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             INTRODUCTION 

 Gray matter loss has been reported in normal aging 
(Courchesne et al.,  2000 ; Raz et al.,  2005 ), Alzheimer disease 
(AD; Guo et al.,  2010 ; Karas et al.,  2003 ), and its prodromal 
stage, the so-called mild cognitive impairment (MCI; Karas 
et al.,  2004 ; Pihlajamaki, Jauhiainen, & Soininen,  2009 ). In 
normal aging, the frontal regions were the primarily affected 
areas (Raz, Gunning-Dixon, Head, Dupuis, & Acker,  1998 ; 
Raz et al.,  2005 ) whereas in MCI a prominent atrophy was 
found in the medial temporal lobe. However, some structural 
neuroimaging studies have shown a pattern of atrophy in 
MCI that is not restricted to medial temporal regions and 

includes atrophy in other areas such as the frontal lobe 
(Bozzali et al.,  2006 ; Duarte et al.,  2006 ). The frontal lobe is 
well-known as playing a major role in executive cognition 
(Roca et al.,  2010 ; Shallice & Burgess,  1991 ), and dysexecu-
tive disturbances have been found in both normal aging and 
MCI. Healthy elderly subjects showed mild diffi culties in a 
variety of executive components such as complex working 
memory tasks, set-shifting, management abilities, and inhibi-
tion of habitual responses (Bopp & Verhaeghen,  2005 ; Gunning-
Dixon & Raz,  2003 ; Meiran, Gotler, & Perlman,  2001 ; 
Verhaeghen & Cerella,  2002 ; Wecker, Kramer, Wisniewski, 
Delis, & Kaplan,  2000 ). In addition to amnesia, impairments 
in executive subdomains such as working memory, persever-
ation, problem-solving, and conceptual abilities have been 
reported in MCI subjects (Brandt et al.,  2009 ; Espinosa 
et al.,  2009 ; Kramer et al.,  2006 ). Moreover, some authors 
have hypothesized that the presence of concurrent executive 
defi cits is necessary to consider MCI subjects as prodromal 
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   Abstract 

 Mild cognitive impairment (MCI) is considered a transitional state between normal aging and Alzheimer disease. Most 
MCI subjects present disturbances in multiple neuropsychological domains, including executive function. This study 
aimed at exploring frontal lobe cortical thinning in MCI and healthy controls, and its relationship with problem-solving 
abilities. Twenty-three MCI patients and 30 elderly controls underwent MRI and neuropsychological assessment. 
Cortical thickness was measured by means of FreeSurfer. Problem-solving was assessed by means of the Tower of 
London (TOL) task. MCI showed a global thinning of the cortex. With regard to specifi c regions of interest, a thinning 
in the left frontal lobe and the bilateral posterior cingulate gyri was found. Partial correlations, after controlling for age, 
education, Mini-Mental Status Examination, and non-frontal mean thickness revealed negative signifi cant correlations 
between frontal lobe thickness and executive outcomes in the control group. This counterintuitive relationship was not 
observed in the MCI group, suggesting that the frontal cortical atrophy observed in MCI entails a specifi c pathology-
related relationship with high-level executive outcomes that is qualitatively different from that observed in healthy 
aging. ( JINS , 2010,  16 , 836– 845 .)  
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AD (Albert, Moss, Tanzi, & Jones,  2001 ; Royall et al.,  2002 ). 
At the same time, other researchers have found that the pres-
ence of impairments in multiple domains, rather than in a 
single amnestic domain, increases the risk of progression to 
AD (Brandt et al.,  2009 ; Rasquin, Lodder, Visser, Lousberg, & 
Verhey,  2005 ; Seo et al.,  2007 ; Tabert et al.,  2006 ), although 
not all the evidence on the topic concurs (Yaffe, Petersen, 
Lindquist, Kramer, & Miller,  2006 ). Thus, the study of exec-
utive alterations and frontal brain atrophy in MCI seems a 
relevant issue for their possible use in the prediction of de-
veloping dementia. 

 Recent studies using cortical thickness analysis, an ap-
proach that permits the collection of data concerning the 
width of the grey matter layer that covers the brain, have also 
found the presence of cortical thinning in frontal areas prior 
to dementia onset (Bakkour, Morris, & Dickerson,  2009 ; 
Chang et al.,  2010 ; Im et al.,  2008 ; Singh, Chertkow, Lerch, 
Evans, Dorr, & Kabani,  2006 ). Furthermore, frontal cortical 
thinning has demonstrated usefulness, jointly with neurop-
sychological testing, in the identifi cation of those subjects 
who will fi nally convert to dementia (Julkunen et al.,  2009 ). 
Some of these studies also present data about cognitive cor-
relations, but mainly using short screening tests or global 
dementia scales (Bakkour et al.,  2009 ; Julkunen et al.,  2009 ). 
There is a paucity of evidence on the relationship in MCI 
between cortical thickness and specifi c neuropsychological 
measures. One recent study published by Chang et al. ( 2010 ) 
presented correlational data for an executive composite score 
and obtained low, but signifi cant, Pearson’s  r  ranging from 
0.14 to 0.22 with frontal and cingulate thickness in a large 
sample of MCI and healthy controls. Analysis restricted to 
the MCI group showed a signifi cant, but again low, correla-
tion between executive performance and the cortical thick-
ness in the right lateral orbitofrontal region ( r  = 0.16) (Chang 
et al.,  2010 ). 

 Whereas in AD and MCI a positive relationship between 
brain volumes and cognition has been consistently found 
(Baxter et al.,  2006 ; de Jong et al.,  2008 ; Sanchez-Benavides 
et al.,  2010 ; Stonnington et al.,  2010 ), in normal subjects a 
different pattern has been observed. A negative relationship 
with brain volumes has been reported with regard to execu-
tive function (Duarte et al.,  2006 ; Salat, Kaye, & Janowsky, 
 2002 ) and memory performance (Foster et al.,  1999 ; Van 
Petten,  2004 ). Duarte et al. ( 2006 ), using voxel-based mor-
phometry, reported an interesting pattern in the relationship 
between frontal lobe volumes and executive function in the 
range from healthy elderly subjects to AD patients. The fact 
that negative correlations were found in controls, none in 
MCI, and positive ones in AD, suggests that distinct pro-
cesses may infl uence the regional brain volumes that support 
executive function in these groups. A more effi cient pruning 
of ineffective synapses in development has been suggested 
to explain the counterintuitive relationship in healthy adults, 
whereas the effect of pathological changes may explain the 
inversion of the pattern in AD. Regarding cortical thickness, 
Dickerson et al. ( 2008 ) in their study addressing the reli-
ability of these measures across MRI sessions and scanners, 

presented correlations for verbal memory and the Trail 
Making Test part B (TMT-B) in healthy elderly people 
(Dickerson et al.,  2008 ). Although TMT-B is usually consid-
ered a frontal related task, a positive correlation was found 
between the TMT-B and thickness in the left lateral parietal 
lobe, but no correlation with frontal areas. The authors re-
lated this fi nding to the consistent additional recruitment of 
parietal areas that has been observed in functional neuroim-
aging studies using this test. To our knowledge, there is no 
other study addressing cortical thickness and executive func-
tion correlations in normal aging. 

 This study aimed at exploring MRI-based frontal lobe 
cortical thickness in MCI and healthy controls, and at 
studying within each group the relationship of these 
measures with high-order executive function performance 
measured by means of a problem-solving task. Problem-
solving tasks are commonly used to test executive function 
and are frequently described as tapping a planning ability, 
defi ned as an ability that involves mapping out a sequence of 
moves in preparation for a task (Morris, Miotto, Feigenbaum, 
Bullock, & Polkey,  1997 ). These tasks are considered high-
order executive tests as they involve other executive subdo-
mains such as working memory, visuospatial memory, 
psychomotor speed, and inhibition for a successful perfor-
mance (Phillips, Wynn, Gilhooly, Della Sala, & Logie, 
 1999 ; Welsh, Satterlee-Cartmell, & Stine,  1999 ; Zook, Davalos, 
Delosh, & Davis,  2004 ). 

 We hypothesized that a cortical thinning in MCI subjects 
would be found in the whole frontal lobe, as well as in spe-
cifi c frontal areas, with regard to normal controls, and that 
the severity of executive impairments would correlate to this 
atrophy. A negative relationship between executive cogni-
tion and frontal cortical thickness was expected in healthy 
controls.   

 METHODS 

 The study was part of the NEURONORMA project of nor-
malization and validation of cognitive measures in a Spanish 
population (Pena-Casanova et al.,  2009a ). This neuroimag-
ing substudy was conducted in accordance with the Declara-
tion of Helsinki and its subsequent amendments and was 
approved by the Ethics Committee at both centers in which 
it was carried out, the Hospital Clinic and the Hospital del 
Mar (Barcelona, Spain). All participants signed an informed 
consent.  

 Subjects 

 Twenty-three MCI patients and 30 healthy elderly controls 
from the NEURONORMA sample were included. MCI sub-
jects were amnestic type (scored below percentile 10 in de-
layed story recall; Peña-Casanova,  2005 ) and fulfi lled 
IPA-WHO criteria (Levy,  1994 ), which require cognitive im-
pairment reported by an informant that was present for more 
than 6 months, and neuropsychological performance below 
1  SD  with regard their normative group. In addition to 
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memory impairment, 7 MCI subjects presented scores below 
percentile 10 in at least one of the three Tower of London 
(TOL) (Cullbertson & Zillmer,  2001 ) variables considered. 
Age and education were adjusted according to norms for the 
Spanish population (Pena-Casanova et al.,  2009b ). Patients 
were recruited from Dementia Consultations at Hospital 
Clinic and Hospital del Mar (Barcelona, Spain). Control 
subjects were recruited from the community and relatives of 
the patients. All subjects ( n  = 53) underwent dedicated MRI 
study and comprehensive neuropsychological testing. Char-
acteristics of the sample are shown in  Table 1 .       

 MRI Measures 

 Subjects were imaged in a Signa LX 1.5 Tesla magnet (Gen-
eral Electric, Milwaukee, WI) using a specifi c T1 3D SPGR 
protocol (TE = Min Full; TR = 12; TI = 450; angle = 15; 256 × 
192; FOV = 25; 1NEX; thickness = 1.5; 128 locs). Voxel 
size was 0.97 × 1.5 × 0.97 mm). Initial visual assessment 
was performed to discard any other relevant brain pathology 
and to ensure appropriate study quality. Standard DICOM 
images were anonymized and processed by means of Free-
Surfer v4.0.2 (  http :// surfer . nmr . mgh . harvard . edu / ). Among 
other measures, FreeSurfer’s processing provides white 
matter and cerebral cortex models to produce representations 
of cortical thickness. Cortical thickness is calculated as the 
closest distance from the gray/white boundary to the gray/
cerebrospinal fl uid boundary at each vertex on the tessellated 
surface (Fischl & Dale,  2000 ). A parcellation of the cerebral 
cortex into units based on gyral and sulcal structure (Desikan 
et al.,  2006 ; Fischl et al.,  2004 ) was also provided. Free-
Surfer has been implemented in the cluster of the Port 
d’Informació Científi ca, at the Universitat Autonòma de 
Barcelona. It is composed of 170 HP blades with 2 quad-core 
CPU (Hewlett Packard, USA), each one with 16 GB of RAM, 
running over Scientifi c Linux 4 (  https :// www . scientifi clinux .
 org / ). Subjects are processed in parallel launched through a 
batch system. The PIC-Neuroimaging Center (PICNIC; 

  https :// neuroweb01 . pic . es  ) remote Web-based system was 
used to perform the processing. 

 Those regions of interest (ROIs) of the frontal cortex, 
based on the Freesurfer automated parcellation, that were 
assumed to be involved in executive function were included 
in the main analysis, excluding motor areas, see  Figure 1 . 
Cingulate cortex subcomponents were also included. The 
various cingulate and frontal operculum ROIs outputted 
from FreeSurfer were combined, following Chang et al. 
( 2010 ) methods, as follows: the caudal and rostral anterior 
cingulate were combined as the anterior cingulate cortex 
(ACC); the isthmus and the posterior cingulate were com-
bined as the posterior cingulate cortex (PCC); and the pars 
triangularis and opercularis were combined as the frontal 
operculum, see  Figure 1  for details. A global frontal cortical 
thickness measure was also computed as the mean value of 
the nine frontal areas assessed (PCC was not included). Two 
additional global measures were computed: a whole brain 
cortical measure accounting for the data of all the regions 
provided by FreeSurfer parcellation (except unknown re-
gions) (Desikan et al.,  2006 ; Fischl et al.,  2004 ), and a non-
frontal thickness measure computed as the mean of all areas 
except those that were part of the global frontal cortical 
thickness measure. All measures were obtained for both 
right and left hemispheres.       

 Neuropsychological Assessment 

 Two screening tests were used to characterize the sample: a 
global cognition measure, the Mini-Mental Status Examina-
tion (MMSE) (Folstein, Folstein, & McHugh,  1975 ) in its 
Spanish validated version (Blesa et al.,  2001 ), and memory 
function by means of the Memory Impairment Screen (MIS) 
(Buschke et al.,  1999 ). For problem-solving assessment the 
Tower of London (TOL), in its Drexel University version 
(Cullbertson & Zillmer,  2001 ), was administered. The ver-
sion used was the one that had been recently adapted and 
normalized in a Spanish population within the context of 
the NEURONORMA project (Pena-Casanova et al.,  2009a ; 
Pena-Casanova et al.,  2009b ). 

 The TOL was originally developed by Shallice ( 1982 ) to 
assess higher-order problem-solving and, specifi cally, execu-
tive planning abilities in subjects with frontal lobe damage. 
Although similar to the TOL originally developed by Shallice, 
the Drexel University version used (Cullbertson & Zillmer, 
 2001 ) presents several modifi cations in administration and 
test scoring. In brief, the TOL consists of two boards with 
three pegs. On one the examiner places three colored wooden 
balls (blue, green, and red) in a goal position, and on the other 
board there are another three colored wooden balls that the 
subject must rearrange from a standard start position to the 
examiner’s model position observing two rules: only one ball 
may be moved at a time, and only a specifi ed number of 
balls may be left on each peg at a time. Two practice items 
and 10 target problems of increasing diffi culty are given. The 
maximum time allowed to complete each item is 2 minutes. 
Three TOL outcome variables were analyzed in this study: 

 Table 1.        Demographic characteristics and cognitive scores in 
controls and MCI patients (mean ±  SD )          

     Control  MCI     

 Number of subjects  30  23   
 Age, years  72.1 ± 4.7  72.9 ± 7.4   
 Female sex, %  51  61   
 Education, years  11.4 ± 6.2  8.2 ± 4.7   
 MMSE  28.8 ± 1.2  26.3 ± 2.1   
 MIS  7 ± 1.3  3.9 ± 2.5   
 TOL- Total moves score  32.8 ± 17.4  46.3 ± 27.8   
 TOL- Total solving time  341.4 ± 126.2  557.3 ± 239.7   
 TOL- Number of rules violation  0.6 ± 0.8  2.7 ± 3.75   

   Note.      MCI, mild cognitive impairment; MMSE, Mini-Mental Status Exam-
ination; MIS, Memory Impairment Screen; TOL, Tower of London; TMT, 
Trail Making Test. Mean comparisons were performed by means Mann-
Whitney tests. Sex percent comparison was performed by means chi-square 
test with continuity correction.    
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(1) the total moves score, that is based on the number of moves 
the examinee executes in solving the problems, computed by 
subtracting the minimum theoretical number of solution 
moves from the examinee’s actual moves; (2) the total solving 
time, computed as the sum of total time dedicated to the prob-
lems; and (3) the number of rules violation, computed as the 
times that subjects break the rules all along the test. In all 
measures higher scores means worse performance.   

 Statistical Analysis 

 Sample size, and the non-normal distribution of some of the 
data, made the use of non-parametric analysis necessary. 
Mann-Whitney tests were used to compare means between 
groups in sociodemographic, neuropsychological, and MRI-
based data. Differences in sex proportions were assessed by 
means of Chi-square tests. Correlations to cognition were 
calculated only for global frontal measures. Partial correla-
tions, after controlling for age, education, MMSE score, and 
non-frontal cortical thickness measure were used for testing 
the specifi c relationship between frontal cortical thickness 
data and executive function. Partial correlations, after con-
trolling for education were performed to explore the rela-
tionship between age and problem-solving measures. 
Non-frontal cortical thickness measure was also included in 
the model to examine the specifi c relationship between age 
and frontal cortical thickness. All correlations were per-
formed within groups. Effect sizes were calculated for sig-
nifi cant comparisons between the groups in cognitive and 
MRI variables using the  d  of Cohen computed by dividing 
the mean difference of the groups by the pooled standard 
deviation. Statistical analysis and graphics were performed 
using R statistical software (v2.7.0) (R Development Core 
Team,  2008 ). The signifi cance level was set to .05 and Bon-
ferroni corrections for multiple comparisons were applied 
when necessary.    

 RESULTS 

 Neuropsychological scores are shown in  Table 1 . Although 
MCI patients presented a lower education level and were 
older than the healthy elderly sample, these differences were 

not signifi cant.  Table 2  shows the quantitative measures of 
thickness by ROI together with  p  value for mean comparison 
between groups, and a calculation of Cohen’s  d  effect size 
coeffi cient for signifi cant differences. Effect size values for 
neuropsychological measures were as follows:  d  = 1.46 for 
MMSE,  d  = 1.56 for the MIS,  d  = 0.46 for total moves score, 
 d  = 1.13 for total solving time, and  d  = 1.04 for number of 
rules violation.     

 Partial correlations between the three global frontal cor-
tical thickness measures (the left and the right frontal 
measures, and the combination of both) and TOL scores, af-
ter controlling for age, education, MMSE score, and non-
frontal cortical thickness, showed signifi cant results (with 
an alpha level set to .017 based on Bonferroni corrections) 
only in the control group between solving time and left fron-
tal cortical thickness ( r =  0.47;  p  = .011), solving time and 
bilateral frontal cortical thickness ( r =  0.45;  p  = .015), and 
total moves score and left frontal cortical thickness ( r =  0.51; 
 p  = .005). Nonsignifi cant correlations within control group 
were as follows: solving time and right frontal cortical thick-
ness ( r =  0.35;  p  = .045); total moves and right frontal cor-
tical thickness ( r =  0.19;  p  = .181); number of rules violation 
and left frontal cortical thickness ( r =  0.29;  p  = .082), right 
frontal cortical thickness ( r =  0.23;  p  = .141), and bilateral 
frontal cortical thickness ( r =  0.28;  p  = .090). 

 No signifi cant correlations were found within the MCI 
group. For solving time: left frontal cortical thickness 
( r =  0.05;  p  = .495); right frontal cortical thickness ( r =  
 − 0.18;  p  = .238); and bilateral frontal cortical thickness ( r =  
 − 0.07;  p  = .387). For total moves: left frontal cortical thick-
ness ( r =  0.06;  p  = .404); right frontal cortical thickness ( r =  
 − 0.19;  p  = .227); and bilateral frontal cortical thickness ( r =  
 − 0.07;  p  = .390). For number of rules violation: left frontal 
cortical thickness ( r =  0.03;  p  = .495); right frontal cortical 
thickness ( r =   − 0.01;  p  = .485); and bilateral frontal cortical 
thickness ( r =   − 0.03;  p  = .495). Scatterplots of global frontal 
thickness and solving time are shown in  Figure 2 .     

 Partial correlations between age and frontal ROIs, after 
controlling for education and non-frontal cortical thickness, 
were not signifi cant (with an alpha level set to .017 based on 
Bonferroni corrections) in either the control group or MCI. 
The correlation between age and TOL scores after removing 

  
 Fig. 1.        Cortical regions of interest included in the analysis based on FreeSurfer cortical parcellation.    
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the effect of education showed a trend to signifi cance in the 
control group for solving time ( r =  0.44;  p  = .020) and total 
moves score ( r =  0.45;  p  = .019).   

 DISCUSSION 

 A difference in cortical thickness was found between MCI 
subjects and healthy controls in whole brain and several 
frontal measures, with the left frontal lobe showing more 
marked cortical loss than the right one. In controls, problem-
solving performance correlated negatively with frontal cor-
tical thickness, irrespective of non-frontal thickness, global 
cognition and sociodemographic factors. There was no cor-
relation in MCI patients. 

 As expected, controls outperformed MCI in all cognitive 
scores, both screening and problem-solving tasks. Findings 
in executive measures agreed with the previously reported 
common presence of dysexecutive diffi culties in subjects 
with MCI (Brandt et al.,  2009 ; Crowell, Luis, Vanderploeg, 
Schinka, & Mullan,  2002 ; Kramer et al.,  2006 ). In their re-
cent study, Brandt et al. ( 2009 ) have suggested the selectivity 
of executive defi cits in this pathology, with two highly reli-
able components, planning/problem-solving and working 
memory, as the mainly impaired subdomains. It is of interest 
that our data, although limited because only one test was 
used, concur with this proposed model, as the TOL test is 

typically considered a planning/problem-solving task. We 
observed that time-related measures were signifi cantly lower 
in patients than in controls. On the other hand, variables that 
were independent of time showed fewer differences, and, in 
the case of the total move score mean comparison test did 
not reach signifi cance, although it was near. Some studies 
have reported slowness (Levinoff, Saumier, & Chertkow, 
 2005 ; Tabert et al.,  2006 ) in MCI subjects. In a similar 
manner, a more ecological approach has demonstrated an 
increased time to perform activities of daily living, despite a 
fi nal adequate result (Wadley, Okonkwo, Crowe, & Ross-
Meadows,  2008 ). Because psychomotor speed is highly in-
volved in many executive tasks, it is diffi cult to partial out its 
effect from other components, such as planning or complex 
attention, using conventional testing. Future studies in MCI 
using paradigms accounting for executive function subdo-
mains could elucidate the specifi c role of speed processing 
and of other components in the fi nal executive achievement. 

 MCI showed a signifi cant thinning of the global cortex 
with respect to control subjects. The bilateral frontal lobe, 
taken as a whole, almost reached signifi cance ( p  = .055), 
driven by the consistent signifi cant thinning found when the 
analysis was restricted to the left frontal lobe. Two specifi c 
ROIs showed differences: the left frontal pole, and the bilat-
eral posterior cingulate cortex. Our results were similar to 
those recently reported using the same technique in healthy 

 Table 2.        Cortical thickness measures (in mm) of cortical regions assessed                  

     Control  MCI   U    p   Cohen’s  d      

 Whole brain mean  2.50 ± 0.16  2.41 ± 0.09  170  .002*  0.63   
 Whole frontal lobe mean  2.55 ± 0.18  2.48 ± 0.12  238  .055     
 Left hemisphere frontal lobe  2.56 ± 0.18  2.48 ± 0.12  227  .034*  0.51   
 Right hemisphere frontal lobe  2.54 ± 0.18  2.48 ± 0.13  255  .109     
 Left   
  Superior frontal  2.67 ± 0.20  2.61 ± 0.15  253.5  .102     
  Caudal middle frontal  2.59 ± 0.19  2.38 ± 0.13  258.5  .123     
  Rostral middle frontal  2.39 ± 0.21  2.38 ± 0.19  321  .673     
  Operculum  2.47 ± 0.17  2.41 ± 0.15  267  .164     
  Pars orbitalis  2.74 ± 0.23  2.62 ± 0.21  259  .125     
  Frontal pole  2.74 ± 0.42  2.49 ± 0.31  230.5  .040*  0.69   
  Lateral orbital frontal  2.56 ± 0.19  2.55 ± 0.20  326  .740     
  Medial orbital frontal  2.42 ± 0.22  2.38 ± 0.24  281  .254     
  Anterior cingulate cortex  2.83 ± 0.26  2.82 ± 0.25  322  .688     
  Posterior cingulate cortex  2.60 ± 0.25  2.46 ± 0.13  158  .001*  0.37   
 Right   
  Superior frontal  2.69 ± 0.20  2.63 ± 0.15  250  .090     
  Caudal middle frontal  2.50 ± 0.19  2.43 ± 0.19  259  .125     
  Rostral middle frontal  2.44 ± 0.20  2.38 ± 0.21  256.5  .114     
  Operculum  2.50 ± 0.20  2.44 ± 0.16  250  .090     
  Pars orbitalis  2.74 ± 0.24  2.70 ± 0.24  304  .471     
  Frontal pole  2.48 ± 0.38  2.34 ± 0.30  267  .164     
  Lateral orbital frontal  2.60 ± 0.18  2.62 ± 0.25  343  .978     
  Medial orbital frontal  2.38 ± 0.21  2.29 ± 0.29  252  .097     
  Anterior cingulate cortex  2.85 ± 0.31  2.77 ± 0.28  237  .054     
  Posterior cingulate cortex  2.52 ± 0.22  2.45 ± 0.15  253.5  .101     

   Note.      Means, standard deviations,  p  value, and Cohen’s  d  values for signifi cant differences. * p  < .05    
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controls and MCI (Chang et al.,  2010 ; Fennema-Notestine 
et al., 2009  ). Chang et al. studied the cortical thickness dif-
ferences between two groups of MCI (high  vs.  low perfor-
mance in executive function) and found more extended 
thinning in the frontal lobe in the low performance executive 
function group than in the high performance one. Addition-
ally, they also presented data comparing the entire MCI 
sample  versus  a control group regardless of executive ability 
and reported a more restricted, but signifi cant, thinning in 
several frontal regions. Although our sample of MCI is 
smaller our data are consistent with these later fi ndings and 
support the existence of frontal gray matter loss in MCI. In a 
similar manner, our results agree with some of the fi ndings 
presented by Fennema-Notestine et al. (2009  ) in their in-
depth study on structural MRI biomarkers for preclinical 
AD. They reported measures of cortical thickness and sub-
cortical volume in single amnestic MCI, multidomain MCI, 
healthy controls, and AD. With regard to normal controls, 
amnestic MCI only showed a signifi cant difference in frontal 
areas in the caudal middle frontal region bilaterally, based on 
the same FreeSurfer’s frontal cortical parcellation used in 
our study. It is of interest that, in multidomain MCI, all the 
FreeSurfer’s frontal cortical regions were thinner than in 
controls. In comparison, we found more restricted differ-
ences in our sample. These discrepancies between our re-
sults and Fennema-Notestine et al. could be explained in 
two ways, and were probably due to a combination of both. 
First, our MCI group was heterogeneous. Although all the 
subjects were amnesic, they may have been impaired in other 
domains, and no criteria regarding single  versus  multiple 
domain were applied. In fact, approximately one-third of 
the sample presented executive function impairment (below 

percentile 10 in age and education adjusted normative data). 
Thus, we assumed that our sample was probably composed 
of a mix of both types of MCI and, as a result, our fi ndings 
seem to fall between those of the Fennema-Notestine et al. 
groups. Although domain-related splitting of the sample 
could have been applied to our study, a limitation related to 
sample size, which is the second issue to discuss, would have 
weakened the results even more. As our MCI sample was 
one-seventh of that used in this previous study, the ability to 
statistically detect subtle differences was poor, and probably 
the lack of other signifi cant differences than frontal pole and 
posterior cingulate in specifi c ROIs could also be related to 
the limited number of subjects included. 

 The posterior cingulate region showed a bilateral differ-
ence between controls and MCI. There is a well-known 
hypometabolism in this area in early AD (Minoshima, Giordani, 
Berent, Frey, Foster, & Kuhl,  1997 ) and MCI (Mosconi, 
 2005 ). Regarding cortical thickness, Julkunen et al. reported 
a more marked thinning in the cingulate in those MCI sub-
jects that fi nally progressed to dementia with regard to those 
that remained stable (Julkunen et al.,  2009 ). In a similar 
manner, the posterior cingulate was used, together with tem-
poral cortices, to compute a normalized thickness index that 
was able to distinguish progressors from stable MCI quite 
accurately (Querbes et al.,  2009 ). The bilateral changes 
found in our study support this previous evidence on 
the early involvement of this region in MCI-related brain 
atrophy. 

 Concerning laterality differences, Singh et al. ( 2006 ), using 
voxel-based morphometry, reported a bilateral, but mainly 
right-sided, thinning in some prefrontal areas that accompa-
nied temporal and parietal atrophy in MCI. Conversely, our 

  
 Fig. 2.        Scatterplots showing the relationship between global frontal cortical thickness and solving time in controls and mild cognitive im-
pairment (MCI) subjects.    
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results point to a slightly more marked cortical loss in left 
frontal regions, especially in the left frontal pole. This hemi-
spheric difference may be related to sampling issues rather 
than to an actual side effect in frontal lobes, because bilateral 
thickness alterations are seen in both studies in a similar 
manner. 

 Signifi cant differences in frontal ROIs showed moderate 
effect size values. A fact that indicates a poor ability of these 
measures to discriminate by their selves between healthy 
aging and MCI. Cognitive measures used in this study have 
shown to be more discriminative for such a purpose with the 
MMSE showing the highest effect size. 

 A different pattern in correlations with executive perfor-
mance between groups was not unexpected, because nega-
tive relationships with brain volumes were fairly common 
in healthy subjects (Duarte et al.,  2006 ; Foster et al.,  1999 ; 
Van Petten,  2004 ). Although not all the evidence on the 
topic concurs, it has been suggested that positive relation-
ships in normal subjects emerged only in samples contain-
ing a large proportion of poor performing ones (Raz et al., 
 1998 ). A possible explanation for this negative relationship 
could be related to the early pruning of ineffective synapses 
in development, which might result in smaller brain vo-
lumes within the context of high performance in young 
adults (Foster et al.,  1999 ). This pattern could be maintained 
in healthy aging despite minimal age-associated atrophy 
suggesting that cerebral volumes, and also cortical thick-
ness, are more dependent on developmental changes than 
age changes. On the other hand, in the presence of patho-
logical conditions, such as AD, positive relationships could 
emerge within the context of atrophy related cognitive de-
cline (Duarte et al.,  2006 ). We hypothesized that MCI fron-
tal cortical thickness would correlate to executive outcomes, 
but a lack of relationship was observed. Chang et al. ( 2010 ) 
reported a low but signifi cant correlation with their compos-
ite executive score and the discrepancy could be related to 
the limited statistical power in our study driven by sample 
size. Our results, however, concur with those found by 
Duarte et al. ( 2006 ), who reported similar fi ndings and sug-
gest that the lack of correlations in MCI may be explained by 
the combination of the two opposite patterns found in healthy 
controls and AD. Although Dickerson et al. ( 2008 ) found no 
correlation between the TMT-B and frontal cortical thick-
ness in healthy elderly subjects, in our study negative corre-
lations in the frontal lobe were quite robust, as they were 
present after controlling for sociodemographic variables, 
global cognition and, more importantly, after removing the 
effect of non-frontal cortical thickness. The discrepancies 
between studies may be related to differences in the pro-
cesses involved in both tasks. Because the TOL test is more 
complex and resource-demanding it may need more high-
order executive control, and may be more frontally mediated, 
rather than the TMT-B, in which visual tracking and shifting, 
without complex planning, are involved. Our results, there-
fore, suggest that in elderly normal subjects there was a 
probable specifi c relationship between the thickness of the 
frontal cortex, mainly in the left hemisphere, and high-order 

executive function (measured by problem-solving), in 
which a thinner gray mantle is related to better perfor-
mance, probably mediated by the elimination of ineffective 
or redundant synapses in early development (Sowell, 
Thompson, Leonard, Welcome, Kan, & Toga,  2004 ). 

 Our results on the effect of aging in the frontal cortical 
thickness did not show a signifi cant specifi c correlation in 
either of the groups. Although previous reports indicate that 
some frontal atrophy occurs in the process of aging (Raz 
et al.,  1998 ,  2005 ), in our case this relationship was absent 
after controlling for the non-frontal thickness. This lack of 
association may be simply driven by the age distribution of 
the sample, because many studies reporting this negative re-
lationship also included young subjects. Age and TOL out-
comes showed a trend in the correlational analyses within 
control group that do not survive the correction for multiple 
comparisons. 

 There are some limitations in this study that need further 
clarifi cation. First, our sample sizes are relatively small for 
the study of brain-behavior relationships. Despite this limi-
tation, our results in healthy controls and the lack of relation-
ship in MCI agree with previous similar reports (Duarte 
et al.,  2006 ). Second, it is noteworthy that some positive cor-
relations could be driven by the scores of normal but poor-
performing subjects. For instance, correlations between 
solving time and frontal thickness measures in controls were 
no longer signifi cant (bilateral frontal thickness:  r  = 0.325; 
 p  = .1; left frontal thickness:  r  = 0.388;  p  = .06), when the 
subject taking more than 700 seconds to perform the task 
(see  Figure 2 ) was removed from the analysis. Although this 
subject could be considered an outlier (3  SD  above the nor-
mal control group mean) for this variable, he was fi nally in-
cluded in the main analysis because he demonstrated 
performances within the normal range on the rest of cogni-
tive measures. And third, our MCI group is heterogeneous. 
Although all the subjects were amnesic, they could have also 
been impaired in other domains, including executive func-
tion impairment, as we did not restrict the recruitment crite-
ria to isolated memory defi cits. Because different patterns in 
brain atrophy were reported in amnestic  versus  dysexecutive 
single-domain MCI type (Pa et al.,  2009 ), further studies on 
the relationship of executive cognition and cortical thick-
ness, in more accurately selected single and multiple domain 
impaired MCI, could aid to a better characterization of the 
functional outcome of selective brain atrophy in this patho-
logical condition. 

 In conclusion, we found a frontal cortical thinning, mainly 
in the left hemisphere, in MCI with regard to healthy con-
trols, supporting the existence of early widespread brain at-
rophy in MCI. Frontal cortical thickness negatively correlated 
to problem-solving performance in the healthy elderly, in 
which a thicker cortex was associated with a poorer perfor-
mance. These results support previous fi ndings that reported 
a similar negative relationship between brain volumes and 
cognition, suggesting the primacy of developmental pruning 
of ineffective synapses over the mild atrophy associated with 
age. In MCI there was a lack of correlation. Taken together, 
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these fi ndings suggest that there was a qualitative change in 
the relationship between high-order executive function and 
cortical thickness in the transition from healthy elderly to 
MCI, probably due to the acceleration of neuronal loss re-
lated to the probable presence of neuropathology in these 
subjects. As those MCI that presented additional dysexecu-
tive impairments, probably mediated by frontal atrophy, 
were supposed to be at a major risk of dementia, the use of 
automated frontal cortical thickness measures would aid in 
characterizing subjects more likely to progress.     
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