to cog- 103

nitive changes, studies indicate that amyloid levels 104

correlate, albeit not strongly, with cognitive func- 105

tion in normal populations [26]. Because of these 106

controversies, it is necessary to study other fac- 107

tors that may show either amyloid-independent or 108

amyloid-dependent relationships to atrophy and cog- 109

nitive changes. 110

MATERIALS AND METHODS 111

Participants 112

The sample consisted of cognitively healthy older 113

adults undergoing elective spinal surgery under spinal 114

anesthesia and turning 65 years or older the year 115

of inclusion. Exclusion criteria were dementia, pre- 116

vious stroke with sequelae, Parkinson’s disease, or 117

other neurological condition likely to affect cogni- 118

tion. From the full sample recruited (n = 172), we 119

selected those having available baseline CSF mea- 120

sures and both MRI and cognitive evaluation at the 121

two time points (mean time between MRI scans: 2.18 122

years). None developed mild cognitive impairment at 123

follow up. A total of 89 participants were included 124

in the current analyses. Demographics, including 125

years of education, are summarized in Table 1. The 126

cognitive evaluation was identical at the two time 127

points and included the Word List Memory Task 128

from the Consortium to Establish a Registry for 129

Alzheimer’s Disease battery (CERAD) [27], which 130

was based on recall, the Animal Naming Test (ANT) 131

[28] and the Trail Making Test B (TMTB) [29]. 132

These tests represent verbal memory, verbal flu- 133

ency, and executive function. We also report here 134

the results of the Mini-Mental Status Examination 135

(MMSE) [30]. In addition, the Clock Drawing Test 136

[31] and Kendrick Object Learning Test [32] were 137
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Table 1
Demographics, cognitive, and CSF data of the participants included in the analyses

Full sample A�– group A�+ group
N = 89 N = 62 N = 27

Mean (SD) Mean (SD) Mean (SD)
Range Range Range

Sample & Demographics
Age (years) 73.1 (6.01) 73.2 (6.3) 72.91 (5.38)

64.74–89.79 64.74–89.79 64.95–82.52
Sex (men/women) 46/43 29/33 17/10
Time between (years) 2.17 (0.28) 2.18 (0.26) 2.17 (0.33)

1.55–2.88 1.55–2.87 1.71–2.88
MMSE baseline 29.13 (1.27) 29.09 (1.40) 29.22 (0.93)

25–30 25–30 27–30
MMSE 2 years 29.05 (1.21) 29.14 (1.19) 28.85 (1.23)

24–30 24–30 26–30
Education (years) 14.49 (3.34) 14.82 (3.31) 13.72 (3.35)

8–23 8–23 8–19
WMH baseline (mm3) 6224.45 (7161.05) 6553.5 (7881) 4946.4 (4486.1)

1143.4–36056.6 1143.40–36056.6 1338.2–22018.5
WMH 2 years (mm3) 7091.84 (8343.7) 7670.9 (9365.2) 5777.7 (5277.05)

1098.9–40698.6 1098.9–40698.6 1611.7–24642.6
WMH change (mm3) 0.105 (0.098) 0.103 (0.100) 0.108 (0.093)

–0.28–0.45 –0.28–0.45 –0.09–0.26
Cognition
TMTB - baseline+ 118.55 (60.28) 112.61 (44.33) 132.69 (64.13)

34–466 34–246 64–466
TMTB 2 years+ 116.23 (56.57) 106.64 (50.53) 137.89 (64.13)

31–306 31–267 72–306
CERAD baseline 6.78 (1.76) 6.73 (1.67) 6.89 (2)

3–10 4–10 3–10
CERAD 2 years 7.69 (1.72) 7.61 (1.55) 7.85 (2.1)

3–10 5–10 3–10
ANT baseline 20.67 (5.45) 20.69 (5.22) 20.63 (6.04)

5–32 10–32 5–30
ANT 2 years 23.27 (6.09) 23.85 (5.9) 21.93 (6.4)

7–38 7–38 10–38
CSF biomarkers
CSF - A�42 (pg/ml) 721.22 (204.65) 831.25 (131.07) 467.19 (72.45)

275–1175 605–1175 275–587
CSF – T-Tau (pg/ml) 373.4 (142.05) 361.28 (123.27) 401.23 (177.45)

114.7–785.9 181.8–767.9 114.7–785.95
CSF – P-tau (pg/ml) 60.42 (18.37) 59.76 (17.1) 61.93 (21.34)

26–110 32–110 26–103
YKL - 40 (ng/ml)∗ 220.02 (73.9)∗103 219.80 (73.39)∗103 220.521 (76.47)∗103

92.11–441.5∗103 97.19–441.5∗103 92.11–348.3∗103

MMSE, Mini-Mental State Examination; WMH, white matter hypointensities; TMTB, Trail Making Test – B; ANT, Animal Naming test;
CERAD, Word list memory task from the consortium to establish a registry for Alzheimer’s disease battery. +Missing data of n = 1 subject;
∗excluded 1 subject below detection limit.

administered, but were not included here because they138

tend to be less sensitive to variation in cognitively139

healthy samples.140

Ethical considerations141

The study was conducted in accordance with the142

Declaration of Helsinki and approved by the Regional143

Committee for Ethics in Medical Research in Norway144

(REK 2011/2052). All participants provided written145

informed consent.146

Rates of change and cognition factor 147

We computed the annual rate of change in the 148

scores obtained from the cognitive tests using the 149

symmetrized annual percent change. These values 150

were obtained as the difference in scores between 151

time points divided by its mean and by the time 152

between them. The obtained scores are referred to as: 153

CERAD-change, ANT-change, and TMTB-change. 154

We also calculated a global cognition change fac- 155

tor using principal component analysis on the rates 156
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of change obtained from the three tests. We used157

the first component, explaining the largest amount of158

variance. We refer to this score as COGfac-change.159

CSF measures160

CSF samples were taken at the time of the induc-161

tion of spinal anesthesia. CSF was collected in162

polypropylene tubes, centrifuged, the supernatant163

aliquoted in polypropylene vials, frozen as soon as164

possible, and stored at –80◦C pending analyses. CSF165

levels of A�42, T-tau, and P-tau were determined166

using INNOTEST enzyme-linked immunosorbent167

assays (Fujirebio, Ghent, Belgium). YKL-40 con-168

centrations were measured using a commercially169

available ELISA (R&D systems, Minneapolis, MN).170

All analyses were performed by board-certified labo-171

ratory technicians, who were masked to clinical data,172

using one batch of reagents with intra-assay coeffi-173

cients of variation below 10%.174

Magnetic resonance imaging175

In each scanning session, a T1-weighted MPRAGE176

3D image was acquired in a 1.5T Siemens Avanto177

scanner using a 12-channel head coil (TR = 2400 ms,178

TE = 3.79 ms, slice thickness = 1.20 mm, pixel spac-179

ing = 1.25 × 1.25 mm).180

MRI processing181

Structural MPRAGE scans were processed with182

FreeSurfer (version 5.3) and its longitudinal stream183

(https://surfer.nmr.mgh.harvard.edu). The standard184

FreeSurfer pipeline performs a set of automated pro-185

cedures for the cortical reconstruction and volumetric186

segmentation of the individual scans [33, 34]. In addi-187

tion, the FreeSurfer longitudinal stream includes a set188

of methods designed to minimize the bias to any time189

point and which has been shown to lead to increased190

statistical power, better separation of groups based191

on atrophy and higher reproducibility [35–37]. Using192

these tools, we obtained vertex-wise maps of sym-193

metrized atrophy rate, defined as the normalized194

difference in thickness at each vertex per year.195

FreeSurfer reconstructed brain surfaces were visually196

inspected and manually corrected when necessary.197

Manual interventions included the removal of non-198

brain areas and the use of control points to guide the199

automated reconstruction of white and pial surfaces.200

We obtained the volume of WM hypointensities201

(WMH) from the automated freesurfer subcortical202

segmentation [34]. WMH appear as dark WM on 203

the T1-weighted image and the overall WMH vol- 204

ume is obtained from the sum of regions within the 205

WM with T1-intensity values within a certain range 206

defined from the probabilistic atlas. This measure is 207

related to WM lesions and vascular disease and it has 208

shown good agreement with manual measurements 209

[38] as well as good reliability in aging cohorts [39]. 210

In addition, we obtained the hippocampal volumes 211

from the same processing stream. 212

Statistics 213

In order to test the overall effects of time on 214

cortical thickness, the surface-based data represent- 215

ing thickness change for each subject was fit into 216

a GLM model for group-statistics. We first calcu- 217

lated the mean rate of change between acquisitions 218

for the whole sample, using a one-sample t-test 219

model. We then performed vertex-wise correlations 220

and tested interactions to investigate relationships 221

between thickness, CSF markers, and cognition. 222

First, participants were divided into two subgroups 223

according to their levels of CSF A�42, namely A�+ 224

(<600 pg/mL) and A�– (≥600 pg/mL). Because sev- 225

eral cutoff values of CSF A�42 levels are described 226

in the literature, ranging from 500 to 650 pg/mL [19, 227

40–42], we used a rather conservative level of 600 228

pg/mL, which is in-between the cut-off used in clini- 229

cal routine in the Clinical Neurochemistry Laboratory 230

and that for amyloid PET positivity [43], and also to 231

accommodate possible variation or bias in the mea- 232

surements and to ensure a considerable number of 233

subjects within the group of healthy older adults with 234

amyloid positivity. 235

General linear models (GLM) were used for 236

vertex-wise analyses of cortical thickness change. 237

All statistical maps were corrected for family wise- 238

error (FWE) using precomputed simulated data in 239

FreeSurfer [44]. Significance threshold was set at 240

a p-value of 0.05, both for the initial thresholding 241

of the maps and for the identification of significant 242

clusters. Age and gender were used as covariates 243

in all the surface-based analyses. We first calcu- 244

lated the mean rate of change between acquisitions 245

as symmetrized annual percent change, and then 246

tested whether this was different from zero. Addi- 247

tional GLMs were used to compare rate of change 248

between the amyloid groups, and to test the rela- 249

tionship between thickness change and each variable 250

of interest, i.e., the two CSF biomarkers and longi- 251

tudinal change in each cognitive test score. To test 252

https://surfer.nmr.mgh.harvard.edu
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interactions, we used a model with two groups (i.e.,253

subjects being positive or negative for A�42) and CSF254

YKL-40 levels or the cognitive score as the contin-255

uous variable, and tested whether the slopes of the256

groups differed.257

We tested for group differences in 2-year change258

in the cognitive scores by use of t-tests. We also used259

t-test to test for group differences in education and260

WMH, and used partial correlations, controlling for261

age and gender, to test whether these variables were262

related to CSF levels of YKL-40, cognitive scores,263

or mean cortical thickness. Statistics on non-imaging264

data were performed with SPSS and MATLAB265

tools.266

RESULTS267

Demographics and cognitive data268

A total of 27 subjects were included in the A�+269

group and 62 in the A�– group. Principal component270

analysis of cognition change depicted three com-271

ponents, from which the first one, used as global272

cognition change factor (COGfac-change) accounted273

for 42.63% of the total variance. There were no274

group differences in the rates of change in any of275

the cognitive measures or in baseline CSF YKL-276

40 and P-Tau or T-tau levels. The results of the277

TMTB at the second time point differed between278

groups (t = 2.54, p = 0.016). However, the rates of279

change within this measure were not significantly280

different (t = 1.3, p = 0.16). Years of education did 281

not differ between groups (t = 1.43, p = 0.155) and 282

did not correlate with CSF levels, cognitive scores 283

or mean thickness values (p > 0.05 in all tests). In 284

addition, there were no differences between groups 285

in WMH at either time point or in percent change 286

(Table 1), and WMH did not correlate with CSF YKL- 287

40 levels or any of the cognitive measures used (all 288

p’s>0.05). 289

Mean longitudinal changes in cortical thickness 290

We observed an average rate of cortical thinning of 291

0.53% (SD: 1.0%) per year in the full sample. Gen- 292

eral thinning was observable across large regions of 293

the cortex (Fig. 1). Reductions in cortical thickness 294

were significant (FWE corrected level of p < 0.05) in 295

several clusters located bilaterally in superior pari- 296

etal, supramarginal, precuneus, isthmus cingulate 297

posterior cingulate, postcentral and paracentral cor- 298

tices, in the right hemisphere including the superior 299

frontal, caudalmiddlefrontal, inferior parietal, pre- 300

central fusiform, and parahippocampal cortices, as 301

well as in left lingual cortex. 302

Aβ42 and cortical thinning 303

Overall change in cortical thickness did not dif- 304

fer between A�+ and A�– participants (–0.50% and 305

–0.54%, respectively, t = 0.11, p = 0.91). We used 306

a vertex-wise GLM on the surface to investigate 307

Fig. 1. A) Mean effects of time on cortical thickness within the full sample. Percentage of thickness change measured between baseline
and the 2-years scan. Green-blue areas indicate decreases over time and yellow-red indicate increases (see legend). B) Significant clusters
showing the effect of time on cortical thickness after correction for multiple comparisons (p < 0.05).
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Fig. 2. A) Region with a group-interaction with A�42 levels and cortical thickness change. B) Scatter plots showing the relationship between
thickness change and A�42 levels for the two groups separately.

the effect of CSF A�42 levels on regional thick-308

ness change. Using a between-group comparison, we309

found that regional change in thickness did not differ310

between groups. We then created a design with311

separate slopes for the relationship between A�312

and thickness change for the A�+ versus the A�–313

groups. We found a cluster where this interaction314

was significant, covering part of the left precen-315

tral, left caudal middle frontal and superior frontal316

cortex (p < 0.05, FWE corrected). In this region,317

there was a negative relationship between CSF318

A�42 levels and the reduction of cortical thick-319

ness in the A�+ group, but not in the A�– group320

(Fig. 2).321

Aβ42 and cognition322

Using partial correlations and A�42 as a con-323

tinuous variable, we did not find any relationship324

between CSF levels of A�42 and the global cog-325

nitive change or change in any of the specific326

cognitive measures. More specifically, the correlation327

with TMTB-change, a test that showed differences328

between groups at the second time point, was not329

significant either (r = –0.173, p = 0.115).330

YKL-40, Aβ42 , and brain measures 331

We did not find any relationship between YKL- 332

40 levels and change in cortical thickness or CSF 333

A�42 levels. In addition, there were no interactions 334

between these three measures. Even if it was not the 335

aim of the current study, we observed that YKL-40 336

and hippocampal atrophy correlated on a trend level 337

only (A�+ p = 0.06/ A�– p = 0.09). Therefore, more 338

thorough analyses will be the focus of future studies. 339

YKL-40 and cognition 340

Change in the animal naming test (ANT-change) 341

correlated with CSF YKL-40 levels within the whole 342

sample, in that higher YKL-40 levels were related to 343

more decline in the test scores (r = –0.28, p = 0.012) 344

(Fig. 3A). Note that we observed rates of change 345

above zero due to practice effects [45]. No signif- 346

icant correlations between YKL-40 and the other 347

cognitive measures were found, but a trend was 348

observed between YKL-40 and global cognition 349

change (COGfac-change, r = –0.185, p = 0.096). 350

Finally, we explored correlations with the 351

CSF YKL-40 levels and cognition in A�+ and 352
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Fig. 3. CSF YKL-40 levels and cognition. A) YKL-40 and changes in animal naming test in the full sample. B) Correlation between YKL-40
and global cognition in A�+ and A�– groups of participants.

A�– participants. In the A�+ group, we found353

a correlation between levels of YKL-40 and the354

COGfac-change (r = –0.58, p = 0.004, see Fig. 3B).355

This correlation was not found in the A�– group356

(r = –0.008, p = 0.955). These correlations were sig-357

nificantly different, as evidenced by use of the358

Fisher r-to-z transformation (z = 2.72, p = 0.0065,359

two-tailed).360

Cortical thickness and cognition361

Longitudinal change in cortical thickness corre-362

lated positively with change in the results of the363

animal naming test (p < 0.05), meaning that more364

thinning was associated with more decline in test365

scores. We found two significant clusters located in366

the right hemisphere, covering parts of the supra-367

marginal, postcentral, and inferior parietal cortices368

(Fig. 4).369

Exploring possible single-subject effects370

We excluded a single subject having MMSE of 24371

at the second timepoint, which was classified into the372

A�– group and we observed that the main results373

of the study were preserved. Specifically, the corre-374

lations between CSF YKL-40 levels and the ANT375

scores (r = –0.281, p = 0.011), and with the COGfac-376

change in the A�– group (r = 0.103, p = 0.446) were377

preserved. In addition, the vertex-wise comparisons378

performed with Freesurfer yielded similar results.379

DISCUSSION380

In the present study, we showed that neuroinflam-381

mation, as indexed by CSF levels of YKL-40, were382

associated with reduced cognitive function two years383

Fig. 4. Correlation between change in cortical thickness and
change in the results of the animal naming test. Red-yellow areas
indicate that changes in thickness and changes in cognition have the
same direction. Only results within significant clusters are shown.

later in cognitively normal older adults who were 384

positive for A�42. Intriguingly, no relationship was 385

observed for A� negative participants. As CSF levels 386

of A�42 and YKL-40 were not related, this could indi- 387

cate that these biomarkers are indicators of distinct 388

processes in the brain that have additive detrimental 389

effects on cognitive function in older adults at risk for 390

AD. In addition, we found that CSF A�42 levels cor- 391

related with cortical atrophy only in amyloid positive 392

participants. Seen together, these results indicate that 393

mechanisms for brain atrophy and cognitive decline 394

might be different in older adults that are positive in 395

comparison with those negative for amyloid, under- 396

scoring the need to understand how amyloid relates 397
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to brain atrophy in cognitively normal older adults.398

The implications of the results are discussed below.399

Age-related cortical thinning400

We observed a pattern of age-related cortical401

thinning from baseline to the 2-year follow-up acqui-402

sition. This pattern is in accordance with what has403

been reported in other studies of healthy older adults404

and justifies the suitability of our sample to study405

the effect of CSF markers in this population. Higher406

rates of thinning were observed in areas correspond-407

ing to the default mode network, a system that is408

functionally altered in aging [46]. Interestingly, the409

higher vulnerability to cortical atrophy in areas of410

the DMN healthy aging has been already discussed411

elsewhere [47].412

Neuroinflammation and cognition in Aβ+ older413

adults414

Here we used CSF YKL-40 levels as a measure415

of neuroinflammation and we found that increased416

levels of this biomarker were correlated with global417

changes in cognition in the A�+ group, indicating418

that neuroinflammation might play an important role419

for cognitive changes in older adults with altered420

amyloid status. In addition, increasing age has been421

associated with increased microglial activation [9]422

increased levels of CSF YKL-40 are observed in AD423

patients [10, 13, 16] but this is not invariably found424

[17, 18]. However, no studies have previously tested425

whether this biomarker is increased also in healthy426

older adults with altered amyloid levels. Intriguingly,427

our result suggests that even if the level of neuroin-428

flammation as indexed by YKL-40 does not vary as429

a function of amyloid accumulation, the ability of430

the brain to cope with the inflammation is differ-431

ent depending on the subject amyloid status. Thus,432

inflammation is associated with cognitive reduction433

over time in the presence of higher amyloid levels434

only, with the lower risk older adults probably being435

able to better cope with the burden of neuroinflam-436

mation. This is not an on-off mechanism, however,437

as we found that changes in the animal naming test438

correlated with YKL-40 levels also within the full439

sample. Thus, the present results indicate that YKL-440

40 indexes neuroinflammatory processes that have441

mild but nevertheless detrimental effects on cognitive442

function in older adults, and that these detrimental443

effects are significantly larger in participants with444

increased A�42 levels.445

Cortical thinning at the different CSF Aβ42 levels 446

In addition to the A�-dependent effects of neuroin- 447

flammation on cognition, we found that decreased 448

CSF A�42 correlated with cortical thinning in the 449

A�+ participants. This further indicate that there 450

might be degenerative processes occurring at this nar- 451

row range of A�42 levels even in individuals free from 452

clinical symptoms. This pattern has previously been 453

described within the ADNI cohort of normal older 454

adults [24, 25]. These two studies found that only 455

under a certain threshold of A�42 levels in CSF, A�42 456

correlated with accelerated brain atrophy. The present 457

study demonstrates this pattern in a different sample 458

than the ADNI database. Taken together, these find- 459

ings indicate that amyloid positive older adults are 460

less able to cope with processes in the brain that might 461

otherwise not be as harmful in older adults without 462

evidence of brain amyloid accumulation. Previous 463

studies have reported that the anatomical localization 464

of A�-atrophy relationships tends to vary and seems 465

to be rather widely distributed (for a review, see [47]). 466

This fits well with the fact that amyloid accumula- 467

tion in the cortex [48] is less anatomically specific 468

than for instance neurofibrillary tangles, which ini- 469

tially is restricted to the medial temporal cortex. In 470

the present study, the stronger relationship between 471

A�42 and cortical thinning in the A�42+ group com- 472

pared with the A�42- groups was seen in the motor 473

and premotor cortices, overlapping reported effects 474

from previous studies [21]. However, given the gen- 475

erally widespread distribution of effects in previous 476

studies, we advise against putting too much weight 477

on the precise anatomical location of this effect. 478

Neuroinflammation, amyloid, and changes in 479

cognition 480

Previous literature has described null or rela- 481

tively weak relationships between common CSF AD 482

biomarkers such as A�42 and memory/cognition in 483

healthy elderly participants [26, 47, 49]. This has 484

encouraged the community to study the roles of alter- 485

native markers in addition to amyloid to better explain 486

cognitive reductions and brain atrophy in aging. Our 487

results, though being moderate in strength, indicate 488

that YKL-40 is one such marker, primarily when 489

seen in coexistence with altered levels of established 490

risk markers such as A�42. This fits with theories of 491

amyloid and neuroinflammation working together to 492

cause cognitive decline and brain atrophy in older 493

adults with neurodegenerative conditions such as 494
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AD [6], even if the evidence for these theories in495

humans is scarce and to a large extent based on496

genetic studies. Further, additive roles of amyloid497

accumulation and neuroinflammation have not been498

tested in cognitively normal older adults. The results499

of the present study suggest that effects of inflam-500

mation on cognitive decline in older adults without501

dementia may partly depend on amyloid status.502

Adding to this, we found that decline in the same503

cognitive test also correlated with longitudinal cor-504

tical atrophy. Participants with less capability to505

maintain or improve performance on the animal nam-506

ing test showed more decreases in cortical thickness.507

These results are in accordance with previous studies508

showing correlations between longitudinal changes509

in brain structure and changes in cognition [50–52].510

Although being related with reductions in cog-511

nition, CSF YKL-40 levels did not correlate with512

cortical thinning. Some previous studies have513

reported correlations between thinner cortex and514

higher YKL-40 levels [14, 15] or other markers of515

inflammation [5], while others did not find rela-516

tionships with measures of brain structures such as517

hippocampal volume [53]. The studies mentioned518

above were all cross-sectional, in contrast to the519

present longitudinal design. Further, these former520

studies included patients with mild cognitive impair-521

ment or AD, thus not being fully comparable. Still,522

when the present results are seen in contrast to523

the identified relationship between amyloid levels524

and cortical thinning in the amyloid positive par-525

ticipants, it is evident that the relationship between526

amyloid levels, neuroinflammation, and brain atro-527

phy is complex. To get a deeper understanding of528

the mechanisms at play, we will likely also need529

to include additional biomarkers as well as genetic530

factors in the analyses.531

We performed several tests to evaluate the effect532

of possible factors confounding our results. We first533

confirmed that excluding one subject with MMSE534

of 24 at follow-up did not change the findings, and535

we found that variables such as WMH or years of536

education were not correlated with CSF markers or537

cognition.538

However, other neuropathological processes than539

A� could be associated with inflammation even540

in cognitively well-functioning older adults, which541

should be focus of future studies. Similarly, even if542

we did not find any relationship between WMH and543

the CSF measures or cognitive scores, we believe that544

more accurate measures of white matter lesions can545

be used to evaluate in a deeper way the effect of546

cerebrovascular alterations related to CSF markers 547

in aging. Finally, it has been reported that education, 548

and more generally, cognitive reserve, has an impor- 549

tant impact on the aging brain, and that it may interact 550

with cortical thickness, CSF biomarkers, and cogni- 551

tion [54]. However, in our study, years of education 552

were not correlated with cognition or CSF scores. 553

Our study has several limitations. We report signif- 554

icant correlations at the uncorrected level of p < 0.05 555

and therefore our results need to be considered 556

exploratory. However, taking in account the novelty 557

of the subject and the reduced number of related 558

studies, we believe that our findings add relevant 559

information to the field. In addition, as mentioned, 560

further studies should include a wider range of 561

biomarkers, as well as other variables, including 562

genetic and environmental factors and a higher num- 563

ber of data-points. In this sense, we tested whether 564

years of education had an impact on our results 565

and we did not find significant correlation. How- 566

ever, we believe that further studies are needed to 567

investigate these factors in more detail. Similarly, 568

hippocampal atrophy was related to YKL-40 on a 569

trend level, and these results will be followed up in 570

future studies with more in-depth analyses. Another 571

limitation refers to the characteristics of our sam- 572

ple (participants undergoing spinal surgery), which 573

may be not fully representative of a normal aging 574

population. However, the cognitive scores did not 575

indicate cognitive decline, and the rate of change in 576

cortical thickness, as well as the anatomical pattern 577

of cortical thinning, was comparable to those com- 578

monly observed in other samples of healthy aging 579

[50]. We believe this supports the validity of the 580

findings. 581

To conclude, one important theory holds that 582

sustained inflammatory responses to amyloid accu- 583

mulation increase brain atrophy in AD [6, 55], and the 584

increased levels of neuroinflammation observed also 585

in cognitively normal older adults make it important 586

to investigate amyloid—inflammation relationships 587

also in non-demented. Here we found that YKL-40, 588

as a measure of neuroinflammation, correlated with 589

global cognitive decline especially in amyloid pos- 590

itive older adults. In contrast, CSF A�42 levels per 591

se did not correlate with cognitive decline, but still 592

were related to brain atrophy in amyloid positive par- 593

ticipants. Put together, these findings highlight the 594

need for considering how newer biomarkers interact 595

with the established ones in the study of cognitive 596

and brain changes in aging. This may provide bet- 597

ter understanding of the processes that are crucial 598
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in the transitional phase between normal aging and599

neurodegeneration.600
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