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                 INTRODUCTION   

 The interpretation of neuropsychological test performance 
has traditionally been based on overall achievement scores 
alone (Lezak et al.,  2004 ; Reitan,  1993 ), although analyz-
ing a patient’s behavior en route to a solution (such as the 
errors they make) can also help in ascertaining the integrity 
of cognitive processes underlying neuropsychological test 
performance (Kaplan,  1988 ). Error scores derived from 
tests of executive functioning have shown clinical utility by 
improving differential diagnosis even after overall achieve-
ment scores have been taken into account (Carey et al., 
 2008 ; Culbertson et al.,  2004 ; Kramer et al.,  2003 ). In ad-
dition, executive error scores have shown anatomic speci-
fi city in their association with frontal lobe dysfunction 
(Alexander et al.,  2007 ; Carey et al.,  2008 ; Dao-Castellana 

et al.,  1998 ; Stuss et al.,  2001 ) and relationships to real-
world behavior such as problems in goal-directed activities 
(Cahn-Weiner et al.,  2002 ; Lawrence et al.,  2004 ). Despite 
their potential clinical utility, executive errors are rarely in-
corporated into clinical trial assessments and are often 
given little emphasis in the differential diagnosis of neuro-
degenerative disease. One reason may be that the meaning 
of these errors is not well understood from a cognitive or 
neural standpoint. 

 One type of error that has shown particular clinical util-
ity and anatomic specifi city is rule violations (RVs). Tests 
of executive functioning require top-down cognitive con-
trol to direct responses according to task goals (Jurado & 
Rosselli,  2007 ). When this limited-capacity control system 
fails, patients may not only produce fewer correct responses 
(resulting in a lower overall achievement score) but also 
produce more responses that violate test rules. Recently, 
Carey et al. ( 2008 ) demonstrated that RVs made by demen-
tia patients on the Delis–Kaplan Executive Function Sys-
tem Tower Test correlated specifi cally with bilateral frontal 
lobe volumes, whereas overall achievement scores were 
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less specifi c in their anatomic associations and correlated 
with both frontal and parietal brain volumes. Furthermore, 
they found that RVs successfully discriminated diagnostic 
subtypes as patients with frontotemporal dementia (FTD) 
made more RVs than patients with Alzheimer’s disease 
(AD), whereas these patient groups did not differ in terms 
of overall achievement. 

 Previous studies of executive errors either have studied 
one specifi c test error in isolation (Carey et al.,  2008 ) or have 
combined errors into a single composite score (Kramer 
et al.,  2003 ) including repetitions and RVs, which may rep-
resent different types of cognitive failures (Possin et al., 
 2005 ). These approaches make it diffi cult to understand the 
meanings of similar errors made across tests, and so it is 
important that investigations into the associations of error 
scores consider which errors tap shared or distinct constructs. 
In addition, while executive errors have been associated with 
frontal lobe dysfunction, the frontal lobes are functionally 
heterogeneous, and it is not well understood which regions 
within the frontal lobes prevent these errors. 

 The goal of this study was to identify, in a large cohort of 
patients with neurodegenerative disease and neurologically 
healthy individuals, the brain regions where gray matter tis-
sue loss was associated with a propensity to make RVs on 
tests of executive functioning. We used latent variable analy-
sis to determine whether different RV error scores tap a uni-
tary construct separate from repetition errors and to extract 
statistically what is common among RV errors made across 
tests. The extracted RV factor scores were then correlated 
with regional gray matter volumes. We hypothesized that 
RV errors, defi ned for this study as novel responses that vio-
late test rules, tap a different cognitive construct from repeti-
tion errors, which are repetitions of a previously correct 
response. From an anatomical point of view, we hypothe-
sized that RV errors would be associated with decreased 
volume in the lateral prefrontal cortex (PFC), which is 
widely understood to play a critical role in cognitive control 
(Bonelli & Cummings,  2007 ; Courtney,  2004 ; MacDonald 
et al.,  2000 ; Miller,  2000 ).   

 METHOD    

 Subjects 

 Magnetic resonance (MR) images were collected from a 
group of 166 subjects (age range 39–92 years, mean age 66 
years,  SD  = 9) composed of 74 females and 92 males re-
cruited through and evaluated at the University of California 
San Francisco (UCSF) Memory and Aging Center. This 
heterogeneous sample was composed of patients who met 
established research criteria for one of seven diagnoses 
with variable effects on executive functioning (Kramer 
et al.,  2006 ; Phukan et al.,  2007 ; Pillon et al.,  1995 ; 
Stokholm et al.,  2006 ; Wittenberg et al.,  2008 ) and patterns 
of brain atrophy (Boxer et al.,  2006 ; Chang et al.,  2005 ; Pa 
et al.,  in press ; Rabinovici et al.,  2007 ; Rosen et al.,  2002 ). 
Including patients with these different clinical syndromes, 

as well as neurologically healthy controls (NCs), augmented 
the anatomical and behavioral variability of the sample and 
increased the power of the correlation analysis and the va-
lidity of our statistical model. Participants included subjects 
with diagnoses of mild cognitive impairment (MCI,  n  = 59), 
FTD ( n  = 18), AD ( n  = 18), semantic dementia (SD,  n  = 14), 
corticobasal degeneration (CBD,  n  = 10), progressive su-
pranuclear palsy ( n  = 3), amyotrophic lateral sclerosis 
( n  = 3), and NC ( n  = 41). Patients were diagnosed using 
published diagnostic criteria (Brooks et al.,  2000 ; Litvan 
et al.,  1996 ,  2003 ; McKeith,  2006 ; McKhann et al.,  1984 ; 
Neary et al.,  1998 ) after a comprehensive evaluation in-
cluding neurological history and examination, a caregiver 
interview, and a neuropsychological assessment that in-
cluded the Mini Mental State Examination (Folstein et al., 
 1975 ) and tests of memory, executive function, language, 
visuospatial skills, and mood using a previously described 
standard protocol (Kramer et al.,  2003 ). A research diagno-
sis of MCI was based on the following criteria: (1) com-
plaint in one or more cognitive domains (i.e., memory, 
executive function, visuospatial, or language) reported by 
the subject, informant, or clinician; (2) report of a mean-
ingful decline in one or more cognitive domains over a pe-
riod of at least 1 year; (3) report of diffi culty in the cognitive 
domain compared to age- and education-matched peers; (4) 
absence of dementia (American Psychiatric Association, 
 1994 ); and (5) the absence of other factors that could ac-
count for cognitive decline (e.g., major depression, sub-
stance abuse, hypothyroid). Of our MCI patients, 20 were 
classifi ed as the dysexecutive subgroup (Pa et al.,  in press ) 
and 25 met the Petersen criteria for MCI (Petersen et al., 
 1999 ). Demographic and clinical variables are reported in 
 Table 1 . Clinical Dementia Rating (CDR) Scale Scores are 
presented in this table as a measure of functional perfor-
mance applicable to neurodegenerative disease (Morris, 
 1993 ). These scores are based on a semistructured inter-
view of the patient and a reliable informant (e.g., family 
member) and are calculated on a scale from 0 = normal to 
3 = severe dementia.  a   All participants had a high-defi nition 
MR anatomical scan within 90 days of executive function 
assessment.     

 Exclusionary criteria for all subjects included presence of 
other neurological condition affecting behavior or cognition, 
longstanding Axis I psychiatric disorder, metabolic disorder 
or major organ dysfunction, alcohol abuse or dependence 
within 5 years, head trauma (with loss of consciousness for 
more than 30 min), deteriorating cardiovascular disease, or 
prominent white matter disease. Patients with progressive 
nonfl uent aphasia were excluded because these patients 
make errors on cognitive testing due to their language distur-
bance. The study was approved by the UCSF committee on 
human research. All subjects provided written informed con-
sent before participating.   

    a     Twenty-fi ve of the 166 participants were not administered the CDR. 
These were 7 NC, 14 MCI, 2 AD, 1 SD, and 1 CBD.  
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 RV and Repetition Error Assessment 

 An executive functioning assessment was conducted on a 
separate day from the diagnostic evaluation and included the 
Trail Making, Letter Fluency, Design Fluency, and Color–
Word Interference subtests from the Delis–Kaplan Execu-
tive Function System (Delis et al.,  2001 ). Tabulated “RV 
Errors” were Trail Making Failure to Shift Errors, Letter 
Fluency Set-Loss Errors, Design Fluency Set-Loss Errors, 
and Color–Word Interference Uncorrected Errors. These er-
rors were classifi ed as RV errors because they are novel re-
sponses that violate the rules laid out to the examinee at the 
start of each test. Tabulated “Repetition Errors” were Letter 
Fluency Repetitions and Design Fluency Repetitions, which 
are previously emitted responses. The raw numbers of er-
rors, rather than ratios of errors to correct responses, were 
used in the factor analysis. This decision was made based on 
our clinical experience that many patients with poor behav-
ioral monitoring or inhibitory control, who show a propen-
sity to make test errors, also emit a high number of responses 
within the time limit because they do not successfully moni-
tor their accuracy and adjust their response speed accord-
ingly. We did not want to deemphasize the errors made by 
these patients who are impaired in the construct that we were 
trying to measure. Operational defi nitions of the errors can 
be found in  Table 2 . The mean raw numbers of errors made 
by each diagnostic group are presented in  Table 3 , and the 
correlations among the errors are presented in  Table 4 .               

 Neuroimaging Data 

 Magnetic resonance imaging (MRI) scans were obtained on 
a 1.5-T Magnetom VISION system (Siemens, Iselin, NJ) at 
the San Francisco Veteran’s Administration Hospital. A vol-
umetric magnetization-prepared rapid gradient-echo MRI 
(  repetition time, 10 ms; echo time, 4 ms; inversion time, 
300 ms) was used to obtain T1-weighted images of the entire 
brain, 15° fl ip angle, coronal orientation perpendicular to the 
double spin-echo sequence, 1.0 × 1.0 mm in-plane resolu-
tion, and 1.5 mm slab thickness.   

 Voxel-Based Morphometry Preprocessing 

 Voxel-based morphometry (VBM) is a technique for assess-
ing voxel-by-voxel concentrations in brain tissue over the 
entire brain without bias to  a priori  identifi ed structures 
(Ashburner & Friston,  2000 ) and has been used to study the 
neuroanatomical correlates of cognition and behavior in 
many brain disorders including neurodegenerative disease 
(Amici et al.,  2007 ; Rankin et al.,  2006 ; Rosen et al.,  2005   ). 
VBM analysis included two steps: spatial preprocessing 
(normalization, segmentation, Jacobian modulation, and 
smoothing) and statistical analysis. Both steps were 
 implemented in the SPM2 software package (Wellcome De-
partment of Imaging Neuroscience, London;  http://www.fi l.
ion.ucl.ac.uk/spm ) running on Matlab 6.5.1 (MathWorks, 
Natick, MA). 

 Table 1.        Demographic characteristics by diagnostic group                    

      N   Age    Education    Proportion male  MMSE  CDR     

 FTD  18  62.3 (8.9)  16.7 (2.2)  0.78  26.2 (2.7)  1.2 (0.5)   
 AD  18  62.3 (9.1)  16.2 (3.5)  0.67  22.3 (6.4)  0.9 (0.5)   
 PSP/CBD  13  65.3 (7.6)  15.1 (3.5)  0.23  25.3 (4.2)  1.1 (0.7)   
 SD  14  62.7 (7.3)  15.5 (3.2)  0.57  25.1 (3.4)  0.5 (0.3)   
 ALS  3  58.1(11.6)  15.7 (.58)  0.67  29.7 (.58)  0.7 (0.3)   
 MCI  59  69.1 (9.3)  17.8 (2.2)  0.61  28.7 (1.5)  0.5 (0.1)   
 NC  41  65.5 (9.6)  17.2 (2.2)  0.41  29.7 (.68)  0.0 (0.1)   

     Note.      Values represent mean ( SD ). ALS, amyotrophic lateral sclerosis; PSP, progressive supranuclear palsy.    

 Table 2.        Operational defi nitions of RV and repetition errors      

   RV errors   
   Trail Making Failure to Shift Errors : On the Number–Letter Switching Condition, lines drawn between two 
 elements from the same sequence (e.g., 2–3) rather than shifting between a number and a letter (e.g., 2–B).   
   Letter Fluency Set-Loss Errors : Responses not starting with the designated letter, names of people or places, 
 grammatical variants of the same word, numbers, and nonwords.   
   Design Fluency Set-Loss Errors : Responses that violate criterion rules. The most common types are designs that 
 contain more or fewer than four lines on any condition and designs that have a line that does not switch between 
 an empty dot and a fi lled dot on Condition 3: Switching.   
   Color-Word Interference Uncorrected Errors : Any errors made on the Inhibition or the Inhibition/Switching 
 Conditions that were not self-corrected.   
 Repetition errors   
   Letter Fluency Repetition Errors : Any repetition of a previously emitted response within a trial.   
   Design Fluency Repetition Errors : Any repetition of a previously drawn design within a condition.   
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 MR images were preprocessed using an optimized method 
for the spatial normalization and segmentation of gray mat-
ter (Good et al.,  2001b ). All subject images were fi rst spa-
tially normalized and segmented in the Montreal Neurological 
Institute stereotaxic space to create normalized gray, white, 
and cerebrospinal fl uid compartments, which were averaged 
across subjects to create normalization templates (Good et 
al.,  2001b ) and custom prior probability templates for tissue 
classifi cation (Testa et al.,  2004 ). The original images were 
then segmented in native space, and the resultant gray matter 
images were normalized to the study-specifi c gray matter 
template (same normalization parameters). The parameters 
obtained from the latter normalization were then applied 
to the original T1-weighted images, which were segmented 
again after normalization. Gray matter voxel values were 
multiplied by the Jacobian determinants derived from the 
spatial normalization step (Jacobian modulation) to preserve 
the initial volumes (Good et al.,  2001a ). Modulated gray 
matter images were then spatially smoothed with a 12-mm 
full width at half maximum   isotropic Gaussian kernel. 

 A covariate-only statistical model was used to correlate 
the RV factor scores and voxel-wise gray matter volumes 
with all subjects entered as a single group. We accounted for 
global level of atrophy by scaling each image by its total 
gray matter volume because we were interested in showing 
the specifi c regional associations with RVs that could not be 
explained by total gray matter differences. Age and sex were 
entered as nuisance covariates in the fi rst analysis, and Mini  
Mental State Exam (MMSE)   scores were additionally entered 
in the second analysis to correct for global cognitive impair-

ment. The relationship between voxel values and RV scores 
was examined with a −1 t -contrast, assuming that decreased 
tissue content would be associated with an increased number 
of errors, and signifi cance was determined using the theory 
of Gaussian fi elds. We accepted a statistical threshold of  p  < 
.05 and corrected for multiple comparisons by using SPM 
family-wise error (FWE). 

 The same covariate-only statistical model was used to 
 correlate repetition error scores and voxel-wise gray matter 
volumes. Age and sex were entered as nuisance covariates.    

 RESULTS  

 Statistical Analysis of Errors 

 Statistical analyses were performed with SPSS 15.0 for Win-
dows (SPSS Inc., Chicago, IL). A principal components anal-
ysis was performed to test the  a priori  hypothesis that the 
four RV error scores tapped a shared construct separate from 
the two repetition error scores. First, the distributions of data 
collected on the four RV and two repetition error variables 
were examined and prepared for multivariate analysis. 
A square root transformation was performed on all six vari-
ables to reduce positive skew. Five univariate outliers were 
detected using a  z  score cutoff of 3.29 ( p  < .001). These four 
Color–Word Interference and one Letter Fluency Repetition 
scores were unattached to the rest of their distributions and 
were modifi ed to one point higher than the next most extreme 
score (Tabachnick & Fidell,  2001 ). Using Mahalanobis dis-
tance with  p  < .001, one multivariate outlier was identifi ed 

 Table 4.        Correlations among the six error scores                  

     TMFS  CWI  DFSL  LFSL  DFR  LFR     

 TMFS    .39 **   .16 *   .17 *   .08  .05   
 CWI  .49 **     .30 **   .20 **   −.08  .08   
 DFSL  .20 *   .35 **     .18 *   .12  .17 *    
 LFSL  .23 **   .21 **   .24 **     −.01  .27 **    
 DFR  .09  −.002  .08  .001    .17 *    
 LFR  .01  .02  .17 *   .24 **   .12     

     Note.      Correlations among raw error scores are located in the bottom left and among transformed error scores in the top right. CWI, 
Color–Word Interference; DFSL, Design Fluency Set-Loss; DFR, Design Fluency Repetitions; LFR, Letter Fluency Repetitions; LFSL, 
Letter Fluency Set-Loss; TMFS, Trail Making Failure to Shift.  
  *   p  < .05.  
  **   p  < .01.    

 Table 3.        RV factor scores and raw error scores by diagnostic group                    

     FTD  AD  PSP/CBD  SD  ALS  MCI  NC     

 RV factor scores  1.0 (1.3)  .6 (1.2)  .5 (.9)  .0 (1.0)  −.7 (.3)  −.2 (.8)  −.6 (.6)   
 Trailmaking Failure to Shift  2.2 (1.7)  .8 (1.1)  1.4 (1.8)  .6 (.9)  .3 (.6)  .5 (.7)  .2 (.5)   
 Color-Word Interference  14.2 (24.1)  9.3 (10.8)  9.1 (17.4)  3.8 (5.3)  0.0 (0.0)  2.4 (5.5)  1.1 (2.6)   
 Design Fluency Set-Loss  3.3 (3.8)  3.4 (2.6)  3.8 (3.4)  2.9 (5.4)  1.0 (0.0)  2.1 (2.0)  2.0 (2.8)   
 Letter Fluency Set-Loss  1.8 (1.6)  2.3 (3.8)  .7 (.9)  1.6 (1.8)  .7 (1.2)  1.1 (1.8)  .7 (2.6)   
 Design Fluency Repetitions  5.7 (5.5)  1.4 (2.1)  2.2 (2.5)  2.8 (3.5)  2.7 (1.2)  4.1 (5.2)  2.2 (2.4)   
 Letter Fluency Repetitions  1.4 (1.2)  1.7 (1.7)  .9 (.8)  2.3 (1.9)  .3 (.6)  1.9 (1.8)  1.5 (2.0)   

    Values represent mean (s.d.).    
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with a  z  score value of 3.31, and this subject was excluded 
from the analyses (Tabachnick & Fidell,  2001 ).  b   

 Principal components extraction with varimax  c   rotation 
was performed through SPSS FACTOR on the six error mea-
sures for the sample of 166 subjects. The analysis yielded a 
two-component solution with the fi rst component account-
ing for 30% of the variance and the second component ac-
counting for 20% of the variance in the observed variables. 
Component loadings for each of the variables in the rotated 
solution can be seen in  Table 5 . Variables with loadings of 
.45 and above are interpreted (Comrey & Lee,  1992 ). The 
four RV errors were found to load on Component 1, and the 
two repetition errors were found to load on Component 2. 
These fi ndings provided support for our  a priori  hypothesis 
that RV errors tap a shared construct that is independent 
from repetition errors.     

 The principal components analysis was repeated with only 
the RV errors in order to generate factor scores for the neu-
roimaging analyses that would best represent the shared 
variance of these errors made across tests. The analysis 
yielded a one-component solution, accounting for 43% of 
the variance in the observed variables. Component loadings 
can be seen in  Table 6 . Factor scores for this component 
were derived using the regression approach in SPSS FAC-
TOR. RV scores were not signifi cantly correlated with age, 
 r  = −.04,  p  = .60, or total gray matter,  r  = −.12,  p  = .25. The 
scores signifi cantly and negatively correlated with MMSE, 
 r  = −.60,  p  < .01.  Table 3  shows the frequency of RV factor 
scores by patient group. Note that higher scores refl ect a 
greater number of errors made.       

 Neuroimaging Analyses 

 VBM correlation analysis revealed a signifi cant negative 
correlation between RV factor scores and gray matter vol-
umes (less gray matter was associated with more RV errors) 
in the lateral PFC and the caudate nuclei ( Table 7 ). The larg-
est cluster of voxels that correlated with RV scores was in 
the posterior portion of the right inferior frontal gyrus (BA 
44) and extending superiorly into the right middle frontal 
gyrus and posteriorly into the precentral gyrus. A signifi cant 
association was also seen in the anterior portion of the right 
middle frontal gyrus (BA 46), the left inferior and middle 
frontal gyri extending posteriorly into the precentral gyrus 
(BA 44, 9), and in the dorsal caudate head bilaterally and 
extending into the body on the right. To verify whether the 
RV results could be ascribed, in part, to global cognitive ef-
fects, we reran the correlation analysis entering MMSE score 
as a nuisance variable. Only the correlations between the 
factor scores and gray matter volumes in the right inferior 
( x  = 56,  y  = 15,  z  = 25,  Z  score = 4.71) and middle ( x  = 34, 

 y  = 57,  z  = 20,  Z  score = 4.69) frontal gyri were still signifi -
cant at the threshold of  p  < .05, FWE corrected ( Figure 1 ).  d           

 VBM correlation analyses were conducted with the trans-
formed Design Fluency Repetition scores and with the trans-
formed Verbal Fluency Repetition scores. These analyses 
were performed separately because the correlation between 
the repetition scores was small ( r  = .17), and so analyses 
with a combined score could mask different relationships to 
gray matter volume.  e   No signifi cant correlations were ob-
served between Design Fluency Repetition errors and re-
duced gray matter volumes at the threshold of  p  < .05, FWE 
corrected. When we lowered our threshold on an exploratory 
basis to  p  < .001 uncorrected, Design Fluency Repetition er-
rors were associated with reduced gray matter volumes in 
the bilateral anterior cingulate, bilateral medial superior 
frontal gyrus, and right orbitofrontal cortex. The Letter Flu-
ency Repetition errors also did not correlate with reduced 
gray matter volumes at the threshold of  p  < .05, FWE cor-
rected. At  p  < .001 uncorrected, Letter Fluency Repetition 
errors were associated with reduced gray matter volumes in 
the left fusiform gyrus, left parahippocampal gyrus, left hip-
pocampus, and left inferior parietal lobule. Importantly, the 
gray matter correlates of the repetition error scores did not 
overlap with the gray matter correlates of the RV errors, even 
when no correction for multiple comparisons was applied to 
the signifi cance threshold.    

 DISCUSSION 

 In an effort to better understand the meanings of RV errors 
from a neuroanatomical standpoint, we correlated factor 

   b     This subject was also removed from the report of subject characteris-
tics in the Methods.  

   c     The solution did not change if the components were allowed to correlate.  

 Table 5.        Component loadings of the six error scores          

    
 Component 1: 

RVs 
 Component 2: 

repetitions     

 Trail Making Failure to Shift   .70   −.05   
 Color–Word Interference   .82   −.12   
 Design Fluency Set-Loss   .53   .33   
 Letter Fluency Set-Loss   .47   .38   
 Design Fluency Repetitions  −.14   .68    
 Letter Fluency Repetitions  .16   .75    

     Note.      Loadings for scores found to load on each component are represented 
in bold type.    

   d     In order to evaluate whether outliers on the MMSE or the RV factor 
scores may have impacted the results, this analysis was rerun after remov-
ing the four subjects with univariate outliers on one or both of these mea-
sures (using a  z  score cutoff of 3.29). The correlation between the factor 
scores and gray matter volumes in the right middle frontal gyrus was still 
signifi cant at the threshold of  p  < .05, FWE corrected ( x  = 36,  y  = 58,  z  = 19, 
 Z  score = 4.63). The correlation with voxels in the right inferior frontal 
gyrus was no longer signifi cant at FWE correction ( x  = 54,  y  = 17,  z  = 25, 
 Z  score = 4.26) but was highly signifi cant when uncorrected for multiple 
comparisons,  p  < .001. This follow-up analysis indicates that the results 
were not substantially impacted by outlier scores.  

   e     A combined Design and Letter Repetition Error factor score also 
showed no signifi cant correlations with gray matter volume,  p  < .05, FWE 
corrected.   
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scores derived from four types of these errors made across 
tests of executive functioning with voxel-wise gray matter 
volumes in a mixed sample of 166 subjects who had MCI 
or dementia or were neurologically healthy. We found that 
a propensity to make these errors corresponded to reduced 
gray matter volume in the lateral inferior and middle fron-
tal gyri and the caudate nuclei bilaterally. The correlations 
with right lateral PFC remained signifi cant even after 
MMSE scores were included as a covariate in the model, 
suggesting that the relationship between atrophy in this re-
gion and a propensity to make RV errors cannot be ex-
plained by global cognitive impairment. No correlations 
were observed with nonfrontal regions (temporal, parietal, 
or occipital cortex). These results are consistent with previ-
ous fi ndings that executive function test RV errors are as-
sociated with frontal lobe dysfunction (Alexander et al., 
 2007 ; Carey et al.,  2008 ; Cato et al.,  2004 ; Dao-Castellana 
et al.,  1998 ; Stuss et al.,  2001 ) and further demonstrate that 
the right lateral frontal lobe in particular may be critical for 
preventing these errors. Repetition errors were shown to 
tap a different construct from RV errors because they 
loaded independently in the principal components analysis 
and did not correlate with lateral prefrontal or caudate nu-
clei volumes. 

 The present study’s fi ndings highlight the importance of 
the right lateral PFC in behavioral monitoring and suggest 
that the cognitive processes underlying this behavioral mon-
itoring may be multifactorial. On tests of executive function-
ing including the four used in this study, a subject is required 
to maintain the test rules online in working memory, respond 
according to the rules, and inhibit behavior that would violate 
the rules. For example, on the Trail Making Test, the patient 

must remember to shift back and forth between sequencing 
numbers and letters while inhibiting the overlearned ten-
dency to sequence numbers only or letters only. On the 
Color–Word Interference Test, the patient must remember to 
name the color ink that the color name is printed in and also 
inhibit reading the word. On tests of fl uency, the patient must 
remember what types of words to name or what types of 
designs to draw and respond only according to those specifi -
cations. Inhibitory demands are particularly challenged by 
all four of these tests because patients must generate re-
sponses within time constraints. Based on this conceptual-
ization of what is common among these RV errors, these 
errors may result from a breakdown in the maintenance 
of task-relevant information or in the suppression of task-
irrelevant information or responses. Consistent with this in-
terpretation, the right middle and inferior frontal gyri are 
engaged on tasks that use working memory to suppress auto-
matic behavior (Aron et al.,  2004 ; Buchsbaum et al.,  2005 ; 
Simmonds et al.,  2008 ). 

 Working memory and inhibitory control may be interde-
pendent processes that are mediated by the lateral PFC. 
 Lesions involving the middle frontal gyrus have been shown 
to impair both the maintenance of working memory re-
presentations and the suppression of refl exive saccades 
 (Funahashi et al.,  1993 ; Pierrot-Deseilligny et al.,  2003 ). 
Dual-task paradigms have been used to show that when 
working memory demands are increased, we are more sus-
ceptible to the processing of irrelevant information and to 
behavioral interference (Bunge et al.,  2001 ; Hester et al., 
 2004 ; Mitchell et al.,  2002 ). Using functional MRI, de 
Fockert et al. ( 2001 ) showed that performance on a visual 
selective attention task that required subjects to ignore faces 
was impaired when subjects had to maintain a high  versus  
low verbal working memory load during the delay and that 
maintenance of a higher load was associated with greater ac-
tivation of lateral PFC as well as of visual areas involved in 
face processing (Gazzaley et al.,  2005 ,  2007 ). Taken together, 
this body of research suggests that the enhancement of task-
relevant representations in working memory and the sup-
pression of task-irrelevant representations or behavior are 
related processes mediated, in part, by the lateral PFC. There 

 Table 7.        Regions where RV factor scores negatively correlated with gray matter tissue volume in the analysis without 
MMSE entered as a nuisance variable              

   Brain region (BA)   x    y    z    Z  score     

 R inferior frontal gyrus (44)  51  15  25  5.23   
 R precentral gyrus/inferior frontal gyrus (44)  46  9  30  5.11   
 R middle frontal gyrus (44/6)  44  9  40  5.03   
 R middle frontal gyrus (46)  36  58  21  4.59   
 L precentral gyrus/inferior frontal gyrus (44)  −42  11  33  5.28   
 L precentral gyrus/middle frontal gyrus (9)  −45  11  46  4.71   
 R caudate nucleus  11  14  8  4.60   
 L caudate nucleus  −12  15  6  4.62   

     Note.      Voxels are reported in Montreal Neurological Institute coordinates ( x : right–left,  y : anterior–posterior,  z : superior–inferior) and are 
corrected for FWE across the whole brain at a signifi cance level of  p  < .05.    

 Table 6.        Component loadings of the RV scores        

     Component: RVs     

 Trail Making Failure to Shift  .68   
 Color–Word Interference  .78   
 Design Fluency Set-Loss  .53   
 Letter Fluency Set-Loss  .61   
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is also some evidence that the caudate nucleus is important 
for working memory (Possin et al.,  2008 ; Sullivan & Sagar, 
 1991 ), inhibitory attention (Fielding et al., 2006; Filoteo 
et al., 1997; Possin et al., in press)  , and the suppression of 
automatic behavioral responses (Chan et al.,  2005 ; Henik 
et al.,  1993 ), which suggests that the broader lateral prefrontal  -
striatal network may play a role in behavioral monitoring. 

 The present results suggest that atrophy in both the right 
and left lateral PF-striatal networks is associated with a 
propensity to make RV errors, but the most salient effect 
was with the right lateral PFC, which survived a correction 
for global cognitive impairment. While the representation 
of rules in working memory appears to rely on both right 
and left lateral PFC (Courtney,  2004 ; Wallis et al.,  2001 ), 
there is some evidence that the right lateral PFC, particu-
larly involving the inferior frontal gyrus, is dominant when 
the rules must be applied to suppress automatic behavior 
(Aron et al.,  2004 ; Buchsbaum et al.,  2005 ; Chikazoe 
et al.,  2007 ; Clark et al.,  2007 ). Engagement of the frontal 
cortex during the Go/No-go response inhibition paradigm 
differs by studies such that a right-lateralized network is 
activated only when multiple stimulus–response associa-

tions have to be maintained or updated to guide perfor-
mance (Simmonds et al.,  2008 ). Right lateral PFC has also 
been shown to be engaged during the inhibition condition 
(name the color ink, don’t read the word) but not the word 
reading condition of a Stroop task and exclusively during 
the cue condition when the inhibitory rule is updated in 
working memory (Donohue et al.,  2008 ). These studies, 
taken together with the present results, indicate that the 
right lateral PFC may be more engaged than the left when 
working memory for current task rules is necessary to 
guide response inhibition. 

 Patients with neurodegenerative disease or lesions in-
volving the right frontal lobe more frequently violate social 
rules than their counterparts with left frontal lobe damage 
(Mychack et al.,  2001 ; Tranel et al.,  2002 ). Mychack et al. 
( 2001)  showed that 11 out of 12 patients with right-sided 
FTD had aggressive, antisocial, or other socially undesirable 
behavior presenting as an early symptom, while only 2 of 19 
patients with left-sided FTD showed these behaviors. Rosen 
et al. ( 2005 ) examined the neuroanatomical correlates of be-
havioral abnormalities in neurodegenerative disease using 
VBM and found that behavioral abnormalities were associated 

  
 Fig. 1.        Regions of gray matter tissue loss associated with RV factor scores after correcting for MMSE,  p  < .001 uncor-
rected. Arrows point to regions in right inferior frontal gyrus (IFG) and middle frontal gyrus (MFG) that are signifi cant 
with FWE correction.    
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with tissue loss in right PFC involving predominantly medial 
and ventral regions as well as the lateral middle frontal gyrus. 
Behavioral disinhibition had a unique association with the 
right subgenual cingulate gyrus in the ventromedial PFC. 
Taken together with the present study, the right PFC appears 
to be generally involved in the inhibition of behavior that 
violates rules. When following the rules does not rely heav-
ily on working memory but does require an adaptation to 
changing or confl icting reward values, ventromedial PFC is 
engaged (Viskontas et al.,  2007 ). When following the rules 
does rely heavily on working memory because the rules are 
novel, complex, or changing over time, as is the case during 
executive function assessment, the lateral PFC is recruited to 
prevent these errors. 

 A heterogeneous patient sample was selected for this 
study to augment anatomical and behavioral variability and 
increase the validity of our statistical model. The neurode-
generative disease diagnoses selected for this study vary in 
their impact on executive functioning and are associated 
with different patterns of gray matter atrophy. This variabil-
ity increased our power to fi nd a relationship between the 
error measures and gray matter volume. A limitation of 
studying a heterogeneous sample, however, is that the re-
sults may obscure the specifi c cognitive defi cits and neuro-
anatomical correlates in a homogeneous subgroup (Delis 
et al., 2003)  , in which the four measures of RVs might not 
all load on the same component. In addition, it is quite likely 
that the individual error scores manifest heterogeneous un-
derlying mechanisms in addition to a common construct, as 
refl ected by the low-to-moderate correlations among the in-
dividual RV error scores ( Table 4 ). For example, Failure to 
Shift errors on Trail Making may represent a failure to shift 
set, whereas intrusions on fl uency tasks may represent a 
failure to maintain set. If a patient group were impaired in 
set shifting but not set maintenance, then one would expect 
these error types to load on different components. The RV 
factor scores also could have different neuroanatomical cor-
relates within one diagnostic group that is masked by in-
cluding that group in the heterogeneous sample. In order to 
determine whether the relationship we observed holds in 
each of these subgroups, particularly in subgroups without 
prominent lateral prefrontal atrophy, one would need a very 
large sample. 

 Out of the comprehensive battery of tests that were adminis-
tered for diagnostic purposes, MMSE was the best choice as 
a single measure of global cognitive functioning because 
it samples orientation, memory, visuospatial skills, and lan-
guage skills and because it is known to decline with neuro-
degenerative disease progression (Teri et al., 1990; Rascovsky 
et al., 2005)  . The MMSE has limitations for assessing general 
cognition in neurodegenerative disease, however. This mea-
sure places minimal demands on executive functioning (Binetti 
et al., 1996)  . For the purpose of this study, this criticism rep-
resented a strength because we were able to provide some 
correction for global cognition while removing only a mini-
mal amount of meaningful variance associated with our ex-
ecutive function error scores. Another criticism of the MMSE 

is that it is biased toward an assessment of language skills 
(Osher et al., 2007).   This bias may have removed more left-
hemisphere variance than right-hemisphere variance when 
MMSE was entered as a nuisance variable. Thus, while we 
can be most confi dent that the relationship between right lat-
eral PFC and RV errors is independent of global cognitive 
impairment, it is possible that this laterality effect is driven, 
in part, by the MMSE’s language bias. 

 Although rarely emphasized in neuropsychological as-
sessment, the evaluation of error types has shown potential 
for increasing the accuracy of neurodegenerative disease dif-
ferential diagnosis (Carey et al.,  2008 ; Culbertson et al., 
 2004 ; Kramer et al.,  2003 ) and for predicting real-world be-
havior (Cahn-Weiner et al.,  2002 ; Lawrence et al.,  2004 ). We 
found that RV errors elicited across tests of executive func-
tioning were associated with atrophy in the lateral PFC and 
the caudate nucleus bilaterally and were not associated with 
atrophy in posterior cortex. Regions in right middle and in-
ferior frontal gyri, which remained signifi cant after correct-
ing for global cognitive functioning, may be particularly 
critical for using working memory to guide the inhibition of 
automatic responses. The use of RV errors in neuropsycho-
logical assessment may help in identifying patients with 
right lateral PFC dysfunction particularly when their pro-
pensity to make these errors exceeds what would be expected 
by their global cognitive impairment.     
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