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Abstract

Objective—To evaluate Aβ deposition patterns in different groups of cerebral β-amyloidosis: 1) 

non-demented with amyloid precursor protein (APP) overproduction [Down syndrome (DS)]; 2) 

non-demented with abnormal processing of APP [autosomal dominant Alzheimer disease 

(preADAD)]; presumed alteration in Aβ clearance with clinical symptoms [LOAD]; and 4) 

presumed alterations in Aβ clearance [preclinical AD (preAD)].
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Methods—We performed whole brain, voxel-wise comparison of cerebral Aβ between 23 DS, 10 

preADAD, 17 LOAD and 16 preAD subjects, using PiB-PET.

Results—We found both DS and preADAD shared a distinct pattern of increased bilateral striatal 

and thalamic Aβ deposition compared to LOAD and preAD.

Conclusion—Disorders associated with early-life alterations in APP production or processing 

are associated with a distinct pattern of early striatal fibrillary Aβ deposition prior to significant 

cognitive impairment. A better understanding of this unique pattern could identify important 

mechanisms of Aβ deposition and possibly important targets for early intervention.

Keywords

Down syndrome; Autosomal Dominant Alzheimer Dementia; Pittsburgh Compound B; Striatum; 
Diffuse Plaque; aβ42

Although the exact cause for the deposition of cerebral amyloid-beta (Aβ) plaques remains 

uncertain, two main mechanisms are currently proposed: altered processing or 

overproduction of APP - as in autosomal dominant AD (ADAD) or Down syndrome (DS) - 

and impaired clearance - as in the case of later-life Aβ deposition seen in preclinical AD 

(preAD), Mild Cognitive Impairment (MCI) and late-onset AD (LOAD). It is probable that 

similar mechanisms contribute to both early- and late-onset forms of AD. However, it is 

clear that genetic disorders associated with the overproduction or altered enzymatic 

processing of amyloid precursor protein (APP) are associated with a very high risk of AD 

two to three decades earlier than that typical for LOAD.

The pathological features are similar for all forms of AD, but those with ADAD and DS 

have been shown to have an increase in the Aβ42/40 ratio compared to LOAD(Gomez-Isla 

et al., 1999; Lemere et al., 1996a; Lemere et al., 1996b). Additionally, amyloid-β (Aβ) PET 

studies in ADAD have identified a distinct pattern of early striatal deposition not commonly 

seen in LOAD, which was confirmed in a recent autopsy study (Shinohara et al., 2014). If 

this is related to an increased production of APP, it might be expected that a similar pattern 

would be identified in DS(Handen et al., 2012).

Therefore, we evaluated the early PiB PET Aβ deposition patterns in four different groups of 

subjects with evidence of cerebral β-amyloidosis: 1) non-demented with APP 

overproduction [DS]; 2) non-demented with abnormal processing of APP [preADAD]; 3) 

presumed alterations in Aβ clearance [preAD]; 4) presumed alteration in Aβ clearance with 

clinical symptoms [LOAD]. It was hypothesized that the pre-AD pattern of amyloid 

deposition in individuals with DS would be similar to that of those with preADAD.

Methods

Design and Participants

Following approval from the University of Pittsburgh and the University of Wisconsin- 

Madison Institutional Review Boards, all subjects were recruited through three ongoing 

studies of ADAD, DS (Pittsburgh and Wisconsin) and normal aging that included in vivo 
PiB PET and cognitive/functional performance (Pittsburgh) with a modified Mini Mental 
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State Examination (MMSE). Further details of subject recruitment, cognitive and functional 

evaluation and determination of clinical diagnosis are provided in previous publications (Lao 

et al., 2016, {McDade, 2014 #16264; Nebes et al., 2013). Ten pre-ADAD subjects ≥18 years 

of age were included in the current study representing predominantly presenilin-1 (PS-1) 

mutation carriers as well as amyloid precursor protein (APP) gene mutations. The DS 

subjects (n=23) were ≥ 30 years of age. The preAD subjects (n=16) and the LOAD subjects 

(n=17) were ≥65 years of age and were matched to each other for both age and sex. ADAD 

gene mutations were confirmed through an approved commercial testing facility (Athena 

Diagnostics®, Worcester, MA) and chromosome 21 triplication was confirmed in all DS 

participants. All subjects underwent detailed cognitive and functional evaluations as well as 

MRI and PiB-PET imaging. For the purposes of this study only those subjects determined to 

be non-demented, based on a standard neuropsychological test battery, designed to assess 

those areas of cognition known to be impaired in LOAD and also to be sensitive to Mild 

Cognitive Impairment (MCI) (Petersen, 2004) were included in the preADAD and preAD 

groups. All DS participants had a mental age ≥ 30 months (based upon the Stanford-Binet 

5th ed. (Roid, 2003)) and score in the asymptomatic range (< 3 CCS score) on the Dementia 

Scale for Down Syndrome (DSDS)(Gedye, 1995). The DSDS is an informant completed 60-

item questionnaire focused on symptoms of dementia in DS. It has been found to have good 

sensitivity and specificity (Gedye, 1995). None of the adults with DS were taking memory 

enhancement or AD medications or had a medical or psychiatric condition that would impair 

cognitive functioning. Preclinical dementia stage in DS, was established by caregiver report 

and the use of a standardized interview for dementia in DS. Only subjects considered to be 

regionally PiB-positive [PiB(+)] based on methods described previously were included in 

this study(Cohen et al., 2013).

Imaging

MR imaging was performed with GE Medical Systems (Wisconsin) and Siemens Magnetom 

Trio (Pittsburgh). A volumetric MRI employing the Alzheimer’s disease neuroimaging 

initiative (ADNI) sequence(Jack et al., 2008) was performed at the time of the PiB-PET scan 

for the purposes of co-registration, region-of-interest placement and atrophy-correction. PET 

imaging was performed on a Siemens/CTI ECAT HR+ PET Scanner with a Neuro-insert 

(CTI PET Systems, Knoxville, TN, USA) in 3D mode. The [C-11]PiB was injected 

intravenously (12–15 mCi, over 20 s, specific activity ~1–2 Ci/μmol) and PET scanning was 

performed from 40–70 minutes post-injection (six five minute frames). The baseline full 

resolution MR was resliced along the AC-PC line and down-sampled to PET voxel space. 

After addressing any motion, the PiB PET data was summed to form a static image and co-

registered to the down-sampled MR image. The PiB-PET data were averaged over 50–70 

minute post-injection, and analysis utilized a standardized uptake value ratio (SUVR) with 

cerebellar gray matter as reference (Lopresti et al., 2005). Global PiB was computed as the 

average SUVR of the following regions: anterior cingulate, striatum, pre-frontal cortex, 

lateral temporal cortex, parietal cortex, and precuneus cortex (Lopresti et al., 2005; 

McNamee et al., 2009; Rosario et al., 2011)Here after we refer to these six ROIs as the AD 
regions as they were derived from areas typically demonstrating high Aβ burden. PiB 

positivity was defined regionally based on an SUVR value above the cutoff in any one (or 

more) of these six regions.
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For each subject the structural MRI was visually inspected for any artifacts or abnormalities. 

The structural MRI was segmented and normalized to the Montreal Neurologic Institute 

(MNI) space with the unified-segment procedure in SPM8(Ashburner and Friston, 2005). 

For voxel-based analyses, the averaged 50–70 minute PiB-PET images were then co-

registered to the segmented-normalized MRI and visualized for appropriate registration.

Statistical Analysis and Parametric Imaging Methods

Appropriate descriptive and inferential statistics were used to compare groups including 

Student t-tests and chi-squared tests. For the between-group comparison we performed 

separate voxel-level t-tests across the entire brain with a global mean scaling to explore the 

effect of group status on PiB retention using SPM8. The statistical threshold was a False 

Discovery Rate of p<0.05. The SUVR values from the AD region ROIs were compared 

across all groups using an ANOVA with Bonferroni’s post hoc analysis for the between 

group analysis and by a linear regression for each ROI by the global average of the 5 

remaining ROIs, with the results centered so that the intercept should represent the mean of 

the preADAD group, including a correction for age. Based on our previous work suggesting 

a unique pattern of high striatal PiB binding in DS and ADAD, we chose to center the 

regression analysis on the ADAD group. This allowed for the simultaneous comparison of 

our other groups of interest (PiB + cognitively normal elderly and ADAD) to a group with 

early, elevated striatal PiB. We include the direct group by group comparisons for each ROI 

in the supplemental table.

Results

As expected, the groups differed significantly by age. In addition, the AD group had 

significantly lower MMSE, and both older groups had significantly higher proportions of 

APOe ε4 allele carriers (Table 1) and no significant differences in gender.

Voxelwise PiB PET Comparisons (Figure 1)

LOAD vs. DS—The LOAD group demonstrated significantly increased PiB retention 

compared to the DS group in regions including anterior cingulate, frontal cortex, temporal 

cortex and precuneus (Fig 1, LOAD>DS). There was a slight increase in PiB in the white 

matter observed in DS when compared to the LOAD group (Fig 1, DS>LOAD).

LOAD vs. preADAD—The LOAD group demonstrated significantly increased PiB 

retention compared to the preADAD group in regions including anterior cingulate, frontal 

cortex and temporal cortex (Fig 1, LOAD> preADAD). No areas of increased PiB retention 

in the ADAD group compared to the LOAD group exceeded the statistical threshold (Fig 1, 

preADAD>LOAD).

LOAD vs. PreAD—The LOAD group demonstrated significantly increased PiB retention 

compared to the PreAD group in regions including anterior cingulate, striatum, frontal 

cortex, parietal cortex and temporal cortex (Fig 1, LOAD>PreAD). No areas of increased 

PiB retention in the PreAD group compared to the LOAD group exceeded the statistical 

threshold.
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DS vs preADAD—No areas of significant increase in DS were observed when compared 

to the preADAD group or vice versa (Fig 1, DS>preADAD; preADAD>DS).

DS vs preAD—The DS group demonstrated increased PiB retention in the bilateral 

striatum, including the caudate and putamen, (Fig 1, DS > PreAD). There were no areas of 

increased PiB retention in the preAD group compared to the DS group that exceeded the 

statistical threshold.

preADAD vs preAD—The preADAD mutation carriers demonstrated increased PiB 

retention compared to the preAD group in the bilateral putamen and, less so, in the caudate 

(Fig 1 preADAD>PreAD). We found no areas of increased PiB retention in the preAD group 

compared to the preADAD group that exceeded the statistical threshold.

Region-of-interest PiB PET Comparisons

ANOVA comparisons—Pathological studies have identified increased Aβ deposition in 

the cerebellum in DS and preADAD (Lemere et al., 1996b; Mann et al., 1990). Therefore, 

we compared the SUV for our cerebellar ROI for all groups and found no differences for the 

cerebellar gray matter between groups (supplementary table). When we compared the mean 

ROI SUVRs for our 6 regions, we observed significantly higher PiB retention in the LOAD 

group compared to the PreAD group in the anterior cingulate, frontal and lateral temporal 

cortices, as well as the global cortical region. There was also significantly higher PiB 

retention in DS group in the striatum when compared to both the LOAD and PreAD groups, 

as well as significantly higher PiB retention in the preADAD group when compared to the 

PreAD group and a trend for higher PiB retention when compared to the LOAD group 

(supplementary table).

Linear Regressions—When we performed a linear regression using the preADAD group 

as the reference group for each mean ROI SUVR for the 6 regions examined compared to 

the average of the 5 remaining regions. These analyses revealed significant group effects for 

each of the 6 regions, driven primarily by significant differences between the PreAD and 

LOAD groups with the preADAD group. There were no ROIs where the ADAD and DS 

groups differed (Table 2, Figure 2).

Discussion

Consistent with our hypothesis using PiB-PET, we found a distinct pattern of predominant 

striatal Aβ deposition that distinguished the Aβ deposition seen in late-onset preAD and AD 

from that of two types of early-onset Aβ deposition in non-demented DS and preADAD. 

This work extends the findings of early striatal Aβ deposition in ADAD (Klunk et al., 2007; 

Villemagne et al., 2009) to DS, further highlighting a unique characteristic of Aβ deposition 

that appears to be related to a life-long alteration of the dynamics of APP production and/or 

processing (Handen et al., 2012; Hartley et al., 2014) at least as it relates to the ADAD 

mutations represented in this population.

The mechanism behind this remains uncertain. Pathological studies have identified an 

increase in the level of Aβ-42 to Aβ-40 in both ADAD and DS compared to late onset AD 
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(LOAD) with an additional finding of increased diffuse sub-cortical plaques in both young-

onset forms of AD (Fukuoka et al., 1990; Gomez-Isla et al., 1999; Kida et al., 1995; Lemere 

et al., 1996a; Lemere et al., 1996b; Shinohara et al., 2014). How this might relate to the 

alterations in APP processing or increased APP levels is unclear. Early pathological studies 

found that the Aβ-42 forms of plaques were the first to develop in DS and in specific types 

of PS-1 mutation carriers, even as early as the 2nd decade (Lemere et al., 1996a; Lemere et 

al., 1996b). Other work confirmed that the N-terminal truncated Aβ-42 fragments are among 

the earliest form of Aβ plaques in DS (Liu et al., 2006) and may be related to elevated β-site 

amyloid precursor protein (APP)-cleaving enzyme 1 (BACE1). Because these products of 

APP cleavage appear more resistant to degradation, they may work as early seeds of 

eventual plaque formation. However, another group demonstrated that ADAD was 

characterized by an increase in APP β-C-terminal fragment (β-CTF) levels with no changes 

in BACE protein (Pera et al., 2013).

In vivo studies of ADAD PS-1 carriers has confirmed an increase in the Aβ-42: 40 ratio in 

the CSF(Potter et al., 2013). Likewise, a recent biochemical-pathological study confirmed a 

higher level of sub-cortical Aβ-42 in ADAD compared to LOAD and preAD. In that work, 

Aβ-42 in ADAD was associated with plasma membrane markers such as APP and APP β-

CTF (Shinohara et al., 2014) compared to LOAD. Whereas, compared to ADAD, LOAD 

was associated with higher levels of Aβ-42 plaques in cortical areas and these were more 

related with markers of synaptic function. The authors speculated that the anatomical 

distinctions of Aβ-42 levels might be due to a different processes contributing to plaque 

development in each disorder. In LOAD Aβ-42 levels might relate to an increased 

dependence of APP processing on synaptic activity thereby increasing the cortical 

deposition. In ADAD, Aβ-42 levels might relate to alterations in APP turnover/metabolism 

that result in persistent, early increases in APP products that eventually overwhelm 

mechanisms for Aβ removal. Further, in DS significant decreases in striatal volume have 

been observed in those with AD (Beacher et al., 2009), it is possible that the differences 

observed between the DS and LOAD groups in white matter, while small might be related to 

these differing atrophy patterns.

Interestingly, studies employing the Aβ-PET tracer [F-18]florbetapir have not identified the 

increased striatal retention in ADAD and DS (Fleisher et al., 2012; Sabbagh et al., 2011) 

seen with [C-11]PiB(Benzinger et al., 2013; Klunk et al., 2007; Villemagne et al., 2009). 

However, another single –case using Florbetaben in an ADAD patient has also identified a 

striking ‘striatal’ pattern of binding (Um et al., 2017). Different transmembrane domains of 

ADAD mutations (particularly PSEN1) could impact the tracer binding. In the case of DS, 

we are unaware of any other studies using Florbetapir that demonstrate the 

disproportionately robust striatum:cortical tracer retention that is seen with PiB-PET. This 

would suggest that there is an overall tracer by “cause” (ADAD or DS vs LOAD) binding 

pattern with contributions from both. In fact, Matveev et al., suggests that a distinct sub-

fraction of Aβ is responsible for PiB binding, and in the case of DS and ADAD this sub-

fraction may have a relatively higher volume in these sub-cortical regions (Matveev et al., 

2014). These data suggest that at minimum the differences in tracers are likely an important 

contribution. However, these differences are not well understood and likely relate to 

differences in mutation carriers as well.
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It is important to consider the reference tissue used in calculating SUVRs, particularly in 

ADAD and DS where there is evidence of increased Aβ plaque deposition in the cerebellum 

compared to late onset AD. However, we would expect to see lower SUVR values for all 

regions in the two young-onset groups if this were the case. Furthermore, the reference 

region cancels out when comparing ratios of regions. Therefore, we do not think that the 

results are due to differences in the cerebellar gray matter reference tissue used for this 

study. A recent study using [F-18]florbetapir with pathological confirmation found that a 

cerebellar reference remained accurate even with the presence of cerebellar Aβ pathology – 

probably due to the amorphous, non-fibrillar nature of this cerebellar Aβ (Sabbagh et al., 

2011).

A limitation of the present study is that because of the small group size, we are not powered 

to investigate the differences in APOEe4 allele distribution across groups. It is certainly 

possible that in addition to genetic differences related to APP and PS1 gene mutations, the 

APOEe4 allele could play a role in the differences in PiB retention.

The relevant question is whether these differences have any biological or clinical 

importance. Regarding the latter, there is no clear evidence of clinical manifestations of the 

increased striatal Aβ deposition. Although there are some clinical differences in certain 

ADAD mutations such as increased myoclonus, spastic paraparesis and increased seizures 

(Bateman et al., 2010) we have not observed this in our ADAD cohort. There was no 

evidence of significant motor symptoms in any the subjects included in this study. Although 

we previously identified a statistically significant association between the striatal PiB 

retention and executive cognitive function in a study of preADAD (McDade et al., 2014), 

others have not found neuropsychological associations with early caudate and thalamic 

volumetric changes(Ryan et al., 2013) in this population. We have previously reported 

striatal perfusion deficits using MRI in preADAD (McDade et al., 2014) indicating that, 

along with the previous studies showing both increased and decreased striatal tissue 

volumes(Fortea et al., 2010; Ryan et al., 2013), that early Aβ accumulation is likely not a 

completely benign process.

Given the early striatal differences noted in preADAD - found with structural MRI, amyloid 

PET and pathologic studies - we would speculate that a better understanding of the cause of 

this distinct anatomical difference will yield important clues to the contribution of early 

fibrillar Aβ accumulation and how the neuronal and non-neuronal CNS milieu may 

contribute to this process. Similar studies in DS will be necessary to see if there are 

alterations in volume, perfusion or cytoarchitecture of the subcortical structures similar to 

those found in ADAD. Ideally, these unique markers could be used to both identify 

additional targets of treatment of AD and possibly as a biomarker of response to therapies in 

early stage AD pathology in ADAD and DS prior to significant clinical symptoms. With the 

advent of tau markers it will become possible to better explore whether the early, increased 

striatal Aβ plaques are associated with distinct patterns of early neurofibrillary tau deposits, 

although existing postmortem studies in LOAD suggest neurofibrillary changes will not be 

prominent (Brilliant MJ, 1997; Suenaga T, 1990). Pathological studies in ADAD and DS 

have not identified clear differences in neurofibrillary tau deposition from late onset AD but 
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these are restricted to those with late stage disease in all groups (Bateman et al., 2010; 

Lemere et al., 1996a; Mann et al., 1990).

Given the relationship of Aβ overproduction in DS and ADAD (Potter et al., 2013) with the 

consistent finding of early striatal Aβ using PiB-PET it is also worth considering whether 

this finding could be used in ongoing treatment trials in ADAD targeting Aβ in 

presymptomatic mutation carriers and DS in the near future. If the early striatal retention is 

fundamentally associated with an increase in Aβ production, as opposed to impaired 

clearance-which might play a greater role in LOAD-it is also possible that ADAD and DS 

might have an even greater likelihood of benefitting from drugs that target this 

overproduction prior to significant deposition and additional neurodegeneration.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Research in context

We evaluated PiB-PET Aβ deposition patterns in four groups of subjects with evidence of 

cerebral β-amyloidosis.

Disorders associated with early-life alterations in APP production or processing are 

associated with a distinct pattern of early striatal fibrillary Aβ deposition prior to 

significant cognitive impairment. A better understanding of this unique pattern could 

identify important mechanisms of Aβ deposition and possibly important targets for early 

intervention.

Given the relationship of Aβ overproduction in DS and ADAD with the consistent 

finding of early striatal Aβ it is also worth considering whether this finding could be used 

in ongoing treatment trials in ADAD targeting Aβ in presymptomatic mutation carriers 

and DS in the near future. If early striatal retention is fundamentally associated with an 

increase in Aβ production, it is also possible that ADAD and DS might have an even 

greater likelihood of benefitting from drugs that target this overproduction.
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Figure 1. 
Voxelwise Comparison of Amyloid Patterns between ADAD, DS and LOAD. p-values FDR-

corrected (p<0.05). Color bar represents t-values.
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Figure 2. 
Linear regression plots for each ROI vs. the average cortical ROI.
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Table 1

Demographic, Regional & Global PiB-PET SUVR

Down Syndrome
n=23

preADAD
n=10

Elderly Control
n=16

Late Onset AD
n=17

Age 44.8 +/− 3.8†§϶ 36.30 +/− 5.1¥# 75.6 +/− 5.4 75.0 +/− 5.7

Gender (%Male) 57.9% 30% 43.7% 47.1%

MMSE NA 27.8 +/− 2.2 28.3 +/− 1.9 22.5 +/− 4.4#*

APOe ε4 allele carrier 9.10%§϶ 16.7%¥# 42.9%* 70.6%

SUV/SUVR (Mean/SD)

Cerebellar gray (SUV) .67 +/− .16 .68 +/−. 13 .71 +/−.14 .68 +/−.16

Ant. Cingulate 1.85 +/− .42 2.24 +/− .69 2.0 +/− .43* 2.28+/− .38

Striatum 2.14 +/− .47§ 2.42 +/− .56¥ 1.69 +/− .36 2.02 +/− .38

Frontal Cortex 1.8 +/− .39† 2.19 +/− .59 1.96 +/− .37* 2.20+/− .32

Lateral Temporal 1.63 +/− .30 1.63 +/− .55 1.74 +/− .28* 2.02+/− .32

Parietal Cortex 1.61 +/− .34§ 1.78 +/− .51 1.90 +/− .31 2.04+/− .33

Precuneus 1.79 +/− .39 2.13 +/− .53 2.07 +/− .41 2.26+/− .32

Global 1.81 +/− .36 2.07 +/− .54 1.89 +/− .34* 2.16+/− .31

†
Down Syndrome compared to ADAD;

§
Down Syndrome compared to Elderly Control;

¥
ADAD compared to Elderly Control;

϶
Down Syndrome compared to LOAD;

#
ADAD compared to LOAD;

*
Elderly Control compared to ADAD.

SUVR values represent bilateral average 50–70 min. values
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Table 2

LINEAR REGRESSION (preADAD as reference group, age corrected)

STR

Estimate Std. Error t value Pr(>|t|)

(Intercept) 1.542343 0.221257 6.971 1.95e-09 ***

DS −0.035458 0.110356 −0.321 0.74901

PreAD −1.105388 0.218289 −5.064 3.62e-06 ***

AD −1.145749 0.207262 −5.528 6.16e-07 ***

ACG

Estimate Std. Error t value Pr(>|t|)

(Intercept) 1.989063 0.099176 20.056 < 2e-16 ***

DS 0.047694 0.110356 0.964 0.33853

PreAD 0.188148 0.097845 1.923 0.05887

AD 0.265385 0.092902 2.857 0.00574 **

FRC

Estimate Std. Error t value Pr(>|t|)

(Intercept) 1.848816 0.082027 22.539 < 2e-16 ***

DS −0.038924 0.040903 −0.952 0.344824

PreAD 0.203636 0.081081 2.512 0.014515 *

AD 0.311143 0.076795 4.052 0.000138 ***

LTC

Estimate Std. Error t value Pr(>|t|)

(Intercept) 1.743397 0.102991 16.928 < 2e-16 ***

DS 0.034086 0.051373 0.663 0.50936

PreAD 0.286520 0.101902 2.812 0.00651 **

AD 0.311143 0.096411 3.445 0.00101 **

PAR

Estimate Std. Error t value Pr(>|t|)

(Intercept) 1.744114 0.104844 16.635 < 2e-16 ***

DS −0.025477 0.052317 −0.487 0.627915

PreAD 0.382280 0.103939 3.678 0.000479 ***

AD 0.298741 0.098219 3.042 0.003392 **

PRC

Estimate Std. Error t value Pr(>|t|)

(Intercept) 1.935380 0.111345 17.382 < 2e-16 ***

DS 0.007474 0.055584 0.134 0.8935

PreAD 0.185064 0.110133 1.680 0.0977
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PRC

Estimate Std. Error t value Pr(>|t|)

AD 0.137964 0.104368 1.322 0.1908

0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05
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