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Abstract 
 

The two cardinal pathologies of Alzheimer’s disease (AD) develop according to distinct 

anatomical trajectories. Cerebral tau-related pathology first accumulates in the mesial 

temporal region, while amyloid-related pathology first appears in neocortex. The eventual 

distributions of these pathologies reflect their anatomical origins. An implication is that the 

cardinal pathologies might exert preferential effects on the structurofunctional brain 

changes observed in AD. We investigated this hypothesis in 39 patients with dementia of 

the Alzheimer’s type. Interrelationships were analysed between cerebrospinal fluid (CSF) 

biomarkers of the cardinal pathologies, volumetric brain changes using magnetic resonance 

imaging, and brain metabolism using [18F]-FDG-PET. Amyloid-related pathology was 

preferentially associated with structurofunctional changes in the precuneus and lateral 

temporal regions. Tau-related pathology was not associated with changes in these regions. 

These findings support the hypothesis that tau- and amyloid-pathology exert differential 

effects on structurofunctional changes in the AD brain. These findings have implications 

for future therapeutic trials and hint at a more complex relationship between the cardinal 

pathologies and disruption of brain networks.   

 

Keywords: Alzheimer’s, P-tau, beta-amyloid, cerebrospinal fluid, cortical thickness, 

cerebral glucose uptake  
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Introduction 

Alzheimer’s disease (AD) is characterised by two cardinal pathologies, namely the 

intracellular accumulation of tau-related neurofibrillary tangles (NFTs), and the 

accumulation of various soluble and insoluble extracellular amyloid-beta (Aβ) aggregates. 

In typical AD, the genesis of these pathologies follows well-described anatomical 

trajectories. The formation of cerebral tau-related pathology begins in the entorhinal cortex, 

then spreads to nearby limbic regions (including the hippocampus) before infiltrating broad 

regions of isocortex [1]. In contrast, the formation of amyloid-related pathology begins in 

basal isocortex before spreading inwards to mesial temporal structures and finally involving 

more diffuse isocortical regions [2]. Several in vivo imaging studies have revealed greatest 

Aβ binding in anterior neocortex, with relatively little uptake in mesial temporal structures 

[3-5]. 

 

The different anatomical distribution of tau- and amyloid-pathology raise the question of 

whether they preferentially relate to structurofunctional changes in the AD brain. We have 

previously hypothesised that tau-pathology is preferentially associated with changes in the 

mesial temporal regions, while amyloid pathology is preferentially associated with diffuse 

neocortical changes [6, 7]. The aim of this study was to investigate this hypothesis using 

volumetric measurements obtained via structural magnetic resonance imaging and relative 

cerebral metabolism assessed with [18F]-FDG-PET. These modalities have been 

demonstrated to be sensitive to the pathological processes of AD [8]. Cerebrospinal fluid 

(CSF) protein markers of AD pathology were used as measures of the cardinal pathologies, 

as they present the only widely available method of measuring P-tau and Aβ pathological 

load in vivo using a common modality [9, 10]. 
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Here we report an investigation of this preferential association hypothesis in a cohort of 

patients with dementia of the Alzheimer’s type (DAT). We expected to find differential 

relationships between CSF biomarkers and regional structurofunctional changes in AD. 

Specifically, CSF levels of P-tau were expected to be preferentially associated with 

structurofunctional changes in the mesial temporal structures. Levels of Aβ in CSF were 

expected to be preferentially associated with structurofunctional changes in neocortex. 

 

Material and Methods 

Participants 

Participants were 39 patients (22 males, 17 females) with DAT, diagnosed according to 

National Institute on Aging – Alzheimer's Association criteria [11]. All were recruited from 

clinical sources in Melbourne, Australia. Ethics approval was obtained from the 

institutional ethics committee (Melbourne Health, HREC 2012.148) and all patients gave 

written informed consent. We have reported resting-state fMRI findings from this cohort 

elsewhere [7].  

 

CSF Biomarkers 

CSF biomarkers were sampled via lumbar puncture, aliquoted and stored at -80°C pending 

analyses. CSF Aβ1-42 levels were determined using a sandwich ELISA method 

(INNOTEST® ß- AMYLOID(1-42), Innogenetics, Gent, Belgium), as previously described 

[12]. CSF total tau (T-tau) concentrations was determined using a sandwich ELISA 

(Innotest hTAU-Ag, Innogenetics, Gent, Belgium) specifically constructed to measure all 

tau isoforms irrespectively of phosphorylation status [13], while CSF P-tau (phosphorylated 
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at threonine 181) was measured using a sandwich ELISA method (INNOTEST® 

PHOSPHO-TAU(181P), Innogenetics, Ghent, Belgium), as described previously in detail 

[14]. Cut-offs for the analyses were 530 pg/mL for Aβ1-42, 350 pg/mL for T-tau and 60 

pg/mL for P-tau [15]. All CSF measurements were performed in one round of experiments 

using one batch of reagents, by board-certified laboratory technicians, who were blinded to 

clinical data. Internal quality control (QC) samples were run on each plate to assure 

consistency. Intra-assay coefficients of variation were < 11.1% for Aβ1-42, <13.3% for T-

tau and <9.2% for P-tau. 

 

Image Acquisition 

Structural images were acquired on a 3.0T Siemens Tim Trio scanner at the Royal 

Melbourne Hospital, Melbourne, Australia. Structural images comprised a 176-slice sagittal 

3D acquisition (MPRAGE; flip angle = 9°, TR = 1900 ms, TE = 2.13 ms, TI = 900 ms, 

FOV = 176 x 256, matrix = 256 x 256; slice thickness = 1 mm). All image volumes were 

inspected at the time of acquisition, with acquisition repeated were necessary (e.g., due to 

gross movement artefact). 

 

[18F]-FDG-PET images were acquired at the PET Centre at the Peter MacCallum Cancer 

Centre in Melbourne. After a minimum of 6 hours fasting, patients were instructed to lie 

quietly in a darkened room for 15 mins. Patients were then injected with 220 MBq of 

fluorodeoxyglucose ([18F]-FDG-PET) through an intravenous catheter and continued 

resting for at least 45 mins. After resting the patients were scanned on a GE Discovery 690 

(GE Medical Systems Milwaukee, WI). Patients were positioned supine with their heads 

secured in a dedicated head-rest. A low dose CT scan for attenuation correction was 
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acquired with the following exposure parameters, 120kV, Auto mA range 40-80, rotation 

time of 0.5 sec, pitch 0.984, slice thickness 3.75 mm. A 15-minute list-mode PET 

acquisition of the brain was then acquired and re-framed into a dynamic scan of 15 x 1 

minute frames to detect any patient motion. Frames with motion present were excluded 

from processing. All PET scans were processed without time-of-flight using OSEM3D 

iterative reconstruction using 8 iterations, 24 subsets, 5 mm filter, 192 matrix and a 35 cm 

field of view. Images were inspected following acquisition to ensure no gross artifact (i.e., 

movement) rendered them unusable. 

 

Image Processing 

Cortical thickness analysis was using the Freesurfer software package (version: 5.2.0), the 

full technical details of which are described elsewhere [16]. The resulting cortical models 

were visually inspected by an experience operator (CBM) to ensure accuracy. Manual 

corrections to the brain mask were made where non-cortical tissue had been included in the 

cortical model. Six regions of interest were specified in order to extract mean thickness 

estimates from the cortical model. These included (a) pre-frontal cortex, (b) orbitofrontal 

cortex, (c) precuneus, (d) lateral-temporal cortex, (e) anterior-cingulate cortex, and (f) 

entorhinal cortex. These regions have been previously identified as containing high 

amyloid-load using in vivo PET imaging [17]. The anterior cingulate was included 

following previous work from our group implicating this region in amyloid-beta load [7]. 

The specific ROIs (and their FreeSurfer labels) for each region are shown in Figure 1. 

Cortical thickness estimates were averaged across ROIs and also across hemispheres, 

resulting in a single mean thickness estimate for each region. For the hippocampus, the 

estimated volume was extracted from the FreeSurfer sub-cortical pipeline and averaged 
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across hemispheres. 

 

The [18F]-FDG-PET images were aligned to FreeSurfer structural space using a linear 

boundary-based registration approach [18]. Briefly, this involves segmenting the structural 

reference image into tissue classes and coregistering the FDG-PET image by maximizing 

the intensity gradient across tissue boundaries. The transformation matrices were then used 

to inversely register the FreeSurfer ROIs to native [18F]-FDG-PET space. In this way, the 

[18F]-FDG-PET volumes were not subjected to potential degradation associated with 

manipulation or interpolation. Mean [18F]-FDG-PET uptake was extracted from each of the 

six cortical regions and the hippocampus as described above. In addition, the mean uptake 

for the entire cerebellum was extracted. Normalised mean uptake for each ROI was then 

calculated by dividing by the mean uptake for the cerebellum. 

 

Statistical Analysis 

All analyses were performed in SPSS v24.0.0 (IBM Corporation). The relationship between 

CSF biomarkers and imaging metrics was analysed using Pearson’s partial correlation 

coefficients. For [18F]-FDG-PET, mean uptake in each of the seven regions was correlated 

with each of the three biomarkers, adjusted for age. For the structural analyses, mean 

cortical thickness for the six pial regions, and the volume of the hippocampus, were 

correlated with the three biomarkers adjusting for age and intracranial volume (ICV). ICV 

was computed using the default procedure implemented in FreeSurfer. Briefly, this 

procedure estimates ICV by exploiting the known relationship between true intracranial 

volumes and the determinant of transform matrix produced by normalizing the whole-brain 

T1 image to MNI305 space. As described in Buckner and colleagues [19], this approach 
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has been validated against manually segmented intracranial volume and is minimally biased 

in populations with dementia.   

 

This resulted in 42 statistical comparisons. Given the increased risk of type 1 error, the 

Benjamini-Hochberg procedure was used to control the false discovery rate (FDR) at 5% 

[20]. FDR correct p-values below .05 were considered statistically significant. In order to 

show a true statistical dissociation (i.e., an interaction), it is necessary to demonstrate that 

the two correlation coefficients are statistically significantly different from one another, not 

merely that one is statistically significantly different from zero and the other is not [21]. In 

order to achieve this, where a statistically significant region was found the correlation 

between it and Aβ was compared to the correlation with P-tau using an approach described 

elsewhere for dependent correlation coefficients [22]. Statistically significant correlations 

were subjected to sensitivity analysis to determine the effect of Aβ status. Specifically, the 

sample was split into those with ‘normal’ versus ‘abnormal’ CSF Aβ1-42 concentrations 

(defined as Aβ1-42 < 530 pg/mL, as described above). Correlation coefficients were then 

computed for the ‘abnormal’ sub-sample in isolation.  

 

Results 

Descriptive Statistics 

Descriptive data for the study sample are shown in Table 1.  

 

Cortical Thickness 

As shown in Figure 2, mean cortical thickness in the precuneus was positively associated 

with CSF levels of Aβ1-42, r = .49, p = .01. There was no statistically significant 
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relationship with P-tau, r = -.14, p = .91. The difference between these correlation 

coefficients was statistically significant, t(36) = 2.97, p = .005. A similar pattern was 

observed in the lateral temporal region. Mean cortical thickness was positively correlated 

with CSF Aβ1-42 concentration, r = .49, p = .01, but there was no statistically significant 

correlation with P-tau, r = -.11, p = .86. The difference between these correlation 

coefficients was statistical significance, t(36) = 2.82, p = .008. As shown in Figure 4, no 

statistically significant associations emerged for T-tau.  

 

[18F]-FDG-PET  

Only two regions showed statistically significant correlations with the CSF biomarkers. 

These results are shown in Figure 3. Uptake in the precuneus was positively correlated with 

levels of Aβ1-42, r = .44, p = .02. The correlation with P-tau did not reach significance, r = 

-.07, p = .97. The difference between these correlation coefficients was statistically 

significant, t(36) = 2.32, p = .03. The correlation between the Aβ1-42 and FDG uptake in 

the lateral temporal region was also positive and statistically significant, r = .44, p = .02. 

The correlation with P-tau and uptake in this region did not reach significance, r = -.01, p = 

.97. Again, the difference between these coefficients was statistically significant, t(36)= 

2.09, p = .04. As shown in Figure 4, no statistically significant associations emerged for T-

tau (all ps > .05). 

 

Effect of CSF Aβ1-42 status 

Twenty-nine participants (74%) had abnormal CSF Aβ1-42 concentrations. Despite the 

smaller sample size, the correlation between Aβ1-42 and FDG uptake in the precuneus 

remained statistically significant, r = .46, p = .013. The correlation between Aβ1-42 and 
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FDG uptake in the lateral temporal regions, however, was no longer statistical significance, 

r = .14, p = .48. The correlation between CSF Aβ1-42 and cortical thickness in the 

precuneus was slightly reduced in the sub-sample and no longer, r = .33, p = .10. A similar 

pattern was observed for thickness in the lateral temporal regions, r = .21, p = .28. No 

correlations between CSF P-tau and neuroimaging markers in the sub-sample.  

 

Discussion 

The findings of this study partially support a preferential association between AD 

biomarkers and structurofunctional changes in patients with DAT. As expected, levels of 

Aβ-related pathology were associated with [18F]-FDG-PET uptake and cortical thickness in 

the precuneus and lateral temporal regions. While reduced glucose metabolism and cortical 

thickness in these regions was associated with greater levels of Aβ-related pathology, there 

was no detectable relationship with tau-related pathology. These differential relationships 

were statistically supported. As the precuneus and lateral temporal regions are amongst 

those with greatest Aβ accumulation in AD, these preferential associations are consistent 

with the hypothesis discussed here. No other regions showed detectable inter-relationships 

between [18F]-FDG-PET uptake, cortical thickness, and disease biomarkers.  

 

Our findings are partially consistent with previous reports. For example, Vukovich and 

colleagues also reported a positive association between CSF Aβ and glucose metabolism in 

the right temporal region [23]. As with our study, no relationships were found between 

glucose metabolism and CSF T-tau. Statistical relationships were, however, reported 

between CSF Aβ, prefrontal, and anterior cingulate hypometabolism. Chiaravalloti and 

colleagues also investigated the FDG-PET correlates of CSF biomarkers in Alzheimer’s 
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disease [24]. Higher CSF P-tau and T-tau was associated with reduced uptake in frontal and 

limbic regions. CSF Aβ was associated with wide-spread cortical dysfunction. While the 

existence of differential relationships between the biomarkers is broadly consistent with our 

hypothesis, the regions reported are not consistent with the regions revealed by our study.  

 

In terms of structural imaging studies, our findings are again partially consistent with 

previous reports in the literature. For example, Ossenkoppele and colleagues [25] found a 

correlation between CSF Aβ and atrophy in the precuneus. Our lack of statistically 

significant results in the medial temporal regions is not consistent with a body of evidence 

that CSF biomarkers are related to morphometric variability in the limbic regions, including 

the hippocampus [26, 27]. Our general finding of a dissociation between P-tau and other 

CSF biomarkers, however, is consistent with previous research showing preferential 

relationships between P-tau and brain atrophy assessed via MRI [28-30].  

 

The preferential associations between biomarkers and structurofunctional change in the 

precuneus are consistent with the known distribution of AD pathology. The precuneus is 

the region of cortex occupying the medial aspect of the superior parietal lobule and lies 

adjacent to the posterior cingulate cortex [31]. Together, the precuneus and posterior 

cingulate regions are sites of early Aβ accumulation [32]. In contrast, the formation of tau-

related pathology in this region occurs later in the pathogenesis of the disease [1, 33]. A 

number of in vivo imaging studies have confirmed the precuneus and posterior cingulate 

region as having affinity for Aβ ligands in patients with DAT and MCI [34, 35]. Imaging 

investigations in patients with DAT have revealed hypometabolism, hypoperfusion, 

structural atrophy, and abnormal functional connectivity in this combined region [36]. 
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There is evidence to suggest two possible mechanisms of structurofunctional change in the 

precuneus and posterior cingulate region. Specifically, such changes may relate to local Aβ 

accumulation, or they may occur secondarily to disconnection from the mesial temporal 

region. The first mechanism, that changes in the precuneus and posterior cingulate regions 

may be secondary to local Aβ deposition, is consistent with the direct pathway of Aβ 

toxicity implicated in the amyloid cascade hypothesis [37]. A number of studies have 

reported that Aβ oligomers directly disrupt synaptic function, supporting the view that local 

Aβ deposition in cortical regions may result in local synaptic disruption, eventually leading 

to structurofunctional changes [38, 39]. A recent imaging study has confirmed the 

relationship between local Aβ deposition and structural atrophy, but only in regions of 

greatest Aβ deposition, including the precuneus and posterior cingulate [40]. There is also 

evidence that Aβ deposition precedes hypometabolism in the precuneus and posterior 

cingulate region, further supporting a relationship between local Aβ deposition and local 

structurofunctional change [41].    

 

Secondary disconnection from mesial temporal regions is the second possible mechanism 

of structurofunctional change in the precuneus and posterior cingulate region. This 

hypothesis is supported by reports that the relative degree of hypometabolism exceeds the 

degree of structural atrophy in the precuneus and posterior cingulate region [42]. An 

implication of this discrepancy is that local structural atrophy in this region may be 

insufficient to explain the degree of hypometabolism, suggesting an additional contribution. 

A candidate for this additional contribution is that hippocampal atrophy induces a 

progressive breakdown of cingulum fibres, which then leads to precuneus and posterior 
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cingulate hypometabolism [43]. In this sense, Wallerian degeneration might be an 

additional cause of hypometabolism and structural atrophy observed in this region [44].  

 

It is still unclear as to whether the two mechanisms described above are equally 

contributory, or whether one or the other predominates at different stages of the disease. 

While the present finding of a relationship between Aβ-related (but not P-tau related) 

pathology and structurofunctional changes in the precuneus does not conclusively resolve 

this issue, it does strengthen the view that local Aβ deposition plays a significant role.     

 

In terms of cognition, the precuneus is involved in a range of integrative cognitive 

functions in healthy adults, including episodic memory retrieval, self-processing, and 

visuospatial imagery, amongst others [31]. There is a body of evidence suggesting this 

region functions as the main `hub' in the default mode network (DMN), a network of 

intrinsic functional connectivity that becomes prominently synchronised during rest [45-

47]. Intrinsic functional connectivity in the DMN is abnormal in AD [48] and there is 

evidence to suggest this may be related to the degree of Aβ pathology [49]. Despite 

growing interest, the precise relationship between disruption to this region and the 

neurocognitive phenotype of Aβ is yet to emerge [50].      

 

The finding of similar differential associations between Aβ and P-tau in the lateral temporal 

regions is also consistent with the proposed model. Like the precuneus, this region is the 

site of early Aβ deposition, whereas tau-related pathology does not become prominent until 

relatively later in the disease [1, 32]. Aβ deposition in this region has been well 

documented using in vivo) imaging approaches [35], and global Aβ affinity has been 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted January 19, 2018. ; https://doi.org/10.1101/250449doi: bioRxiv preprint 

https://doi.org/10.1101/250449


- 14 - 

associated with structural atrophy in temporal neocortex [51]. In terms of the cognitive 

phenotype of DAT, hypometabolism and structural atrophy in this region has been 

associated with semantico-linguistic deficits [52]. Critically for the present study, local Aβ 

deposition in the superior temporal region has been specifically associated with the early 

disruption of language networks in DAT [21].  

 

It was expected that, while Aβ-related pathology would be most strongly associated with 

markers of pathology in neocortical regions, structuro-functional changes in the mesial 

temporal regions would be most strongly related to levels of P-tau. The selective 

association between Aβ and neocortex was consistent with the first prediction, however the 

mesial temporal hypotheses were not supported. A reason for this might be related to the 

technical challenges of imaging mesial temporal structures. Automated parcellation and 

segmentation offer efficient and reliable means of examining volumes and metabolic 

activity of specific brain structures. There is some evidence that manual segmentation 

might be optimal for delineating mesial temporal structures, especially in the context of 

structural atrophy [53]. Manual segmentation, however, is time-consuming, and there are as 

yet no universally accepted protocols for hippocampal tracing [54].  

 

Given that our sample is relatively young in terms of AD populations, it is possible that the 

development of tau-related pathology was not as advanced as the development of amyloid-

related pathology. This might further explain why relationships were observed for amyloid, 

but not tau. A clear direction for future research is to investigate this hypothesis across a 

range of ages and disease stages. Further, given the sample size we were unable to 

explicitly model the effects of relevant comorbidities (such as vascular burden, cognitive 
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function, and treatment status). As such, these findings should be viewed as hypothesis 

generating and future research should confirm our findings in larger cohorts which enable 

statistical adjustment of these potential confounds. 

 

Only the relationship between amyloid-pathology and hypometabolism in the precuneus 

survived when only participants with ‘abnormal’ CSF Aβ concentrations were included in 

the analysis. The smaller number of participants in this sub-analysis (only 29 of the total 

sample of 39) raises the question of inadequate statistical power. Future, well-powered 

studies are required to fully confirm these findings while taking diagnosis CSF status into 

account. It is important to note, however, that the development of AD biomarkers is an 

insidious process that might begin decades before a clinical diagnosis is warranted [55]. For 

example, Braak and Del Tredici [56] have documented the accumulation of AD pathology 

as early as the first decades of life. In previous work, we have shown differential 

relationships between CSF biomarkers and cognition in patients with mild cognitive 

impairment [7]. As such, it might be more ecologically valid to consider the effects of CSF 

biomarkers across a range of clinical stages.  

 

Hypometabolism in the mesial temporal regions is often difficult to identify [57]. One 

reason for this is the partial volume effect (PVE), which occurs when signal from a small 

structure is underestimated because voxels within it overlap more than one tissue class [58]. 

This effect occurs for structures smaller than two times the full-width half maximum 

(FWHM) of the scanner resolution, and is especially pronounced for GM structures 

adjacent to CSF spaces, such as the hippocampus [59]. While methods for correcting for 
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PVE are available, they involve potential degradation of the data and can produce 

physiologically implausible results in the context of progressive atrophy [60].  

 

The novelty of these findings rests on the direct investigation of the differential 

relationships between the cardinal pathologies and structure-functional changes. While 

previous work has reported different patterns of correlations between these variables, few 

have directly examined the differential nature of the relationships. In this study, we built 

upon our previous work developing a novel hypothesis of differential association between 

the cardinal pathologies and structural-functional changes [6, 7]. We then directly 

examined this hypothesis statistically by testing the differences between the relationships 

(i.e., by demonstrating a statistical interaction). We believe that this approach represents a 

substantial and novel contribution to the scientific literature.  

 

Taken together, these findings support the proposed preferential association between 

pathological processes in AD and their topological distribution in the brain. The finding 

that hypometabolism and structural atrophy in the precuneus and lateral temporal regions 

were associated with Aβ but not P-tau supports the hypothesis that these two pathologies 

exert differential influence on neocortical regions. A limitation of this study was that it did 

not include healthy participants. An important task for future research will be to examine 

the relationships between biomarkers and cortical thickness measurements to ensure they 

are markers of pathological status, and are not otherwise related to brain structure and 

function. Cognitive markers were not evaluated as part of this study, as the primary focus 

was on the relationship between biomarkers and structuro-functional changes. This is an 

important limitation, and future work is necessary to examine the relationship between 
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preferential biomarker changes and cognition. Although cognition was not directly 

evaluated in this study, these findings lend support to the hypothesis of dissociation 

between the two pathological processes in AD and their effects on the neurocognitive 

phenotype.  
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Tables 

Table 1. Sample characteristics 

 Mean 95% CI Range 

Demographics    

   Age (Years) 70 68 - 73 57 - 83 

   MMSE (Total) 20 19 - 21 14 - 29 

   ADAS-Cog (Total) 20 17 - 22 7 - 31 

CSF Biomarkers    

   P-tau (pg/ml) 86 75 - 96 27-175 

   T-tau (pg/ml) 940 806 - 1075 192 - 1962 

   Aβ1-42 (pg/ml) 481 413 - 549 224 - 1332 

N = 39 (22 males, 17 females). MMSE = Mini Mental Status Examination, ADAS-Cog = 

Alzheimer’s Disease Assessment Scale – Cognitive 
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Table 2. Descriptive data for the study sample 

 Mean [95% CI] 

 Structural volumetrics FDG-PET uptake 

Prefrontal 2.38 [2.33, 2.42] 1.14 [1.11, 1.17] 

Orbitofrontal 2.36 [ 2.31, 2.42] 1.03 [1.00, 1.05] 

Precuneus 2.03 [1.97, 2.10] 1.12 [1.07, 1.17] 

Lateral Temporal 2.47 [2.41, 2.52] 0.93 [0.90, 0.96] 

Anterior Cingulate 

Cortex 
2.72 [2.65, 2.80] 0.97 [0.95, 0.99] 

Entorhinal Cortex 2.77 [2.63, 2.90] 0.68 [0.65, 0.70] 

Hippocampus 
3063.78 [2866.78, 

3261.37] 
0.81 [0.79, 0.84] 

Note: Structural volumetrics are presented in millimetres (mm) for all measures, 

except for the hippocampus which is presented in millimetres cubed (mm3). 

FDG-PET uptake values are normalised to the cerebellum.  
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Figures 
 

Figure 1.  Specific FreeSurfer regions of interest. The FreeSurfer ROIs are given as the standard 

label names used in the software.  
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Figure 2.  Partial correlation between CSF biomarkers and structural volumetrics in specific 

regions. Only the precuneus (p = .01) and lateral temporal (p = .01) regions were correlated with 

Aβ, while no regions were correlated with P-tau. Asterisk indicate correlations that are statistically 

significant at p < .05 (FDR corrected). 
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Figure 3.  Partial correlation between CSF biomarkers and FDG-PET uptake in specific regions. 

Only the precuneus (p = .02) and lateral temporal regions (p = .02) were correlated with Aβ, while 

no regions were correlated with P-tau. Asterisk indicate correlations that are statistically significant 

at p < .05 (FDR corrected). 
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Figure 4.  Partial correlation between CSF total tau, FDG-PET uptake, and structural volumetrics 

in specific regions. No relationships were statistically significant at the p < .05 level (FDR 

corrected). 

 

 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted January 19, 2018. ; https://doi.org/10.1101/250449doi: bioRxiv preprint 

https://doi.org/10.1101/250449


- 25 - 

References 

[1] Braak H, Braak E (1991) Neuropathological stageing of Alzheimer-related changes. Acta 
Neuropathologica 82, 239-259. 

[2] Thal DR, Rüb U, Orantes M, Braak H (2002) Phases of Aβ-deposition in the human brain and its 
relevance for the development of AD. Neurology 58, 1791-1800. 

[3] Klunk WE, Engler H, Nordberg A, Wang Y, Blomqvist G, Holt DP, Bergström M, Savitcheva I, 
Huang GF, Estrada S (2004) Imaging brain amyloid in Alzheimer's disease with Pittsburgh 
Compound‐B. Annals of neurology 55, 306-319. 

[4] Kemppainen N, Aalto S, Wilson I, Någren K, Helin S, Brück A, Oikonen V, Kailajärvi M, Scheinin 
M, Viitanen M (2007) PET amyloid ligand [11C] PIB uptake is increased in mild cognitive 
impairment. Neurology 68, 1603-1606. 

[5] Fripp J, Bourgeat P, Acosta O, Raniga P, Modat M, Pike KE, Jones G, O'Keefe G, Masters CL, 
Ames D (2008) Appearance modeling of< sup> 11</sup> C PiB PET images: Characterizing 
amyloid deposition in Alzheimer's disease, mild cognitive impairment and healthy aging. 
Neuroimage 43, 430-439. 

[6] Malpas CB, Saling MM, Velakoulis D, Desmond P, O'Brien TJ (2015) Tau and amyloid-beta CSF 
biomarkers have differential relationships with cognition in mild cognitive impairment. Journal of 
Alzheimer's Disease 47, 965-975. 

[7] Malpas CB, Saling MM, Velakoulis D, Desmond P, O'Brien TJ (2015) Differential functional 
connectivity correlates of CSF biomarkers in dementia of the Alzheimer’s type. Neurodegenerative 
Diseases 16, 147-151. 

[8] Bloudek LM, Spackman DE, Blankenburg M, Sullivan SD (2011) Review and meta-analysis of 
biomarkers and diagnostic imaging in Alzheimer's disease. Journal of Alzheimer's Disease 26, 627-
645. 

[9] Buerger K, Ewers M, Pirttilä T, Zinkowski R, Alafuzoff I, Teipel SJ, DeBernardis J, Kerkman D, 
McCulloch C, Soininen H (2006) CSF phosphorylated tau protein correlates with neocortical 
neurofibrillary pathology in Alzheimer's disease. Brain 129, 3035-3041. 

[10] Seppälä T, Nerg O, Koivisto A, Rummukainen J, Puli L, Zetterberg H, Pyykkö O, Helisalmi S, 
Alafuzoff I, Hiltunen M (2012) CSF biomarkers for Alzheimer disease correlate with cortical brain 
biopsy findings. Neurology 78, 1568-1575. 

[11] McKhann GM, Knopman DS, Chertkow H, Hyman BT, Jack Jr CR, Kawas CH, Klunk WE, 
Koroshetz WJ, Manly JJ, Mayeux R, others (2011) The diagnosis of dementia due to Alzheimer's 
disease: Recommendations from the National Institute on Aging-Alzheimer's Association 
workgroups on diagnostic guidelines for Alzheimer's disease. Alzheimer's and Dementia 7, 263-269. 

[12] Andreasen N, Hesse C, Davidsson P, Minthon L, Wallin A, Winblad B, Vanderstichele H, 
Vanmechelen E, Blennow K (1999) Cerebrospinal fluid β-amyloid (1-42) in Alzheimer disease: 
differences between early-and late-onset Alzheimer disease and stability during the course of 
disease. Archives of neurology 56, 673-680. 

[13] Andreasen N, Vanmechelen E, Van de Voorde A, Davidsson P, Hesse C, Tarvonen S, Räihä I, 
Sourander L, Winblad B, Blennow K (1998) Cerebrospinal fluid tau protein as a biochemical marker 
for Alzheimer’s disease: a community based follow up study. Journal of Neurology, Neurosurgery & 
Psychiatry 64, 298-305. 

[14] Vanmechelen E, Vanderstichele H, Davidsson P, Van Kerschaver E, Van Der Perre B, Sjögren M, 
Andreasen N, Blennow K (2000) Quantification of tau phosphorylated at threonine 181 in human 
cerebrospinal fluid: a sandwich ELISA with a synthetic phosphopeptide for standardization. 
Neuroscience letters 285, 49-52. 

[15] Hansson O, Zetterberg H, Buchhave P, Londos E, Blennow K, Minthon L (2006) Association 
between CSF biomarkers and incipient Alzheimer's disease in patients with mild cognitive 
impairment: a follow-up study. The Lancet Neurology 5, 228-234. 

[16] Fischl B (2012) FreeSurfer. Neuroimage 62, 774-781. 
[17] Su Y, D'Angelo GM, Vlassenko AG, Zhou G, Snyder AZ, Marcus DS, Blazey TM, Christensen JJ, 

Vora S, Morris JC, others (2013) Quantitative Analysis of PIB-PET with FreeSurfer ROIs. PLoS 
One 8, e73377. 

[18] Greve DN, Fischl B (2009) Accurate and robust brain image alignment using boundary-based 
registration. Neuroimage 48, 63-72. 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted January 19, 2018. ; https://doi.org/10.1101/250449doi: bioRxiv preprint 

https://doi.org/10.1101/250449


- 26 - 

[19] Buckner RL, Head D, Parker J, Fotenos AF, Marcus D, Morris JC, Snyder AZ (2004) A unified 
approach for morphometric and functional data analysis in young, old, and demented adults using 
automated atlas-based head size normalization: reliability and validation against manual 
measurement of total intracranial volume. Neuroimage 23, 724-738. 

[20] Benjamini Y, Hochberg Y (1995) Controlling the false discovery rate: A practical and powerful 
approach to multiple testing. Journal of the Royal Statistical Society. Series B (Methodological) 57, 
289-300. 

[21] Nieuwenhuis S, Forstmann BU, Wagenmakers E-J (2011) Erroneous analyses of interactions in 
neuroscience: A problem of significance. Nature Neuroscience 14, 1105-1107. 

[22] Chen P, Popovich P (2002) Correlation: Parametric and Non-parametric Measures, Sage, Thousand 
Oaks, CA. 

[23] Vukovich R, Perneczky R, Drzezga A, Förstl H, Kurz A, Riemenschneider M (2009) Brain 
metabolic correlates of cerebrospinal fluid beta-amyloid 42 and tau in Alzheimer’s disease. 
Dementia and geriatric cognitive disorders 27, 474-480. 

[24] Chiaravalloti A, Martorana A, Koch G, Toniolo S, Di Biagio D, Di Pietro B, Schillaci O (2015) 
Functional correlates of t-Tau, p-Tau and Aβ1–42 amyloid cerebrospinal fluid levels in Alzheimer’s 
disease: a 18F-FDG PET/CT study. Nuclear medicine communications 36, 461-468. 

[25] Ossenkoppele R, Mattsson N, Teunissen CE, Barkhof F, Pijnenburg Y, Scheltens P, van der Flier 
WM, Rabinovici GD (2015) Cerebrospinal fluid biomarkers and cerebral atrophy in distinct clinical 
variants of probable Alzheimer's disease. Neurobiology of aging 36, 2340-2347. 

[26] Fjell AM, Amlien IK, Westlye LT, Stenset V, Fladby T, Skinningsrud A, Eilsertsen DE, Bjørnerud 
A, Walhovd KB (2010) CSF biomarker pathology correlates with a medial temporo-parietal network 
affected by very mild to moderate Alzheimer's disease but not a fronto-striatal network affected by 
healthy aging. Neuroimage 49, 1820-1830. 

[27] Apostolova LG, Hwang KS, Andrawis JP, Green AE, Babakchanian S, Morra JH, Cummings JL, 
Toga AW, Trojanowski JQ, Shaw LM (2010) 3D PIB and CSF biomarker associations with 
hippocampal atrophy in ADNI subjects. Neurobiology of aging 31, 1284-1303. 

[28] Fagan AM, Head D, Shah AR, Marcus D, Mintun M, Morris JC, Holtzman DM (2009) Decreased 
cerebrospinal fluid Aβ42 correlates with brain atrophy in cognitively normal elderly. Annals of 
neurology 65, 176-183. 

[29] Sluimer JD, Bouwman FH, Vrenken H, Blankenstein MA, Barkhof F, van der Flier WM, Scheltens P 
(2010) Whole-brain atrophy rate and CSF biomarker levels in MCI and AD: a longitudinal study. 
Neurobiology of Aging 31, 758-764. 

[30] Tosun D, Schuff N, Shaw LM, Trojanowski JQ, Weiner MW (2011) Relationship between CSF 
biomarkers of Alzheimer's disease and rates of regional cortical thinning in ADNI data. Journal of 
Alzheimer's Disease 26, 77-90. 

[31] Cavanna AE, Trimble MR (2006) The precuneus: A review of its functional anatomy and 
behavioural correlates. Brain 129, 564-583. 

[32] Thal DR, R\"u b, Udo, Orantes M, Braak H (2002) Phases of A$$-deposition in the human brain and 
its relevance for the development of AD. Neurology 58, 1791-1800. 

[33] Nelson PT, Braak H, Markesbery WR (2009) Neuropathology and cognitive impairment in 
Alzheimer disease: A complex but coherent relationship. Journal of neuropathology and 
experimental neurology 68, 1. 

[34] Rowe CC, Ackerman U, Browne W, Mulligan R, Pike KL, O'Keefe G, Tochon-Danguy H, Chan G, 
Berlangieri SU, Jones G, others (2008) Imaging of amyloid $$ in Alzheimer's disease with 18F-
BAY94-9172, a novel PET tracer: Proof of mechanism. The Lancet Neurology 7, 129-135. 

[35] Fripp J, Bourgeat P, Acosta O, Raniga P, Modat M, Pike KE, Jones G, O'Keefe G, Masters CL, 
Ames D, others (2008) Appearance modeling of 11C PIB PET images: Characterizing amyloid 
deposition in Alzheimer's disease, mild cognitive impairment and healthy aging. Neuroimage 43, 
430-439. 

[36] Jacobs HI, Van Boxtel MP, Jolles J, Verhey FR, Uylings H (2012) Parietal cortex matters in 
Alzheimer's disease: An overview of structural, functional and metabolic findings. Neuroscience and 
Biobehavioral Reviews 36, 297-309. 

[37] Hardy J, Selkoe DJ (2002) The amyloid hypothesis of Alzheimer's disease: Progress and problems 
on the road to therapeutics. Science 297, 353-356. 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted January 19, 2018. ; https://doi.org/10.1101/250449doi: bioRxiv preprint 

https://doi.org/10.1101/250449


- 27 - 

[38] Shankar GM, Li S, Mehta TH, Garcia-Munoz A, Shepardson NE, Smith I, Brett FM, Farrell MA, 
Rowan MJ, Lemere CA, others (2008) Amyloid-$$ protein dimers isolated directly from Alzheimer's 
brains impair synaptic plasticity and memory. Nature Medicine 14, 837-842. 

[39] Hsia AY, Masliah E, McConlogue L, Yu G-Q, Tatsuno G, Hu K, Kholodenko D, Malenka RC, 
Nicoll RA, Mucke L (1999) Plaque-independent disruption of neural circuits in Alzheimer's disease 
mouse models. Proceedings of the National Academy of Sciences 96, 3228-3233. 

[40] Chetelat G, Villemagne VL, Bourgeat P, Pike KE, Jones G, Ames D, Ellis KA, Szoeke C, Martins 
RN, O'Keefe GJ, others (2010) Relationship between atrophy and $$-amyloid deposition in 
Alzheimer disease. Annals of Neurology 67, 317-324. 

[41] F\"o r, Stefan, Grimmer T, Miederer I, Henriksen G, Yousefi BH, Graner P, Wester H-Ju, rgen, F\"o 
r, Hans, Kurz A, Dickerson BC, others (2012) Regional expansion of hypometabolism in 
Alzheimer's disease follows amyloid deposition with temporal delay. Biological Psychiatry 71, 792-
797. 

[42] Shima K, Matsunari I, Samuraki M, Chen W-P, Yanase D, Noguchi-Shinohara M, Takeda N, Ono K, 
Yoshita M, Miyazaki Y, others (2012) Posterior cingulate atrophy and metabolic decline in early 
stage Alzheimer's disease. Neurobiology of Aging 33, 2006-2017. 

[43] Villain N, Fouquet M, Baron J-C, M\'e z, Florence, Landeau B, de La Sayette V, Viader F, Eustache 
F, Desgranges Be, atrice, Ch\'e t, Ga\"e,l (2010) Sequential relationships between grey matter and 
white matter atrophy and brain metabolic abnormalities in early Alzheimer's disease. Brain 133, 
3301-3314. 

[44] Amlien I, Fjell A (2014) Diffusion tensor imaging of white matter degeneration in Alzheimer's 
disease and mild cognitive impairment. Neuroscience 276, 206-215. 

[45] Fransson P, Marrelec G (2008) The precuneus/posterior cingulate cortex plays a pivotal role in the 
default mode network: Evidence from a partial correlation network analysis. Neuroimage 42, 1178-
1184. 

[46] Greicius MD, Supekar K, Menon V, Dougherty RF (2009) Resting-state functional connectivity 
reflects structural connectivity in the default mode network. Cerebral Cortex 19, 72-78. 

[47] Buckner RL, Andrews-Hanna JR, Schacter DL (2008) The brain's default network. Annals of the 
New York Academy of Sciences 1124, 1-38. 

[48] Greicius MD, Srivastava G, Reiss AL, Menon V (2004) Default-mode network activity distinguishes 
Alzheimer's disease from healthy aging: Evidence from functional MRI. Proceedings of the National 
Academy of Sciences 101, 4637-4642. 

[49] Sheline YI, Raichle ME, Snyder AZ, Morris JC, Head D, Wang S, Mintun MA (2010) Amyloid 
plaques disrupt resting state default mode network connectivity in cognitively normal elderly. 
Biological Psychiatry 67, 584-587. 

[50] Buckner RL (2004) Memory and executive function in aging and AD: Multiple factors that cause 
decline and reserve factors that compensate. Neuron 44, 195-208. 

[51] Bourgeat P, Chetelat G, Villemagne V, Fripp J, Raniga P, Pike K, Acosta O, Szoeke C, Ourselin S, 
Ames D, others (2010) $$-Amyloid burden in the temporal neocortex is related to hippocampal 
atrophy in elderly subjects without dementia. Neurology 74, 121-127. 

[52] Verma M, Howard R (2012) Semantic memory and language dysfunction in early Alzheimer's 
disease: A review. International Journal of Geriatric Psychiatry 27, 1209-1217. 

[53] Lehmann M, Douiri A, Kim LG, Modat M, Chan D, Ourselin S, Barnes J, Fox NC (2010) Atrophy 
patterns in Alzheimer's disease and semantic dementia: A comparison of FreeSurfer and manual 
volumetric measurements. Neuroimage 49, 2264-2274. 

[54] Boccardi M, Bocchetta M, Ganzola R, Robitaille N, Redolfi A, Duchesne S, Jack Jr CR, Frisoni GB 
(2013) Operationalizing protocol differences for EADC-ADNI manual hippocampal segmentation. 
Alzheimer's and Dementia 7, 171-174. 

[55] Jack Jr CR, Knopman DS, Jagust WJ, Petersen RC, Weiner MW, Aisen PS, Shaw LM, Vemuri P, 
Wiste HJ, Weigand SD (2013) Update on hypothetical model of Alzheimer’s disease biomarkers. 
Lancet neurology 12, 207. 

[56] Braak H, Del Tredici K (2013) Evolutional aspects of Alzheimer's disease pathogenesis. Journal of 
Alzheimer's Disease 33, S155-S161. 

[57] Maldjian J, Whitlow C (2012) Whither the hippocampus? FDG-PET hippocampal hypometabolism 
in Alzheimer disease revisited. American Journal of Neuroradiology 33, 1975-1982. 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted January 19, 2018. ; https://doi.org/10.1101/250449doi: bioRxiv preprint 

https://doi.org/10.1101/250449


- 28 - 

[58] Thomas B, Erlandsson K, Modat M, et al. (2011) The importance of appropriate partial volume 
correction for PET quantification in Alzheimer's disease. European Journal of Nuclear Medicine and 
Molecular Imaging 38, 6. 

[59] Rousset OG, Ma Y, Evans AC, others (1998) Correction for partial volume effects in PET: Principle 
and validation. Journal of Nuclear Medicine 39, 904-911. 

[60] Malpas CB, Saling MM, Desmond P, Velakoulis D, O’Brien TJ (2015) Partial volume correction in 
longitudinal studies of 2-[18F]-Fluoro-2-Deoxy-D-Glucose in Alzheimer’s disease. Journal of 
Computer Assisted Tomography 39, 559-564. 

 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted January 19, 2018. ; https://doi.org/10.1101/250449doi: bioRxiv preprint 

https://doi.org/10.1101/250449

