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Abstract

Cross-sectional studies have shown regional differences in cortical thickness between healthy 

older adults and patients with Alzheimer’s disease (AD) or mild cognitive impairment (MCI). We 

now demonstrate that participants who subsequently develop cognitive impairment leading to a 

diagnosis of MCI or AD (n=25) experience greater cortical thinning in specific neuroanatomical 

regions compared to control participants who remained cognitively normal (n=96). Based on 8 

years of annual MRI scans beginning an average of 11 years prior to onset of cognitive 

impairment, participants who developed cognitive impairment subsequent to the scanning period 

had greater longitudinal cortical thinning in the temporal poles and left medial temporal lobe 

compared to controls. No significant regional cortical thickness differences were found at baseline 

between the two study groups indicating that we are capturing a critical time when brain changes 

occur before behavioral manifestations of impairment are detectable. Our findings suggest that 

early events of the pathway that leads to cognitive impairment may involve the temporal lobe, and 

that this increased atrophy could be considered an early biomarker of neurodegeneration 

predictive of cognitive impairment years later.
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1.0 Introduction

Estimates indicate that over 13 million adults in the US alone will be diagnosed with 

Alzheimer’s disease (AD) by 2050. At least 70 million Americans older than age 65 will be 

at risk for developing AD, with an increasing burden for affected individuals, their families, 

and the health care system (Alzheimer’s Association, 2010; Hebert et al., 2003). Recent 

therapeutic intervention trials in AD patients have failed, possibly because interventions 

were started at a late stage of the disease when neurodegeneration was already irreversible 

(Callaway, 2012; Castellani and Perry, 2012). It has been suggested that future studies 

should target earlier stages of the disease. Thus, it is critical to define biomarkers of AD that 

could aid in the identification of individuals at increased risk of dementia at the earliest 

stages of the disease process.

The transition from cognitive health to impairment, including a clinical diagnosis of AD, is 

characterized by preclinical and prodromal stages of disease progression, with 

neuropathological changes beginning prior to any detectable symptom onset (Chételat et al., 

2003; Jack et al., 2010; Jagust et al., 1996). During such pre-symptomatic stages of disease, 

neurodegeneration is one of a few predominant pathological changes and is measurable 

using structural MRI. While there is wide-spread atrophy associated with advancing age in 

the absence of cognitive impairment (Resnick et al., 2003; Salat et al., 2004), regional brain 

atrophy, especially in gray matter, is particularly accelerated in individuals who have 

developed MCI or AD (Driscoll et al., 2009). Moreover, pathological and MRI studies show 

that regions of the hippocampus and entorhinal cortex exhibit the earliest AD pathology 

associated with volume loss (H. Braak and E. Braak, 1991; Dickerson et al., 2001; Hyman et 

al., 1984; Jack et al., 1997). In fact, accelerated hippocampal and more widespread brain 

atrophy are considered supportive biomarkers in the recently revised criteria for MCI 

(Albert et al., 2011) and AD (McKhann et al., 2011).

Prior studies, including those from our group (Driscoll et al., 2009), have focused on 

differences in regional brain structure between cognitively healthy older adults and those 

who have been diagnosed with mild cognitive impairment or dementia. Few studies have 

investigated more subtle change in brain structure in the critical years prior to a dementia or 

MCI clinical diagnosis. Additionally, the majority of studies comparing cognitive healthy 

versus impaired older adults have been cross-sectional in design and therefore, their results 

are affected by the wide, unspecified, heterogeneity between individuals. Taking advantage 

of the many years of serial MRI and clinical follow-up data available from the Baltimore 

Longitudinal Study of Aging (BLSA), we are able to investigate changes in cortical 

thickness that occur several years prior to onset of cognitive impairment. Longitudinal 

studies may yield greater sensitivity in identifying subtle changes associated with incipient 

disease that are otherwise not dissociable in cross-sectional samples.

In this present study, we used serial MRI scans from the BLSA to investigate rates of 

cortical thinning prior to the onset of cognitive. We compared two groups of participants; 

one group developed cognitive impairment that eventually lead to MCI and/or AD while the 

other group maintained cognitive health. Both groups, however, were cognitively normal 
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through the duration of the scanning period, which allowed us to investigate the effects of 

cortical atrophy on cognitive impairment in the years prior to onset of cognitive decline.

2.0 Materials and methods

2.1 Participants

Data in this study were obtained from the neuroimaging substudy of the BLSA (Resnick, 

2000). Exclusion criteria for the BLSA neuroimaging substudy were the presence or history 

of neurological impairment, metastatic cancer, or severe cardiovascular disease (treated 

hypertension was not exclusionary) at the baseline neuroimaging evaluation. From 132 

individuals with at least three MR evaluations, we excluded nine participants who had an 

onset of cognitive impairment prior to the collection of MR images or had a history of 

fluctuating cognitive performance and two participants who had confounding health 

conditions. Cognitive impairment was determined by consensus diagnosis using the 

Diagnostic and Statistical Manual of Mental Disorders Third Edition, Revised (DSM-III-R) 

(1987) criteria for dementia, and the National Institute of Neurological and Communication 

Disorders and Stroke-Alzheimer’s Disease and Related Disorders Association criteria 

(McKhann et al., 1984), using neuropsychological diagnostic tests and clinical data. Case 

conference diagnosis of mild cognitive impairment was consistent with the Petersen criteria 

(Petersen, 2004) and was made when participants had either single domain cognitive 

impairment (usually memory), or cognitive impairment in multiple domains without 

significant functional loss in activities of daily living.

All scans collected after the onset of cognitive impairment were excluded from analysis, and 

thus, only scans that were acquired while participants were considered cognitively normal 

are included here. The final sample of 121 total participants was split into two groups, 

Cognitively Normal (CN) and Subsequently Impaired (SI). The CN group includes 96 

participants who remain cognitively normal to-date, while the SI group consists of 25 

participants who had an onset of cognitive impairment after the MRI scanning time frame. 

Both groups have an average of 8 years of MRI scan data, and the scans for the SI group 

begin an average of 11 years before the onset of cognitive impairment. To-date the SI group 

is comprised of 11 participants that have MCI and 14 that have progressed to a diagnosis of 

AD. The interval between baseline imaging and the onset of impairment did not differ 

significantly between the participants with MCI and those with an AD diagnosis 

(MCI=11.66 years, AD=10.77 years, p=0.52). Neuropsychological assessments and 

neuroimaging scans were collected annually. Demographic details are listed in Table 1 and a 

schematic of the study design is shown in Figure 1. The local Institutional Review Board 

approved the research protocol for this study, and written informed consent was obtained at 

each visit from all participants.

2.2 MR scanning parameters

MR scanning was performed on a GE Signa 1.5 Tesla scanner beginning in 1994, and the 

acquisition parameters were kept constant throughout the study. The current results are 

based on a high-resolution volumetric “spoiled grass” (SPGR) series (axial acquisition; 
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repetition time = 35; echo time = 5; flip angle = 45; field of view = 24; matrix = 256 × 256; 

number of excitations = 1; voxel dimensions of 0.94 × 0.94 × 1.5 mm slice thickness).

2.3 MR image preprocessing and mixed model analysis

Cortical reconstruction and volumetric segmentation were performed with the Freesurfer 

image analysis suite (version 5.1; http://surfer.nmr.mgh.harvard.edu/). The technical details 

of these procedures are described in prior publications, briefly, this processing includes 

removal of non-brain tissue from volumetric T1 weighted images using a hybrid watershed/

surface deformation procedure (Ségonne et al., 2004), automated Talairach transformation, 

segmentation of the subcortical white matter and deep gray matter volumetric structures 

(including hippocampus, amygdala, caudate, putamen, ventricles) (Fischl et al., 2002; 

2004a), intensity normalization (Sled et al., 1998), tessellation of the gray matter-white 

matter boundary, automated topology correction (Fischl et al., 2001; Ségonne et al., 2007), 

and surface deformation following intensity gradients to estimate the gray/white and gray/

cerebrospinal fluid borders at the location where the greatest shift in intensity defines the 

transition to the other tissue class (Dale et al., 1999; Dale and Sereno, 1993; Fischl and Dale, 

2000). Once the cortical models are complete, a number of deformable procedures can be 

performed for further data processing and analysis including surface inflation (Fischl et al., 

1999a), registration to a spherical atlas which utilizes individual cortical folding patterns to 

match cortical geometry across participants (Fischl et al., 1999b), and parcellation of the 

cerebral cortex into units based on gyral and sulcal structure (Desikan et al., 2006; Fischl et 

al., 2004b). This method uses both intensity and continuity information from the entire three 

dimensional MR volume in segmentation and deformation procedures to produce 

representations of cortical thickness, calculated as the closest distance from the gray/white 

boundary to the gray/CSF boundary at each vertex on the tessellated surface (Fischl and 

Dale, 2000). The maps are created using spatial intensity gradients across tissue classes and 

are therefore not simply reliant on absolute signal intensity. The maps produced are not 

restricted to the voxel resolution of the original data and thus are capable of detecting 

submillimeter differences between groups. Procedures for the measurement of cortical 

thickness have been validated against histological analysis (Rosas et al., 2002) and manual 

measurements (Kuperberg et al., 2003; Salat et al., 2004). Freesurfer morphometric 

procedures have been demonstrated to show good test-retest reliability across MRI scanner 

manufacturers and across scanner magnetic field strengths (Han et al., 2006; Reuter et al., 

2012). For longitudinal analysis, to extract reliable volume and thickness estimates, images 

were automatically processed with the longitudinal stream in Freesurfer (Reuter et al., 

2012). Specifically, an unbiased within-subject template space and image (Reuter and 

Fischl, 2011) is created using robust, inverse consistent registration (Reuter et al., 2010). 

Several processing steps, such as skull stripping, Talairach transforms, atlas registration as 

well as spherical surface maps and parcellations are then initialized with common 

information from the within-subject template, significantly increasing reliability and 

statistical power (Reuter et al., 2012). The resulting cortical thickness maps for each 

participant were smoothed along the surface with a 10mm full-width half-maximum kernel 

and transformed into a volume image in MNI space for statistical analysis.
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Mixed model analysis of cortical thickness maps was implemented using R version 2.11.1 

running the packages AnalyzeFMRI version 1.1-12 and lme4 version 0.999375-37. The 

following equation was applied to the brain imaging data to obtain voxel-wise estimates of 

group differences in baseline cortical thickness and longitudinal cortical thickness changes:

(Equation 

1)

The above model was applied to each voxel, with yij being the thickness value of that voxel 

for the ith participant on the jth follow-up test visit. Age indicates participants’ mean-

centered baseline age at the first neuroimaging visit. Sex was coded as −0.5 for female and 

0.5 for male. Group was coded as 0 for normal and 1 for cognitive impairment. Interval was 

defined as the longitudinal predictor coded as the time (yr) from baseline age (1st interval is 

0). β denotes fixed effects estimates, b denotes subject specific random effects estimates, and 

ε is the residual error. Age and sex were additional covariates. Statistical significance of β3 

in Eq. 1 indicates a main effect of subsequent cognitive impairment on baseline cortical 

thickness, and significance of β7 indicates differences in longitudinal cortical thickness 

change between normal participants and those with subsequent cognitive impairment. 

Statistical significance of β4 indicates main effect of rates of cortical thinning for the CN 

group (coded as 0). Whole-brain statistical contrast t-maps of the effect of cognitive 

impairment as well as its interaction with interval were generated.

3.0 Results

3.1 Cortical thinning rates for Cognitively Normal (CN) participants

To investigate the rates of change in cortical thinning across the entire cortex, we first 

examined the rates of cortical thinning, adjusted for baseline age and sex, for the CN group 

alone, using the β4 term from Eq 1. The resulting beta value map is shown in Figure 2a, and 

depicts the local rates of cortical thinning per year for the CN participants. Overall, it can be 

seen that there was widespread cortical thinning, regardless of baseline age, throughout 

much of the frontal, temporal and parietal lobes. The majority of these regions are getting 

thinner at rates between 0.005 and 0.01 mm per year. The regions showing the greatest rates 

of thinning bilaterally include the precentral gyrus and medial portions of the superior 

frontal gyrus, which are thinning at rates close to 0.04 mm per year.

3.2 Cortical thinning rates for Subsequently Impaired (SI) participants

Equation 1 was applied with reverse coding (CN was coded as 1 and SI as 0) to obtain the 

rates of cortical thinning for the SI group, using term β4 in Eq 1. Figure 2b shows the beta 

maps for rates of cortical thinning per year for the SI group. As with the CN group, there is 

widespread cortical thinning observed for the SI group throughout the frontal, parietal and 

temporal lobes, showing rates between 0.005 and 0.01 mm per year of atrophy. The regions 

showing the greatest rates of cortical thinning bilaterally include the precentral gyrus, medial 

portions of the superior frontal gyrus, and superior temporal gyrus, with almost four fold 

steeper loss per year (0.04 mm/year) of the cortical gray matter compared to any other 

cortical region.
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3.3 Greater cortical thinning in individuals with later cognitive impairment

An initial exploration of the differences in demographics between the two groups indicated 

that the SI group was slightly older than the CN group, and also has a higher prevalence of 

hypertension. An analysis of differences in cortical thickness at baseline (β3 in Equation 1) 

showed no significant differences between the two groups. Likewise, there were no 

significant differences in the Mini-Mental State Examination (MMSE) score, consistent with 

similar mental status across groups at initial imaging evaluation.

The rates of cortical thinning over the course of the 8 years of MRI scans were compared 

between the CN and SI groups. Regions that show differential rates of cortical thinning as a 

function of subsequent cognitive status (represented by β7 in Equation 1) are shown in 

Figure 2c. The blue regions indicate areas where the annual rate of cortical thinning is 

greater for the SI group compared to the CN group by about 0.01 mm per year and represent 

t-values thresholded to the equivalent of p-values between 0.01 and 0.00005 (shown in 

Figure 2c, summarized in Table 2). These results indicate the temporal lobes as a primary 

region for increased atrophy in the SI group, specifically throughout the extent of the left 

parahippocampal gyrus. While the right parahippocampal gyrus does not meet the 

significance threshold used in these analyses, we do find subthreshold increased cortical 

thinning in the SI group, which could potentially reach significance in a larger sample. Some 

regions of the left and right lateral temporal lobes also display greater cortical thinning for 

the SI compared with CN group. Of note, the right insula also appears to show significant 

differences in cortical thinning rate between the two groups. This result is not present in the 

left hemisphere.

While these results take into account the effects of sex and age as covariates in the model, 

the relationship between cortical thinning and sex and age were explored individually as 

well. Regions that were significantly affected by baseline age were primarily in the 

prefrontal and anterior cingulate cortices, while regions affected by sex were in the 

prefrontal, posterior cingulate, and precuneus regions. None of these regions overlapped 

with the results presented above, which are due to subsequent diagnosis. Additionally, a 

separate model was run that included age, sex, and hypertension status as covariates, to 

account for any contributions from the greater prevalence of hypertension in the SI group. 

The addition of hypertension to the model did not change the results, and so it has been left 

out from the final model as described in Equation 1.

4.0 Discussion

The primary goal of this study was to determine whether there are differential rates of 

longitudinal cortical thinning in aging people who maintain normal cognition (CN) 

compared to those who subsequently develop cognitive impairment (SI). We found that 

while widespread thinning is seen with advancing age, the rate of atrophy is greater in 

temporal lobe regions, primarily the left parahippocampal gyrus and the lateral temporal 

lobes bilaterally, for those individuals who go on to exhibit cognitive impairment. These 

findings extend prior work from our laboratory comparing rates of atrophy in normal 

controls and individuals who developed MCI over the course of the imaging assessments 

(Driscoll et al., 2009). Our prior results indicated that the rate of atrophy, as measured by 

Pacheco et al. Page 6

Neurobiol Aging. Author manuscript; available in PMC 2016 February 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



volume loss, is increased in MCI compared to normal controls, with most pronounced 

atrophy in temporal gray matter, hippocampus, and orbitofrontal cortex. Consistent with this 

finding, comparisons of regional atrophy over a one-year follow-up saw greater atrophy 

within the medial temporal cortex in the earlier stages of MCI to AD progression 

(McDonald et al., 2009). The medial temporal regions showed greater atrophy rates when 

comparing normal controls to a group of MCI patients with mild impairment. Later in the 

disease progression, when comparing a group of MCI patients with moderate impairment to 

a group of patients with AD, increases in atrophy rates were found to be in prefrontal, 

posterior temporal and cingulate regions. In the current work, there is no detectable 

difference in cortical thickness between the CN and SI groups at the initial scan, an average 

of 11 years prior to cognitive impairment. However, over the next 8-year period greater 

cortical thinning in the temporal lobe is detectable prior to disease onset in individuals who 

later develop cognitive impairment. This suggests that increases in atrophy rates may begin 

well before clinical disease progression is noticed, and has important implications about the 

onset of detectable structural changes related to dementia. Early identification of these 

changes is important for early detection of disease onset and intervention.

Cortical thinning during normal aging has been studied previously (Salat et al., 2004; 

Thambisetty et al., 2010), and our sample also shows that there are widespread changes in 

cortical thickness associated with aging, as well as longitudinal changes in the rate of 

cortical thinning. Differences in cortical thickness have been investigated through cross-

sectional studies and a pattern of regions associated with MCI and AD has been identified to 

include temporal, parietal, and frontal regions (Bakkour et al., 2009; Dickerson et al., 2009; 

2012). The severity of atrophy has been correlated with cognitive impairment severity: 

patients with AD have the thinnest cortical gray matter measures, patients with MCI and 

mild AD exhibit intermediate measures, and normal controls show the greatest cortical 

thickness. Consistent with our findings, Singh et al. (2006) demonstrated cortical thickness 

differences of the medial and lateral temporal lobes associated with disease progression. 

Their findings indicate thinner cortex in the medial regions when comparing MCI patients 

with control participants, whereas thinner lateral temporal regions are seen only when 

comparing AD to MCI patients, both with more pronounced differences in the left compared 

with right hemisphere. A longitudinal exploration of cortical atrophy over 2 years also saw 

increases in atrophy rates for patients with AD within the temporal lobes, of up to 2.5% 

greater thinning per year as compared to a group of healthy older adults (Fjell et al., 2009). 

It is evident that the temporal lobes are most vulnerable to cortical thinning early in the 

progression of the AD pathological process. Moreover, through longitudinal analysis, our 

study shows that the rate of thinning in these regions increases in conjunction with the 

disease process and is measurable years before any detectable cognitive impairment.

The BLSA sample is a highly educated community dwelling sample, which limits the 

generality of our findings. However, the incidence of AD in the BLSA (Kawas et al., 2000) 

and the rates of brain changes (Resnick et al., 2003) are comparable to other samples. A 

strength of our study is that our BLSA participants have been followed for a number of 

years subsequent to scanning, confirming that the CN group remains cognitively normal for 

years after MRI collection. Additionally, the SI group consists of normal participants with 

all scans prior to the onset of cognitive symptoms. All of the participants in this study were 
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classified as normal at all of the scanning time points. The observed differential rates of 

atrophy for the two groups not only indicate that cortical thinning occurs many years prior to 

disease onset but also suggest that there may be considerable disease-related variability in 

morphometric measures, which may obscure potentially important findings when looking at 

cognitively normal participants without longitudinal follow-up. Cross-sectional studies of 

“normal” variation may include anatomic differences due to preclinical disease, and cross-

sectional comparisons of cognitively normal and impaired groups may underestimate 

disease-related anatomic differences.

In conclusion, our longitudinal findings indicate that differences in the rate of cortical 

thinning can be seen in the temporal lobe prior to a diagnosis of MCI or AD, using MRI 

scans beginning as long as 11 years prior to onset of cognitive impairment. Thus, rates of 

cortical thinning could be supplementary biomarkers of preclinical disease to be used in 

conjunction with other techniques to identify those individuals who may be on the path to 

AD, at an earlier stage where intervention may be possible.
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Highlights

• Cortical thickness measures were examined yearly for an average of 8 years.

• The group that subsequently developed cognitive impairment displayed greater 

rates of cortical atrophy.

• The temporal lobes are the primary location of increased rates of cortical 

atrophy.

• This indicates that changes in cortical thinning can be seen prior to clinical onset 

of AD symptoms.
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Figure 1. 
Schematic of study design.

Data were used from the Baltimore Longitudinal Study of Aging, where participants are 

followed annually for MRI scans, clinical and cognitive testing. The BLSA is currently in 

it’s 18th year of data collection. From the entire sample of participants, only those who had 

at least 3 MR evaluations, normal cognitive performance at baseline, and no confounding 

health conditions were included. These participants were then split into two groups, based 

on their cognitive diagnosis. 96 participants have remained cognitively normal to date (CN 

group) and had an average of 7.6 scans per participant included. The other 25 participants 

have shown subsequent cognitive impairment resulting in a diagnosis of either MCI or AD 

(SI group). Only scans collected before the onset of cognitive impairment were used for this 

group, which was an average of 8.0 scans per participant. The subsequent cognitive 

impairment occurred an average of 11.2 years after the initial scan.
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Figure 2. 
Differential rates of cortical thinning.

Whole brain analyses were conducted to determine the rates of cortical thinning in both CN 

and SI groups. The top two panels depict the actual rate of annual thinning as determined 

from Equation 1, adjusted for baseline age and sex of participants. The resulting maps have 

been thresholded to display values between 0.01 and 0.04 mm per year. The bottom panel 

depicts the regions where rates of cortical thinning are significantly different between the 

two groups. The resulting t-values have been thresholded to corresponding significant p-

values between 0.01 and 0.00005. Panel a: Rates of cortical thinning, in mm per year, are 

shown for the CN group. Widespread cortical thinning can be seen throughout the frontal, 

parietal and temporal lobes with rates of 0.05–0.01 mm lost per year (shown in darker blue). 

The biggest changes are seen along the precentral gyrus, with rates equivalent to about 0.04 

mm lost per year (shown in cyan). Panel b: Shows the rate of cortical thinning for the SI 

group. For this group the biggest changes are seen along the precentral gyrus and superior 

temporal gyrus with rates equivalent to about 0.04 mm lost per year (shown in cyan).

Panel c: Shows the significant differences in the annual rates of cortical thinning for the SI 

group compared to the CN group. The biggest differences in the rates are seen along the 

parahippocampal gyrus and temporal pole, showing that the SI group is thinning at a rate 

about a 0.01 mm per year faster than the CN group.
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Table 1

Participant Details

Group CN SI Total

n 96 25 121

Male/Female 54/42 14/11 68/53

Baseline Age (years) 68.5 (7.4) 73.4 (7.6) 69.5 (7.7)

Mean number of scans per participant 7.6 (2.2) 8.0 (1.8) 7.7 (2.1)

Mean yrs of scan data per participant 8.2 (2.4) 7.2 (2.3) 8.0 (2.4)

Mean yrs from first visit to onset of Cog. Impairment -- 11.2 (3.4) --

MMSE at first scan 28.9 (1.4) 28.8 (1.3) 28.9 (1.3)

Education (years) 16.4 (2.7) 16.2 (3.0) 16.3 (2.7)

Hypertension (%) 46.5 63.6 60.1

Diabetes (%) 10.1 13.6 12.9

Hypothyroidism (%) 7.1 9.1 8.7

APOE 3/4 (%) 19.2 23.1 22.3

APOE 4/4 (%) 7.7 4.2 5.0

Note. CN = participants who remain cognitively normal over follow-up, SI = participants subsequently diagnosed with cognitive impairment.

Standard deviation shown in parentheses where applicable.
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Table 2

Regions with significantly greater cortical thinning for cognitively impaired participants compared to 

cognitively normal participants

Structure Hemisphere Peak Talairach Coordinate Peak t-value Cluster Size (mm2)

Parahippocampal gyrus LH medial −22.3 −23.3 −20.2 −3.994*** 2320.3

Superior Temporal sulcus LH lateral −52.6 −50.3 5.8 −3.432** 308.2

Inferior Parietal LH lateral −39.4 −60.7 21.2 −3.505** 246.59

Fusiform gyrus LH inferior −41.4 −42.7 −11.8 −3.487** 152.42

Superior Temporal gyrus LH lateral −49.8 −9.8 −12.0 −3.106* 149.23

Insula RH lateral 36.7 1.8 0.5 −4.31*** 1688.8

Inferior Temporal gyrus RH inferior 50.1 −40.2 −15.7 −3.044* 326.47

Superior Temporal gyrus RH lateral 40.4 −3.7 −16.6 −4.54*** 311.1

Parahippocampal gyrus RH medial 32.7 −42.3 −4.2 −3.16* 218.4

***
p < 0.0001

**
p < 0.001

*
p < 0.005
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