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The neuropsychological literature has ident ified declines with 

“normal”  aging that  span mult iple cognit ive domains (e.g., Craik & 

Salthouse, 1992;  Light , 1996;  Woodruff-Pak, 1997) , but  lit t le is known 

about  the et iology of such declines. I t  is possible that  cognit ive losses 

are the result  of changes in a common underly ing mechanism , such as 

declining processing speed ( for a review, see Salthouse, 1996)  or 

inhibitory cont rol (e.g., Hasher & Zacks, 1988) . For example, select ive 

at tent ion to a subset  of a complex environment , act ivat ion of 

appropriate meanings dur ing language and text  comprehension, and 

act ivat ion of appropr iate memories at  encoding and ret r ieval all 

depend on a person's ability to suppress interfering st imuli, 

interpretat ions, and memories, respect ively (see Dempster & Brainerd, 

1995) . As such, cognit ive inhibit ion is receiving part icular ly st rong 

interest  in the developmental literature, at  both ends of the life span, 

as a possible underpinning of developmental changes in cognit ion 

(Bjorklund & Harnishfeger, 1995;  Brainerd & Reyna, 1993;  Dempster, 

1993;  Diamond, 1990;  Hasher & Zacks, 1988) . 

Much evidence of inhibitory decline in aging has come to light  in 

recent  years, although the finding is far from universal (cf. McDowd, 

Oseas-Kreger, & Filion, 1995) . For example, studies show that  older 

adults exper ience more int rusions of task- irrelevant  informat ion (e.g., 

G. Cohen, 1988) , more interference when learning a new task that  

competes with a previously learned response (Kausler & Hakami, 

1982) , and more perseverat ion when learning a new categorical 

response cont ingency (Haaland, Vranes, Goodwin, & Garry, 1987) . 

I ndeed, older humans and nonhuman anim als demonst rate deficits in 

inhibitory funct ion in a number of domains, including comparable 

processing of relevant  and irrelevant  sensory st imuli ( cf. McDowd et  

al., 1995) , decreased latent  inhibit ion (Misanin, Blat t ,  & Hinder liter, 

1985) , reduced or slowed habituat ion (McDowd & Filion, 1992) , and 

increased int rusive thoughts (Hasht roudi, Johnson, & Chrosniak, 

1990) . I n addit ion, in some studies of older adults, it  appears that  

there is increased diff iculty in shift ing set  (Benton, Eslinger, & 

Damasio, 1981;  Leach, Warner, Hotz-Sud, Kaplan, & Freedman, 1991)  

and that  irrelevant  informat ion persists in working memory to compete 

with relevant  informat ion (e.g., Hamm & Hasher, 1992;  Hartm an & 

Hasher, 1991) . Other inhibit ion- related tasks have produced more 

var iable results in elders. Specifically, some studies show increased 

semant ic interference (e.g., the “St roop effect ,”  N. Cohen, Dustman, & 
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Bradford 1984;  Houx, Jolles, & Vreling, 1993;  Panek, Rush, & Slade, 

1984)  and decreased negat ive pr im ing (e.g., Fox, 1995;  McDowd & 

Oseas-Kreger, 1991) , whereas others have found no such declines 

(e.g., Kieley & Hart ley, 1997;  Lit t le & Hart ley, 2000;  Verhaeghen & de 

Meersman, 1998) . 

The variability in f indings of inhibitory funct ion in aging m ight  

result  from differences across tasks. I nhibit ion is often considered an 

“execut ive funct ion”  ( cf. Lezak, 1995) , but  there is cont roversy over 

the unit y or diversity of such funct ions and their neuroanatom ical 

bases (e.g., Duncan, Johnson, Swales, & Freer, 1997;  Miyake, 

Friedman, Emerson, Witzki, & Howerter, 2000;  Teuber, 1972) . For 

example, a recent  study showed that  there are at  least  three 

correlated but  separable “execut ive”  const ructs:  mental task-  or set -

shift ing, informat ion updat ing and monitor ing, and inhibit ion (Miyake 

et  al., 2000) . As such, it  may be that  “ inhibit ion”  is not  a single 

const ruct  and that  aging m ight  affect  var ious inhibit ion subtypes 

different ially.  Sensory and motoric inhibit ion tasks, however, have 

shown fair ly consistent  age- related decline (cf. McDowd et  al. , 1995) . 

The funct ional neuroanatomy of inhibit ion is not  fully 

understood, but  prefrontal areas have been repeatedly implicated 

across task types. For example, inhibit ion deficits have been implicated 

in prefrontal lobe damage in both human and animal models (e.g., 

But ters, But ters, Rosen, & Stein, 1973;  Grafman, 1995;  I verson & 

Mishkin, 1970)  and in frontal lobe-associated clinical syndromes such 

as at tent ion-deficit / hyperact iv ity disorder (Barkley, 1997) , Touret te's 

syndrome (Peterson et  al., 1998) , and obsessive-compulsive disorder 

(Enright  & Beech, 1993) . Furthermore, neuroimaging and 

neuropsychological studies implicate prefrontal lobe funct ion in 

inhibitory cont rol. For example, neuroim aging studies of response 

inhibit ion have revealed cerebral act ivat ion most  consistent ly in vent ral 

and dorsal prefrontal areas, part icular ly in the r ight  hem isphere (e.g., 

Casey, Castellanos, et  al., 1997;  Casey, Trainor, et  al.,  1997;  

Garavan, Ross, & Stein, 1999;  Humberstone et  al. , 1997;  Jonides, 

Sm ith, Marshuetz, Koeppe, & Reuter-Lorenz, 1998;  Kawashim a et  al., 

1996;  Konishi, Nakaj ima, Uchida, Kameyama, et  al. , 1998;  Konishi,  

Nakaj ima, Uchida, Sekihara, & Miyashita, 1998;  Konishi et  al., 1999;  

Sm ith, Jonides, Marshuetz, & Koeppe, 1998;  Tsuj imoto et  al. , 1997) . 
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Many of the cognit ive deficits that  older adults exhibit  are 

associated with the frontal lobes (e.g., McDowd & Oseas-Kreger, 1991;  

Parkin & Walter, 1992) . Consistent  with these findings, aging is 

associated with cort ical volume losses that  are part icular ly notable in 

the frontal cort ices (cf. Kemper, 1994;  Madden & Hoffman, 1997;  Raz, 

2000;  Raz et  al., 1997) . I ndeed, some theories focus exclusively on 

frontal lobe changes to explain age- related cognit ive decline (e.g., 

Arbuckle & Gold, 1993;  Kramer, Humphrey, Lat ish, Logan, & St rayer, 

1994;  Moscovitch & Winocur, 1995;  West , 1996) . 

Neuroimaging techniques could be very useful in clar ify ing and 

explaining age- related effects on cognit ion, but  this literature is very 

small at  present , and the findings across studies are rather 

inconsistent . These inconsistencies probably result  from 

methodological (e.g., task)  differences across studies. However, age-

related act ivat ion differences have been found in posit ron em ission 

computed tomography (PET)  studies of perceptual and memory tasks. 

Frequent ly, these studies were characterized by decreased act ivat ion 

in elders in some regions relat ive to young adults, which was often 

accompanied by increased act ivat ion in other, somet imes 

cont ralateral,  areas (e.g., Backman et  al., 1997;  Cabeza, Anderson, 

Houle, Mangels, & Nyberg, 2000;  Cabeza et  al., 1997;  Grady et  al., 

1995, 1998;  Madden et  al., 1999;  Nagahama et  al.,  1997;  Reuter-

Lorenz et  al. , 2000) . 

I ncreased act ivat ion in elders has typically been associated with 

compensat ion. One view, the recruitment  hypothesis, posits that  

diffuse neuron loss in aging is associated with t ransient  ( i.e., task-

demand associated)  use of addit ional circuit s to aid performance (e.g., 

Cabeza et  al., 1997) . For example, several studies showed more 

bilateral act ivat ion, part icular ly in the frontal lobes, dur ing episodic 

memory ret r ieval and working memory in older adults, which has been 

at t r ibuted to homologous areas that  are recruited to assist  in task 

performance (e.g., Backman et  al.,  1997;  Cabeza et  al., 1997;  Madden 

et  al., 1999;  Reuter-Lorenz et  al. , 2000) . Another view, 

reorganizat ion, posits that  neural decline in aging prompts the 

consistent  use of alternat ive brain circuit ry as a means of 

compensat ion for failing circuit ry (e.g.,  Della-Maggiore et  al., 2000;  

Grady, 1998) . Evidence included decreased act ivat ion in one 

nonfrontal region that  was accompanied by increased act ivat ion in a 
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prefrontal area (e.g., Grady et  al. , 1994) . More important , recruitment  

and reorganizat ion m ay be less dist inguishable than a discussion of 

them as separate “views”  im plies. That  is, “ recruited”  and “alternat ive”  

circuits m ight  be indist inguishable depending on the analyt ic technique 

used, and in some cases they m ight  be one and the same because 

they both can reflect  compensatory act iv ity. 

One important  diff iculty for neuroimaging studies of clinical or 

special populat ions is the potent ial confounding of performance 

differences with act ivat ion differences. I ndeed, this potent ial confound 

complicates interpretat ion of previous aging-neuroimaging studies and 

may cont r ibute to inconsistencies in results among them. The advent  

of event - related procedures, however, can substant ially reduce this 

diff iculty by allowing the removal of error-based cont r ibut ions to 

funct ional maps. That  is, act ivat ion responses collected dur ing error 

t r ials may be quite different  than those collected during correct  t r ials, 

the inclusion of which can effect ively increase “noise”  relat ive to 

“signal”  in analysis. The removal of error t r ials reduces noise, thereby 

effect ively enhancing signal. Thus, although a task may be inherent ly 

more demanding or diff icult  for one group compared with another, 

actual performance differences can be removed and act ivat ion can be 

compared only dur ing performance successes so that  the groups are 

bet ter equated. 

The purpose of this study was to use the specificity and spat ial 

and temporal resolut ion afforded by event - related fMRI  to evaluate the 

funct ional neuroanatomy of inhibitory cont rol in adults ranging from 

young to elder ly, with performance factors cont rolled. The art icle is 

presented in two parts, with analysis of all part icipants (aged 18 to 78 

years)  in Part  1 to examine age effects and analysis of j ust  a subset  of 

older part icipants in Part  2 to separately examine age and 

performance factors. 

Part  1 : Part icipants Aged 1 8  to 7 8  
 

A response inhibit ion, or condit ional go/ no-go, task developed 

for use with fMRI  (Garavan et  al. , 1999)  was used to evaluate the 

funct ional neuroanatomy of inhibitory cont rol in four age-associated 

groups of healthy, well-educated adults. Based on the cognit ive aging 
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literature, slower and less accurate performance on the task was 

expected in older relat ive to younger groups (cf. McDowd et  al. , 1995) . 

I n addit ion, all groups were expected to demonst rate predominant ly 

r ight  hem isphere prefrontal and par ietal act ivat ion dur ing successful 

inhibit ions ( “no-go” ;  e.g., Garavan et  al. , 1999;  Konishi, Nakaj ima, 

Uchida, Kameyama, et  al., 1998;  Konishi et  al., 1999) , and older 

groups were expected to exhibit  addit ional diffuse act ivat ion, 

part icular ly in prefrontal regions (e.g., Cabeza et  al., 1997;  Grady et  

al., 1994;  Madden et  al., 1997) . Thus, the results were expected to 

support  the recruitment  hypothesis. Finally, it  was predicted that  

response to targets ( “go” )  would elicit  act ivat ion areas that  are dist inct  

from those for no-go st imuli, predom inant ly in motor and premotor 

regions, with relat ively comparable act ivat ion in the age groups 

(because there was no basis for predict ion of specific differences) . 

Method 

Part icipants 

Thirty- four part icipants who spanned the adult  age range (18–

78 years;  20 women, 14 men)  part icipated in this exper iment . 

Part icipants were recruited from local colleges and universit ies, 

through newspaper advert isements, and from a university ret irees 

group. Some part icipants were paid $10 per hour for their part icipat ion 

in the study. All part icipants were predom inant ly r ight  handed;  they 

were free of medicat ions, alcohol, drugs, and medical condit ions that  

could impact  on performance or funct ional imaging;  they fasted 

(except  water)  for at  least  2 hr pr ior to imaging;  and they were free of 

significant  history of or present  neurological and psychological 

condit ions. Visual acuit y was corrected, as necessary, to match to 

prescript ion lenses, or to at  least  20/ 40. Part icipants aged 50 and over 

were screened with the Mini-Mental State Exam (MMSE;  scores above 

26, M =  28.6, SD =  1.5;  Folstein, Folstein, & McHugh, 1975)  and the 

Geriat r ic Depression Scale (scores below 10, M =  2.9, SD =  3.1;  

Sheikh & Yesavage, 1986) . 

Part icipants were div ided into four groups based on age:  a 

young adult  group (18–31 years, M =  25.5;  4 women, 6 men) , a 

m iddle adult  group (33–55 years, M =  43.3;  4 women, 3 men) , a 
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young elder ly group (62–72 years, M =  68.9;  8 women, 1 man) , and 

an elder ly group (73–78 years, M =  75.1;  4 women, 4 men) . The 

groups differed significant ly in number of years of educat ion, with 

educat ion increasing with age, F(3, 30)  =  5.54, p ≤ .004; mean (± 
SD)  =  15.5 (1.8) , 17.1 (2.0) , 16.9 (2.2) , 19.3 (1.8)  for young, m iddle 

adult , young elder ly, and elder ly, respect ively. Post  hoc analysis 

determ ined that  the elder ly group had significant ly more educat ion 

than did each of the other three groups (Tukey's honest ly significant  

difference [ HSD] , p ≤ .05). Recruitment from a university-affiliated 

ret irement  group was done to bet ter equate young with old in 

educat ion, although somewhat  the opposite ext reme was achieved. 

However, this was expected to have lit t le impact  on the study because 

declines in older adult s could be confounded with a lack of educat ion 

but  not  confounded with advanced educat ion. 

Materials 

The response inhibit ion task (see Figure 1)  has been used 

previously as a measure of motoric inhibit ion for event- related fMRI  

(Garavan et  al.,  1999) . A st ream of let ters was presented serially at  

500-ms intervals with an interst imulus interval of 0 ms. Part icipants 

were required to press a but ton whenever specific let ters (X or Y)  were 

presented. Following two t raining and pract ice runs with 75 targets 

( i.e.,  for pract ice and to develop a prepotent  response to the targets) , 

a second rule was added that  st ipulated response only to alternat ing 

target  let ters (e.g., X,  Y, X) , thereby requir ing inhibit ion of response to 

repeated target  let ters (e.g., X, X) . For example, if the last  let ter to 

which a part icipant  m ade a response was an X, then a response was 

only to be made to a Y, inhibit ing a response to any Xs ( “ lures” )  that  

occurred in the inter im . This differs somewhat  from standard go/ no-go 

tasks in that  there is no consistent  st imulus–response mapping (e.g., 

green =  go, red =  no-go) , but  as such, the current  task maxim izes 

response prepotency. I n addit ion, although there is a working m emory 

component  to the task ( i.e., “ 1-back” ) , there is no need to update 

working memory dur ing lure presentat ion, thereby separat ing the 

working memory load and response inhibit ion components of the task. 
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Figure 1 . Response inhibit ion task. Let ters were presented serially in black 
on a white background, one every 500 m s with 0-m s interst im ulus interval. 
The task required part icipants to respond with a but ton press to the target  
let ters X and Y in alternat ion. Nonalternat ing presentat ions of the let ter  X or Y 
( i.e., “ lure” )  required withholding, or inhibit ing, a response 

One pract ice run with lures occurred prior to scanning. (Some 

older part icipants elected to do two pract ice runs.)  I nhibit ing 

responses to these lures was required on average every 20 s. Valid 

targets were presented on average every 3.5 s. A m inimum of 30 

let ters (15 s)  were presented between lures. During imaging, 

part icipants completed four runs (250 let ters in each)  that  contained a 

total of 150 correct  targets and 25 lures (of 1,000 total let ters) . The 

proport ion of correct  targets (six t imes as many targets as lures)  was 

designed to be relat ively high to maintain the prepotency of the 

response to the target  let ters. 

I m aging parameters 

Funct ional and anatom ical brain imaging was conducted using a 

1.5T GE Signa scanner equipped with a 30.5-cm i.d. 3-axis local 

gradient  coil and an endcapped quadrature birdcage radio- frequency 

head-coil (Wong, Buskamp, & Hyde, 1992) . Anatom ic images (high-

resolut ion spoiled GRASS)  were acquired prior to funct ional imaging to 

enable subsequent  anatom ical localizat ion of funct ional act ivat ion. 

Cont iguous 7-mm sagit tal slices that  covered the ent ire brain were 

collected using a blipped gradient  echo, echo-planar pulse sequence 

(TE =  40 ms;  TR =  2000;  FOV =  24 cm;  64 ×  64 matr ix;  3.75 ×  3.75 

in-plane resolut ion) . Soft  foam padding was used to lim it  head 

movements, and earplugs were used for hearing protect ion. Pr ism 
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glasses (with correct ion, as necessary)  were used to view the task, 

which was back projected on a screen at  the part icipant 's feet . 

Analyses of fMRI  data 

All data processing was conducted with the software package 

AFNI  (Cox, 1996) . I n-plane mot ion correct ion and edge detect ion 

algor ithms were applied first  to correct  for m inor head movements. 

The fMRI  images were then viewed cinemat ically ( i.e.,  rapidly in 

series)  to detect  and then remove part icipants with uncorrectable head 

movements. Trials in which part icipants were unsuccessful in detect ing 

targets or inhibit ing a response to lures were om it ted from  further 

analysis. 

A deconvolut ion procedure was used to separately ident ify lure 

and target  waveforms. I mportant ly, event - related designs do not  

require a separate cont rol condit ion as a “baseline”  because baseline 

can be computed based on the port ion(s)  of the ent ire t ime-series 

where there is an absolute absence of events, the remainder of the 

t ime ser ies being considered baseline plus the events or parts of the 

events. The deconvolut ion model includes both intercept  and slope 

parameters, whereby the intercept  parameter represents the baseline 

component  of the t im e series. The indiv idual impulse- response 

funct ions that  are derived for the deconvolut ion were each modeled 

using a nonlinear regression (NLR)  procedure (Ward et  al. , 1998) . 

Each voxel was modeled with the gamma-variate funct ion, y  =  k( t  − 
t0) re−(t−t0) / bu( t  − t0) , where u is the step funct ion such that   

 

This funct ion has been shown to be a good model of the hemodynamic 

response (Aguirre, Zarahn, & D'Esposito, 1998;  M. Cohen, 1997) . The 

model parameters k , r , b, and t0 were allowed to vary around those 

found by M. Cohen (1997) , and the onset  t imes were const rained to 

occur within 4 s of lure events, to allow for the large inter-  and 

int rasubject  var iabilit y of the hemodynam ic response (Aguirre et  al., 

1998) . For the NLR procedure, 1,000 random start ing values of the 

model parameters were chosen within their  respect ive ranges. For the 
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10 start ing vectors with the smallest  sum-squares error (SSE) , the 

values of the parameters were opt im ized using the simplex algor ithm, 

with the result ing fit  with the m inimum  SSE kept . From this f it , the 

area under the curve was calculated and, expressed as a percentage of 

the area under the baseline, was used in subsequent  stat ist ical 

analyses. 

The NLR procedure thus achieved the best - fit t ing funct ion for 

each voxel t ime-series within the parameters of a typical 

hemodynamic waveform. This general procedure has been used 

successfully in an event - related study with a gamma-var iate model 

(Garavan et  al.,  1999)  and in an emot ion study that  was using a beta-

var iate model (Garavan et  al., 2000) . The use of this technique is also 

supported by our recent  f inding of no differences in the model 

parameters between young and older adult s with this task (except  in 

regional magnitudes;  Nielson, Garavan, Langenecker, Stein, & Rao, 

2001) , which is consistent  with the findings of D'Esposito, Zarahn, 

Aguirre, and Rypma (1999) . The area under the fit  was converted to a 

percentage area-under- the-curve (% AUC)  using the baseline from the 

deconvolut ion. The % AUC maps were converted to the standard 

stereotaxic coordinate system of Talairach and Tournoux (1988) . 

I mages were spat ially blurred using a 4.2-mm full-width-at -half-

maximum isot ropic Gaussian filter.  

For lure and target  analyses, one-sample t  tests were performed 

for each separate part icipant  group, on a voxel-by-voxel basis, 

using % AUC. A Monte Car lo random izat ion procedure was used to 

ident ify the probabilit y of obtaining erroneous act ivat ion clusters. This 

procedure generates voxels at  a rate equal to the significance criter ion 

specified, proport ional to the total number of voxels in the dataset , 

and calculates a cluster size that  corresponds to the t rue false-posit ive 

rate for these condit ions. Using 1,000 iterat ions, a false posit ive 

cluster probability of .001 was achieved with a m inimum  cluster size of 

109 mm 3. This stat ist ical threshold, for example, t (8)  =  5.04, p 

≤ .001, in combination with the 109-mm 3 m inimum cluster cr iter ion, 

was then applied to all voxels in the real data. The advantages of 

combining a voxel-based threshold with a m inimum cluster size have 

been described elsewhere (e.g., Forman et  al., 1995;  Ward et  al., 

1998) . When the results of this procedure were viewed, a single, 

ext remely large left  motor cortex cluster that  was associated with the 
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target  response analysis resulted, which encompassed much of the 

precent ral and postcent ral gyr i. Presumably, this act ivat ion reflects the 

target  motor response, and its large size reflects the greater power of 

this analysis than the analysis for lures ( i.e., there were six t imes as 

many targets as lures within the t ime-series) . As such, a more 

st r ingent  threshold ( t  =  6.62, p ≤ .0003) was applied to the target 
data to bet ter detect  dist inct  clusters of act ivat ion in different  

anatom ical locat ions. 

Significant ly, act ive areas for each of the four age groups were 

combined, separately for targets and lures, such that  all significant  

clusters, from any group, were used as regions of interest  (ROI ) . Each 

part icipant 's average % AUC in each ROI  cluster was determ ined. 

These % AUC values were then used in separate analysis of var iance 

(ANOVA)  procedures, with a p ≤ .01 threshold for significance, to 

determ ine differences among the four age groups. 

Behavioral analyses 

An ANOVA was used to evaluate group differences in percentage 

of correct  successful inhibit ions, percentage of correct  valid target  

responses (correct  response within 1 s of target  presentat ion) , and 

averaged response t imes to targets. Correlat ions were computed 

between behavioral performance indices and average cluster % AUC 

values as confirmatory, post  hoc analyses. As such, no correct ion 

factor was used;  these analyses were held to a significance criter ion of 

p ≤ .05. 

Results 

Behavioral analyses 

Group stat ist ics for performance on the response inhibit ion task 

are presented in Table 1. There was a significant  difference among the 

groups in react ion t im e, F(3, 30)  =  3.01, p ≤ .045, where post hoc 
analysis revealed that  the elder ly group was significant ly slower than 

was the young group (Tukey's HSD, p ≤ .01; all others, p ≥ .08). 
There was no significant  effect  of group on percentage of correct  

targets, F(3, 30)  =  2.1, p ≥ .13, or percentage of successful 
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inhibit ions, F(3, 30)  =  2.27, p ≥ .10. Although the groups did not 
significant ly differ in inhibitory performance, a t rend toward decline 

with age was evident  (see Table 1) . A correlat ional analysis confirmed 

this, revealing a negat ive relat ionship between percentage of correct  

inhibit ions and age ( r  = −.435, p ≤ .01). Furthermore, it was notable 
that  only in part icipants over the age of 50 was inhibitory performance 

≤80% correct (≤80% correct in young: 0 of 10; middle adult: 2 of 7; 
young elder ly:  5 of 9;  elder ly:  4 of 8) . Overall, the scores ranged from 

28%  correct  inhibit ions (7 of 25 t r ials;  2 part icipants, 1 each in the 

m iddle adult  and elderly groups)  to 100%  correct . 

 

Descript ive Stat ist ics for the Response I nhibit ion Task in Each Group 

Funct ional act ivat ion to response inhibit ion ( lures)  

I n each part icipant  group, act ivat ion dur ing successful inhibit ion 

involved a dist r ibuted network of regions that  was comparable to what  

has been described previously for young adults (e.g., Garavan et  al., 

1999) . Right  prefrontal and par ietal regions were most  common in 

each group, as well as left  frontal regions in some groups. Forty- three 

clusters, all those that  met  cr iter ia for significant  act ivat ion in at  least  

one group, were compared between-groups (see Table 2) . Significant  

group differences were found in the left  m iddle and infer ior gyr i,  

presupplementary motor area (pre-SMA) , left  putamen, bilateral 

caudate, thalamus, r ight  m iddle frontal gyrus, and r ight  fusiform  

gyrus. Post  hoc analyses revealed two clusters, in the r ight  m iddle 

frontal and fusiform  gyr i, which were more act ive in the young group 

than in others. Several st r iatal–thalam ic clusters were significant ly less 

act ive in the m iddle adult  group relat ive to other groups. However, 

most  of the significant  differences were at t r ibutable to greater 

act ivat ion in the elder ly group relat ive to other groups, part icular ly in 

one r ight  m iddle frontal gyrus cluster and in mult iple left  frontal 
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clusters (see Figure 2a) . 
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Clusters of Significant  Act ivat ion Associated With Response I nhibit ion (No-Go)  in Any 
of the Four Part icipant  Groups, With Between-Groups Analysis Results 

 

 

Figure 2 . Coronal sect ions showing sim ilar it ies and differences in act ivat ion in Part  1 
am ong the part icipant  groups during successful inhibit ion (no-go;  a)  and response to 
targets (go;  b)  and in Part  2 between the two part icipant  groups for successful 
inhibit ion (c) . The colorat ion shows clusters of significant  act ivat ion that  were 
equivalent  in the groups (green) , significant ly greater for elderly part icipants than 
other groups ( red) , significant ly greater for young than other groups (blue) , and 
significant ly reduced ( in a)  or greater ( in b)  in m iddle adults than other groups 
(violet ) . Sect ions are in standard radiological or ientat ion ( i.e., r ight  is left )  and are 10 
m m  apart  beginning at  32 m m  anterior ( relat ive to the anterior com missure)  in Panels 
(a)  and (c)  and 24 m m  anterior in panel (b)  

Pearson correlat ions of lure cluster act ivat ion (% AUC)  with task 

performance variables revealed associat ions between r ight  par ietal 

act ivat ion and bet ter inhibit ion performance (clusters denoted by 

https://doi.org/10.1037/0882-7974.17.1.56
http://epublications.marquette.edu/


NOT THE PUBLISHED VERSION; this is the author’s final, peer-reviewed manuscript. The published version may be 

accessed by following the link in the citation at the bottom of the page. 

Psychology and Aging, Vol 17, No. 1 (March 2002): pg. 56-71. DOI. This article is © American Psychological Association 

and permission has been granted for this version to appear in e-Publications@Marquette. American Psychological 

Association does not grant permission for this article to be further copied/distributed or hosted elsewhere without the 

express permission from American Psychological Association. 

15 

 

Brodmann area here are also indicated in Table 2 by §;  rarea19 

=  .439, p ≤ .009; rarea40 =  .378, p ≤ .03) as well as better target 
performance ( rarea40 =  .607, p ≤ .001) and faster target reaction 
t ime ( rarea40 = −.437, p ≤ .01). Increased activation in left middle 
frontal gyrus, which was greater in older than in younger part icipants, 

was associated with slowed react ion t ime to targets, rarea44 =  .479, p 

≤ .004. 

Funct ional act ivat ion to target  response 

I n each part icipant  group, act ivat ion dur ing response to targets 
involved a dist r ibuted network of motor regions. Left  frontal (e.g., 
precent ral gyrus and SMA proper) , parietal, and basal ganglia regions 
(note that  part icipants were r ight  handed)  were apparent  in each 
group. I t  is notable that  a different  threshold for act ivat ion clusters 
was used for the target  data than for the lure data to see more specific 
regional act ivat ion in response to targets (see Method) . This change in 
threshold did not  alter the funct ional map. That  is, it  provided m ore 
discrete regional act ivat ion clusters than it  provided with the or iginal 
threshold, which provided a single, large cluster encompassing most  of 
the left  precent ral and postcent ral gyr i. More anterior frontal act ivat ion 
was not  found using either threshold. Table 3 displays the clusters that  
were significant ly act ive in at  least  one group as well as the between-
groups analysis result s. The young group exhibited greater act ivat ion 
than did the older groups, predominant ly in basal ganglia and thalam ic 
regions, as well as in the r ight  cingulate and left  fusiform  areas ( see 
Figure 2b) . There was also a t rend toward greater act ivat ion in left  
precent ral gyrus in the young (see Table 3) . 
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Clusters of Significant  Act ivat ion Associated With Target  Response (Go)  in Any of the 
Four Part icipant  Groups, With Between-Group Analysis Results 

Target  cluster act ivat ion (% AUC)  correlat ions with task 

performance variables revealed some interest ing relat ionships. Bet ter 

target  performance was associated with increased act ivat ion in the left  

fusiform  gyrus ( r  =  .451, p ≤ .007) and left caudate, (r  =  .459, p 

≤ .006), with a trend also for the left ventral posterior lateral thalamus 
( r  =  .350, p ≤ .05) and left putamen (r  =  .342, p ≤ .05). Faster 
react ion t ime was associated with increased left  fusiform  ( r  = −.452, p 

≤ .01) and left inferior occiptal/temporal areas (Brodmann area 18/19; 
r  = −.475, p ≤ .004), with a trend also with increased left caudate 
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act ivat ion ( r  = −.386, p ≤ .02) and decreased left cingulate activation 
( r  =  .407, p ≤ .02). The specif ic clusters bearing these relat ionships 

are indicated in Table 3 by §. 

Discussion 

The results of Part  1 showed that  older part icipants had 

generally slower react ion t ime and poorer inhibit ion performance than 

did younger part icipants. This finding is consistent  with some cognit ive 

studies suggest ing that  inhibitory ability declines with age (see Hasher 

& Zacks, 1988;  McDowd et  al., 1995;  Moscovitch & Winocur, 1995) . 

As predicted from previous go/ no-go task research (e.g., Casey, 

Castellanos, et  al. , 1997;  Casey, Trainor, et  al., 1997;  Garavan et  al., 

1999;  Humberstone et  al., 1997;  Konishi, Nakaj ima, Uchida, 

Kameyama, et  al.,  1998;  Konishi, Nakaj ima, Uchida, Sekihara, et  al., 

1998;  Konishi et  al.,  1999) , funct ional act ivat ion associated with 

successful inhibit ion was predominant ly r ight  lateralized and focused in 

prefrontal (e.g., m iddle and infer ior frontal gyr i and pre-SMA)  and 

parietal regions. I mportant ly, act ivat ion associated with response to 

targets was dist inguishable from that  for inhibit ion, involving an 

ant icipated motor circuit  that  included left  precent ral gyrus and SMA 

proper, r ight  cerebellum, bilateral par ietal,  and left  basal ganglia and 

thalamus. These findings are comparable with those described 

previously with this task (e.g., Garavan et  al., 1999) . There were only 

a few between-group differences in target  response act ivat ion. 

Younger part icipants had greater act ivat ion than did older groups in 

some basal ganglia, thalamus, left  fusiform , and bilateral cingulate 

regions. I n addit ion, fast  react ion t ime and accuracy were associated 

with greater fusiform  and basal ganglia act ivat ion and with less 

cingulate act ivat ion. I t  should be ment ioned that  some researchers 

have suggested caut ion in interpretat ion of age- related act ivat ion 

differences when elders exhibit  reduced act ivat ion relat ive to younger 

adults because of greater int ravoxel noise- to-signal rat io (D'Esposito, 

Zarahn, et  al. , 1999) . However, this potent ial problem is somewhat  

m inim ized by the analysis technique used in this study, which analyzed 

only correct ly performed t r ials and ident if ied regional (voxel-wise)  

act ivat ion in each group separately pr ior to any combined analysis. 

Error t r ials can decrease the signal- to-noise rat io of an analysis. I n 
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addit ion, combined analyses in which the act ivat ion map is determ ined 

on all subjects simultaneously can disadvantage older adults in terms 

of signal power because young adults, who typically perform  bet ter, 

have more (correct)  t r ials included in the analyses. Although elders 

may st ill have lower signal- to-noise rat ios than young adults do, the 

procedures used here at  least  m inim ize the sources of the effect . 

The pat tern of group differences in act ivat ion was quite different  

for inhibit ion. Dur ing successful inhibit ion, only two regions showed 

greater act ivat ion in the youngest  group than in older groups. These 

were in the r ight  m iddle frontal gyrus (Brodmann area 46/ 9)  and in 

the r ight  fusiform  gyrus. The r ight  m iddle frontal gyrus region, along 

with several of the other clusters, is consistent  with an area other 

researchers have found important  in response inhibit ion and go/ no-go 

tasks (e.g., Garavan et  al., 1999;  Konishi, Nakaj ima, Uchida, Sekihara, 

et  al., 1998) . I ndeed, Casey, Trainor, et  al.  (1997)  reported that  when 

comparing children and adults on inhibitory performance, the m iddle 

frontal gyrus was the only region where the volume of act ivat ion was 

significant ly correlated with age. They suggested that  this area is 

cent ral to the development  of inhibitory abilit y. Although most  of the 

clusters in r ight  m iddle frontal gyrus were comparable in act ivat ion 

among the groups, the apparent  age- related decrease in this cluster 

during successful inhibit ion could be an indicator of funct ional decline 

in inhibit ion. 

The r ight  fusiform  also had greater act ivat ion during inhibit ion in 

the young than it  had in older groups. Fusiform  act ivat ion has been 

observed in other neuroimaging and neurophysiology studies using 

response inhibit ion and go/ no-go tasks, but  lit t le interpretat ion of it  

has been given (e.g.,  Garavan et  al. , 1999;  Kiehl, Kiddle, & Hopfinger, 

2000;  Tsuj imoto et  al., 1997) . Fusiform  gyrus has been linked with 

face processing, color  percept ion, expert ise, and visual at tent ion (e.g., 

Allison, McCarthy, Nobre, Puce, & Belger, 1994) . One fMRI  study of 

visuomotor at tent ional set -shift ing, sim ilar to a go/ no-go task, 

reported act ivat ion in left  m iddle frontal gyrus, bilateral inferior frontal 

gyr i, and left  fusiform  gyrus (Omori et  al. , 1999) . The authors 

suggested that  the fusiform  act ivat ion reflected an at tent ional demand 

for v isual processing in light  of a motor select ion rule, which was also 

required by our task. The results of Omori et  al. are sim ilar  to ours, 

which suggests that  fusiform  act ivat ion in our data may reflect  visuo-
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motor at tent ional demands. Greater act ivat ion in this region in young 

relat ive to older part icipants could suggest  greater diff iculty for elders 

in meet ing this demand. 

I n cont rast  to the two regions with greater act ivat ion in young, 

the majority of group differences in inhibit ion act ivat ion involved 

greater act ivat ion in elder ly part icipants relat ive to others. Most  of 

these regions were in left  prefrontal clusters (e.g., Brodmann areas 6, 

44, 45) . The increased left  prefrontal act ivat ion in older adults that  has 

been reported in PET studies of perceptual and memory tasks has 

been interpreted as compensatory (e.g., Cabeza et  al., 1997;  Grady et  

al., 1994;  Madden et  al., 1997) . Our data support  such a conclusion. 

That  is, because the older adults have more diff iculty with the task, 

their comparable (and in one case reduced)  act ivat ion in r ight  

prefrontal clusters during successful inhibit ion is accompanied by the 

recruitment  of left  prefrontal regions to complete the task successfully. 

I ndeed, slower react ion t ime, which m ight  reflect  increased diff icult y 

with the task and therefore a greater requirement  for funct ional 

recruitment , was associated with increased act ivat ion in one left  

prefrontal cluster (Brodmann area 44;  Broca's area) . This relat ionship 

could also be a result  of greater use of subvocal rehearsal of the 

previous target  compared with the current  target  ( i.e., lure)  in older 

adults. This finding conflicts with that  of Rypma and D'Esposito (2000) , 

who reported a negat ive associat ion between prefrontal act ivat ion and 

react ion t ime in elders, and instead is consistent  with their  result s of a 

posit ive associat ion in younger adults. The difference m ight  simply 

reflect  task or regional differences, because neither is direct ly 

comparable between studies. 

The last  region with greater elder ly act ivat ion than in other 

groups was in Brodm ann area 6 in the r ight  hem isphere, a region 

funct ionally defined as pre-SMA (e.g., Picard & St r ick, 1996;  Vorobiev, 

Bovoni, Rizzolat t i, Metelli, & Luppino, 1998) . As dist inct  from SMA 

proper, pre-SMA has been ident if ied as cr it ical for response inhibit ion 

(Garavan et  al.,  1999;  Humberstone et  al.,  1997) . Addit ional evidence 

of the im portance of pre-SMA for response inhibit ion comes from a 

person with a bilateral (but  pr imar ily r ight  hem isphere)  tumor in this 

region, who had select ive, severe inhibitory deficits on a go/ no-go task 

and impaired Trail-Making-B performance unt il the tumor was removed 

(Leimkuhler & Mesulam, 1985) . I n the present  study, there were 
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several regions of act ivat ion in both the r ight  and left  hem ispheres 

that  could be characterized as pre-SMA, with only the one cluster 

differ ing between the groups. Sim ilar to the relat ive increase in left  

prefrontal act ivat ion in elder ly part icipants, their increased r ight  pre-

SMA act ivat ion is suggest ive of compensat ion. 

There were several group differences in basal ganglia and 

pulvinar clusters, all of which involved decreased act ivat ion in the 

m iddle adult  group relat ive to other groups. The reason for this 

difference is unclear, part icular ly because this age group is relat ively 

unstudied. Parkinson's disease, which affects the basal ganglia and 

usually onsets in m iddle adulthood, could lead to decreased basal 

ganglia act ivat ion, but  the part icipants in the present  sample had no 

indicat ions of degenerat ive disease. Further study of this f inding is 

warranted. 

Part  2 : Part icipants Aged 5 0  and Over  

 

Part  1 revealed age- related differences in funct ional 

neuroanatomy of response inhibit ion. I mportant ly, inhibit ion 

performance on the task did not  drop below 80%  unt il age 50, and 

act ivat ion differences, also most  notable after this age, were 

characterized by greater left  prefrontal act ivat ion. Because the 

experiment  was event  related and analysis included only successfully 

inhibited t r ials, it  could be concluded that  the group differences were 

specifically age related rather than perform ance related. However, 

because there were older part icipants who performed quite well on the 

task, as well as those who performed more poorly ( in cont rast  with 

younger part icipants who all performed well) ,  a further analysis that  

at tempted to separate age and performance effects was pursued. The 

part icipants aged 50 and over ( from Part  1)  were organized into two 

separate age groups. Both groups contained roughly equal numbers of 

“good”  and “poor”  performers. The data were reanalyzed based on 

median split  ( v ia age, performance)  groupings to determ ine the 

relat ive cont r ibut ions of age and performance to the funct ional 

neuroanatomy of inhibit ion. The older group was expected to exhibit  

comparable r ight  prefrontal and par ietal act ivat ion compared with the 

younger group as well as to exhibit  greater left  prefrontal act ivat ion 
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than younger elders exhibited. There was no firm  basis on which to 

predict  the effects of performance group. 

Method 

Part icipants 

Twenty part icipants from Part  1 (aged 50 to 78 years;  14 

women;  6 men)  were included in Part  2, by including all from both the 

elder ly and young elderly groups and a median split  of those in the 

m iddle adult  group ( i.e., the 3 eldest  of 7) . The part icipants were 

subdivided into one of two groups by a median split  on age (median =  

71.5 years;  young-old =  10 adults aged 50 to 71 years;  old-old =  10 

adults aged 72 to 78 years) . Table 4 presents the cell sizes and 

demographic data for these groupings. The young-old group (8 

women, 2 men)  and the old-old group (6 women, 4 men)  differed in 

age, t(18) = −4.2, p ≤ .001, but did not differ on the MMSE, t (18)  

=  .82, p ≥ .10, education, t(18) = −.89, p ≥ .10, percentage of 
correct  inhibit ions, t(18) = −.08, p ≥ .10, percentage of correct 
responses to targets, t (18)  =  1.06, p ≥ .10, or average reaction t ime 

to targets, t(18) = −.79, p ≥ .10. 
 

Group Dem ographic and Perform ance Data for Part  2 

Whereas task performance was equivalent  between groups, 

within each age group there were those with relat ively good and those 

with relat ively poor task performance. As such, the age groups were 

subdivided for post  hoc analyses also by inhibit ion performance based 

on a median split  of overall inhibit ion performance. The median score 

was 78% . Thus, good performers were those with five or fewer errors 

of commission (> 78%  correct , n =  10) , and poor performers were 

https://doi.org/10.1037/0882-7974.17.1.56
http://epublications.marquette.edu/
http://0-web.a.ebscohost.com.libus.csd.mu.edu/ehost/detail/detail?vid=5&sid=87d26cff-da75-41c9-9249-3968ddf4be18%40sessionmgr4010&bdata=JnNpdGU9ZWhvc3QtbGl2ZQ%3d%3d#tbl4


NOT THE PUBLISHED VERSION; this is the author’s final, peer-reviewed manuscript. The published version may be 

accessed by following the link in the citation at the bottom of the page. 

Psychology and Aging, Vol 17, No. 1 (March 2002): pg. 56-71. DOI. This article is © American Psychological Association 

and permission has been granted for this version to appear in e-Publications@Marquette. American Psychological 

Association does not grant permission for this article to be further copied/distributed or hosted elsewhere without the 

express permission from American Psychological Association. 

22 

 

those with six or more errors (< 78%  correct ) . These dist inct ions are 

shown in Table 4. A factorial ANOVA 2 (age group)  ×  2 (performance 

group)  showed only a main effect  of performance group for percentage 

of correct  inhibit ions, F(1, 16)  =  28.8, p ≤ .001, with no other 
significant  main effects or interact ions for any of the behavioral 

measures, Fs(1, 16)  <  2.3, ps ≥ .15. 

Materials, im aging parameters, and analyses 

Funct ional and behavioral data for the response inhibit ion task 

were obtained dur ing Part  1. Data processing techniques were ident ical 

to those that  were used in Part  1. Although the fMRI  data were 

obtained dur ing Part  1, the analyses for successful inhibit ions were 

redone for Part  2 based on the two new groups, young-old and old-old. 

The procedure and stat ist ical thresholds were ident ical to those used 

for Part  1 except  for the analysis-specific act ivat ion threshold value 

obtained with a new Monte Carlo randomizat ion procedure, t (9)  =  

4.50, p ≤ .001; volume ≥ 109 mm3. Funct ional comparisons were 

based on a 2 (age group)  ×  2 (performance group)  ANOVA. 

Seventeen of the 20 part icipants were able to return on a day 

subsequent  to scanning to perform  the Trail-Making Test  (Forms A and 

B;  Lezak, 1995) . This is a test  of complex visual scanning with a motor 

speed component , which also involves at tent ion and planning. Because 

both forms are affected by motor processing speed, Lezak (1995)  

recommended subt ract ing test  t ime for Form A from that  of Form B to 

correct  for speed, leaving a more pure measure of execut ive 

funct ioning (p. 382) . The group means for these difference scores are 

shown in Table 4. None of the part icipants made errors during either 

Part  A or B. 

Results and Discussion 

Significant ly act ivated clusters from either group, as well as 
their group differences, are listed in Table 5. Sim ilar  to Part  1, 
response inhibit ion elicited a circuit  of act ivat ion from prefrontal and 
parietal regions, pr incipally in the r ight  hem isphere but  with several 
left  hem isphere clusters as well,  to basal ganglia and thalam ic regions. 
Main effect  analysis for age group showed that  the old-old group 
demonst rated significant ly greater act ivat ion than did the young-old 
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group in 9 of the 27 clusters. These included 2 of 17 r ight  hem isphere 
clusters (m iddle frontal gyrus and infer ior parietal lobule)  and 7 of 10 
of the left  hem isphere clusters, pr incipally in par ietal and prefrontal 
regions including left  pre-SMA, m iddle and infer ior frontal gyr i, and the 
left  thalamus (see Figure 2c) . The young-old group had no clusters 
with significant ly greater act ivat ion than the old-old group had. These 
results amplify those from Part  1 that  showed that  increased act ivat ion 
in older adults was at t r ibutable pr imar ily to the oldest  part icipants. 
Because the groups were demographically and behaviorally 
comparable, and the net  effect  was increased act ivat ion dur ing 
successful inhibit ion, the results lend credence to the idea that  
advanced age is associated with the recruitment  of addit ional 
homologous brain regions to compensate for lost  processing efficiency 
(e.g., Backman et  al.,  1997;  Cabeza et  al.,  1997;  Madden et  al., 1999;  
Reuter-Lorenz et  al. , 2000) . 
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Clusters of Significant  Act ivat ion Associated With Response I nhibit ion in Either the 
Young-Old or Old-Old Groups, With Between-Groups Analysis Results 

The young-old and old-old groups were comparable in terms of 
response inhibit ion performance, but  each age group included both 
good and poor performers (see Table 4) . Performance group analyses 
revealed three main effects of performance:  r ight  and left  pre-SMA 
regions and left  thalamus. I n these areas, poorer performers had 
greater act ivat ion than good performers had. The left  pre-SMA region 
is the same one that  had a significant  main effect  for age. Finally, 
there was a significant  interact ion of age and performance group in 
r ight  pre-SMA, such that  poorer performers had greater act ivat ion 
than good performers had for successful inhibit ions, but  the effect  was 
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greatest  in the oldest  part icipants. Figure 3 shows four of the specific 
effects in detail, with differences at t r ibutable to age only in r ight  and 
left  m iddle frontal gyrus (aFigure 3a, b3b, respect ively) ,  a difference 
at t r ibutable to both age and performance independent ly in left  pre-
SMA (Figure 3c) , and the interact ion of age and performance in r ight  
pre-SMA (Figure 3d) . Thus, age was the primary cont r ibutor to 
act ivat ion differences, but  inhibit ion performance also made a specific 
cont r ibut ion. I n addit ion, the results support  the role of pre-SMA in 
successful response inhibit ion and suggest  that  those who have 
diff iculty with inhibit ion use pre-SMA ( i.e., especially the r ight )  to a 
greater degree than others and can recruit  cont ralateral pre-SMA ( i.e., 
especially the left )  to assist  with response inhibit ion when necessary. 
 

Figure 3 . Scat terplots showing regional act ivat ion (percentage area-under- the-curve 
or % AUC)  in individual part icipants separated by both age group (young-old, old-old)  
and inhibitory perform ance group (good, poor) . Age but  not  perform ance 
predicted % AUC in r ight  and left  m iddle frontal gyrus clusters (a)  and (b) , whereas 
age and perform ance predicted % AUC in left  presupplem entary m otor area or pre-SMA 
(c) . I nhibitory perform ance only predicted % AUC in r ight  pre-SMA (d)  

The Trail-Making score was examined because it  is commonly 

used as a measure of execut ive funct ion (cf. Lezak, 1995)  and was 
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expected to be correlated with response inhibit ion (e.g., Leimkuhler & 

Mesulam, 1985) . A factorial ANOVA showed a main effect  of inhibit ion 

performance group, F(1, 13)  =  13.95, p ≤ .002, with no main effect of 
age group or interact ion of performance and age group (p >  .10) . 

Moreover, the Trail-Making test  score correlated significant ly with 

inhibitory performance ( r  = −.70, p ≤ .002), suggesting that 
performance of the two tasks has a common underly ing factor. A 

correlat ional matr ix of the Trail-Making score with % AUC for the 

regions that  were act ivated by the response inhibit ion task yielded one 

t rend:  The r ight  pre-SMA region, whose act ivat ion interacted with age 

and inhibit ion performance, correlated with Trail-Making (pre-SMA;  r  

=  .55, p ≤ .02). The correlation between this cluster and percentage 
of correct  inhibit ion performance is near ly ident ical ( r  = −.56, p 

≤ .01), and partial correlations that remove the effect of either 
behavioral task great ly reduces the relat ionships ( r t rail-making ×  pre-

SMA( inhibit ion)  =  .23, r inhibit ion ×  pre-SMA ( t rail-making) = −.35). 
This gives further support  to the idea that  the two tasks measure 

comparable abilit ies and supports the role of pre-SMA in inhibitory 

cont rol.  

General Discussion  

 

The purpose of this study was to invest igate differences in the 

funct ional neuroanatomy of inhibitory cont rol in adults from across the 

life span. As predicted, advanced age was associated with slower 

response to targets and more errors of commission on a response 

inhibit ion task. This result  is consistent  with many behavioral studies 

that  show that  inhibitory cont rol declines with age (cf. McDowd et  al., 

1995;  Moscovitch & Winocur, 1995) . I mportant ly, the present  study 

employed highly educated, healthy elders, which suggests that  

inhibitory losses occur even under relat ively opt imal aging condit ions.  

Our hypothesis that  the members of all age groups would 

exhibit  predom inant ly r ight  hem isphere act ivat ion dur ing inhibit ion of a 

prepotent  response was supported. Furthermore, the principal regions 

involved were in r ight  prefrontal and par ietal areas, as has been 

demonst rated with young adults in other go/ no-go and response 

inhibit ion tasks (Casey, Castellanos, et  al. , 1997;  Casey, Trainor, et  

al., 1997;  Chao & Knight , 1997;  Garavan et  al., 1999;  Kawashim a et  
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al., 1996;  Konishi, Nakaj ima, Uchida, Kameyama, et  al., 1998;  

Konishi, Nakaj ima, Uchida, Sekihara, et  al.,  1998;  Konishi et  al. , 1999;  

Tsuj imoto et  al. , 1997) . The difference between the circuit  of 

act ivat ion for target  response (e.g., precent ral gyrus, SMA proper)  and 

that  for lures (e.g., relat ively more anter ior  prefrontal areas)  

underscores the specificit y of these prefrontal regions in inhibitory 

cont rol.  

The hypothesis that  older adults would exhibit  addit ional 

act ivat ion beyond that  of young part icipants was also supported. Older 

adults had extensive left  hem isphere, and in part icular left  lateral 

prefrontal, act ivat ion that  was significant ly greater than that  seen in 

young adults dur ing successful inhibit ions. Relat ive to young adults, 

older part icipants in Part  1 had only a few areas of significant ly 

reduced act ivat ion during response to targets and inhibit ion. Moreover, 

exam ining only older adults (Part  2) , the older group comparably 

act ivated the same r ight  hem isphere circuit ry as the younger elders 

during inhibit ion, with extensive addit ional act ivat ion and no areas of 

significant  reduct ion relat ive to younger elders. 

The funct ional inhibit ion findings suggest  that  older adults can 

compensate for declining performance by the use of addit ional 

ipsilateral and cont ralateral brain regions. The recruitment  v iew posits 

the use of addit ional, pr incipally homologous ( i.e.,  cont ralateral)  

circuit ry for compensat ion (e.g., Cabeza et  al., 1997) , whereas the 

reorganizat ion view would predict  the act ivat ion of alternat ive circuit ry 

for compensat ion (e.g., Della-Maggiore et  al., 2000;  Grady, 1998) . 

Given that  our older part icipants comparably act ivated the same 

regions as those act ivated by young adults, along with act ivat ion of 

addit ional homologous areas, recruitment  may be the most  

parsimonious interpretat ion of our results. 

Previous PET studies with perceptual and memory tasks have 

found sim ilar evidence of compensat ion in elders, though most ly in 

conjunct ion with reduced act ivat ion in other areas (e.g., Backman et  

al., 1997;  Cabeza et  al., 1997, 2000;  Grady et  al.,  1995, 1998;  

Madden et  al.,  1999;  Nagahama et  al., 1997;  Reuter-Lorenz et  al., 

2000) . The event - related procedure used in this study, which allows 

removal of error t r ials, may have reduced error-based cont r ibut ions to 

the funct ional maps, result ing in less evidence of age- related 
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act ivat ion reduct ions. I n cont rast , task differences may also be 

responsible for the between-study differences. On a caut ionary note, in 

addit ion to removing error-based cont r ibut ions to funct ional maps, 

removal of error t r ials from analysis typically leaves fewer t r ials for 

analysis for older part icipants than for young ones. I ndeed, 2 of our 

part icipants performed rather poorly, leaving only seven lure t r ials for 

analysis. Either including or excluding such part icipants from analysis 

can have an effect  on the results. We chose to include them because 

the effect  of task performance was of part icular  interest . I n any event , 

the current  study highlights the ut ilit y of the event - related procedure 

in the study of aging using funct ional neuroimaging. 

The predominance of prefrontal act ivat ion and compensat ion 

during this task is not  surpr ising because inhibitory ability is associated 

with prefrontal funct ion (e.g., Casey, Trainor, et  al., 1997;  Garavan et  

al., 1999;  Grafman, 1995;  Humberstone et  al., 1997;  Konishi, 

Nakaj ima, Uchida, Kameyama, et  al. , 1998;  Tsuj imoto et  al. , 1997)  

and because the frontal lobes are perhaps most  affected by aging 

(e.g., Creasey & Rapoport , 1985;  Hut tenlocher, 1979;  Jacobs & 

Scheibel,  1993;  Terry, DeTeresa, & Hansen, 1987) . Thus, diffuse 

prefrontal losses in older adults may be the source of greater overall 

prefrontal act ivat ion during successful inhibit ions. The current  task and 

sim ilar response inhibit ion (e.g., go/ no-go)  tasks are most  associated 

with r ight  lateral prefrontal act ivat ion (e.g.,  Casey, Castellanos, et  al., 

1997;  Casey, Trainor, et  al., 1997;  Garavan et  al., 1999;  Kawashima 

et  al., 1996;  Konishi, Nakaj ima, Uchida, Kameyama, et  al. , 1998;  

Konishi, Nakaj ima, Uchida, Sekihara, et  al.,  1998;  Konishi et  al. , 

1999) , a result  consistent  with our data. Tasks that  are part icular ly 

more dependent  on verbal mechanisms, such as those with verbal 

interference (e.g., St roop)  or response compet it ion, typically also find 

prefrontal act ivat ion, but  on the left  side (e.g., D'Esposito, Post le, 

Jonides, & Smith, 1999;  Jonides et  al., 1998, 2000;  Perret , 1974;  

Reuter-Lorenz et  al. , 2000;  Sm ith et  al., 1998;  Taylor, Kornblum, 

Lauber, Minoshima, & Koeppe, 1997) . I n several of these studies, the 

inhibit ion or interference component  has been part icular ly associated 

with vent rolateral act ivat ion, such as in inferior frontal gyrus (e.g., 

D'Esposito, Post le, et  al., 1999;  Garavan et  al., 1999;  Konishi, 

Nakaj ima, Uchida, Kameyama, et  al. , 1998;  Konishi,  Nakaj ima, 

Uchida, Sekihara, et  al., 1998;  Konishi et  al., 1999;  Taylor et  al. ,  

1997) . I n this study, both dorsolateral and vent rolateral act ivat ion 
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were found to be associated with response inhibit ion, but  vent rolateral 

regions were perhaps most  notable. The relat ive consistency among 

these studies highlights the advantages of the event - related paradigm 

for revealing specific regional act ivat ion-associated task 

subcomponents, such as the common role of response inhibit ion or 

interference in working memory (e.g., D'Esposito, Post le, et  al., 1999) . 

The task used in the present  study is somewhat  more complex 

than some other go/ no-go tasks, but  it  has been used previously with 

comparable results to those other tasks (Garavan et  al. , 1999) . 

Specifically, the task used here includes a small working memory 

component  in that  the ident ity of the previous target  must  be retained 

to make a response decision to the next  target . Thus, it  is sim ilar  to a 

working memory “n-back”  task where n is equal to one item. 

I mportant ly, this task is dist inguishable from an n-back task because it  

establishes and maintains prepotency to respond when inhibit ion is 

necessary, and because the working memory load does not  t ransient ly 

increase dur ing lure presentat ion inasmuch as no updat ing of the 

contents of working memory for the current  target  is necessary dur ing 

lure presentat ion. However, it  m ight  be useful to consider how the 

act ivat ions at t r ibutable to such a task as this one differ from more 

t radit ional n-back tasks. 

Most  n-back tasks produce act ivat ion in mult iple prefrontal 

regions that  are comparable to those we found. I ndeed, increasing 

load in these tasks can generate greater act ivat ion within these 

regions (cf. Cabeza & Nyberg, 2000)  as well as in cont ralateral areas 

(Klingberg, O'Sullivan, & Roland, 1997;  Stuss et  al. , 1999) . However, 

few studies have examined the n  =  1 condit ion relat ive to cont rol (or n 

=  0) , which would be most  comparable to the current  task. Where it  

has been examined, the n =  1 condit ion typically does not  produce 

more extensive act ivat ion than does a cont rol condit ion, which is 

consistent  with its “ low- load”  designat ion (however, see Braver et  al., 

1997;  D. C. Cohen et  al., 1997) . Furthermore, we also found specific 

act ivat ion areas in the infer ior frontal gyrus, which are typically not  

found in t radit ional working memory tasks. Act ivat ion in this region is 

more specifically associated with inhibitory cont rol tasks (e.g.,  

D'Esposito, Post le, et  al., 1999;  Garavan et  al., 1999;  Konishi, 

Nakaj ima, Uchida, Kameyama, et  al. , 1998;  Konishi,  Nakaj ima, 

Uchida, Sekihara, et  al., 1998;  Konishi et  al., 1999;  Taylor et  al. ,  
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1997)  or working memory tasks that  specifically manipulate response 

prepotency (Jonides et  al., 1998) . I t  would be interest ing to determ ine 

whether the areas “ recruited”  by elders in this inhibitory task are 

dist inguishable from the areas “ recruited”  by young and older adults 

during working memory tasks with varying levels of diff iculty. Such a 

quest ion would be best  addressed using a within-subject  design using 

both types of tasks and a direct  comparison of act ivat ion results. 

Regardless, sim ilar it y in the neural subst rates for working memory and 

inhibitory cont rol is not  surprising in that  both processes are crit ically 

important  for much of cognit ive funct ioning, and inhibit ion is of cent ral 

importance to normal working memory performance because of the 

need to suppress interfering st imuli (e.g., Casey, Trainor, et  al.,  1997;  

see also Duncan & Owen, 2000;  Garavan et  al., 1999;  Pennington, 

1994) . 

Addit ional left  prefrontal act ivat ion in elders in this study can be 

interpreted in several ways. First , some studies suggest  that  when 

task demands are high, more prefrontal cortex in either hem isphere 

(or both hem ispheres)  is recruited to the task (Klingberg et  al., 1997;  

Stuss et  al.,  1999) . The task demands, both by performance and 

anecdotal report , were greater for older part icipants relat ive to 

younger ones. I ndeed, increased left  prefrontal act ivat ion (at t r ibutable 

primar ily to older part icipants)  was also correlated with slower react ion 

t ime, which may reflect  recruitment  inasmuch as an increase in task 

diff iculty that  leads to recruitment  m ay cause a slowing of processing 

speed that  causes slowed react ion t ime (Salthouse, 1996) . I t  is also 

notable that  there were increases in left  prefrontal act ivat ion in both 

more dorsal sites and in those that  are more specific to the infer ior 

frontal gyrus that  is associated with response inhibit ion. I n addit ion, 

increased left  prefrontal act iv ity in elders could be reflect ive of their 

greater verbal st rategy usage. This interpretat ion would fit  with St roop 

and other interference studies that  show an associat ion of inhibit ion 

with left  rather than r ight  prefrontal act ivat ion (e.g.,  D'Esposito, 

Post le, et  al., 1999;  Jonides et  al.,  1998, 2000;  Perret , 1974;  Sm ith et  

al., 1998;  Taylor et  al., 1997) . However, this interpretat ion leaves 

unclear why the r ight  prefrontal act ivat ion, which is predominant ly 

comparable in young and old, that  occurs with this task and compares 

with other response inhibit ion studies (e.g., Casey, Castellanos, et  al., 

1997;  Casey, Trainor, et  al., 1997;  Garavan et  al., 1999;  Kawashima 

et  al., 1996;  Konishi, Nakaj ima, Uchida, Kameyama, et  al. , 1998;  
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Konishi, Nakaj ima, Uchida, Sekihara, et  al.,  1998;  Konishi et  al. , 1999)  

would be necessary. Finally, mult iple studies using a var iety of tasks 

have found more bilateral act iv ity in elders compared with young 

adults, with which our results are consistent . Cabeza (2002)  reviews 

these studies and int roduces a new model, hem ispher ic asymmet ry 

reduct ion in old adult s (HAROLD) , to account  for the findings. Our data 

are consistent  with the HAROLD model, which is itself consistent  with a 

compensat ion view. 

I t  should be noted that  the const ruct  of recruitment  need not  be 

rest r icted to engagement  of cont ralateral regions. For example, 

evidence of recruitment  by elders within-hem isphere has been found, 

such as elders engaging both dorsal and vent ral st reams dur ing both 

what  and where processing (e.g., Grady, Haxby, Horwitz, Schapiro, & 

Rapoport , 1992;  Grady et  al.,  1994) . This t ype of f inding highlights the 

lack of st rong dist inct ion between a recruitment  or a reorganizat ion 

interpretat ion. More important , what  has yet  to be invest igated by any 

study, and is cr it ical for any compensat ion view, is whether there is a 

direct  benefit  to the addit ional act iv it y. Although one behavioral study 

that  mandated bihem ispheric processing by the manipulat ion of 

targets and probes in separate port ions of the visual f ield suggested 

that  increased bilateral act iv ity in elders is beneficial, the authors 

acknowledged that  direct  evidence that  links performance with 

act ivat ion areas is necessary to support  this conclusion (Reuter-

Lorenz, Stanczak, & Miller, 1999) . Future studies, perhaps examining 

error t r ials and correct  t r ials, will be needed to definit ively establish 

the link between recruitment  and funct ional benefit .  

I ncreased parietal act ivat ion in both hem ispheres in older 

relat ive to younger part icipants was also found. I nferior par ietal cortex 

was previously shown to be act ivated by this task (Garavan et  al. , 

1999) . I ts role is thought  to be in assist ing in the fine motor cont rol to 

ret ract  (or prevent )  the motor response (Garavan et  al. , 1999;  

Steinmetz, 1998) , which is consistent  with the correlat ion between 

act ivat ion here and task performance and speed. Addit ionally, inferior 

parietal cortex is associated with phonological short - term  memory 

storage (cf. Cabeza & Nyberg, 2000) . I ndeed, fronto-parietal networks 

are associated with working memory, and act ivat ion is influenced by 

working memory load (e.g., Klingberg et  al., 1997) . Although the 

present  task does include a working memory component , it  is m inimal 
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( i.e.,  one item)  and does not  t ransient ly increase during lure 

presentat ion. Greater infer ior par ietal act ivat ion in older part icipants 

may reflect  the greater demand of the task on them. Alternat ively, it  

m ight  reflect  the use of subvocalizat ion to rehearse the expected 

target  (e.g., dur ing an X lure presentat ion, the part icipant  is 

subvocalizing Y because he or she is await ing a Y as the next  eligible 

target ) . 

Some regions of act ivat ion provided evidence that  the effects of 

inhibitory performance (or ability)  on act ivat ion can be separated from 

that  result ing from aging per se. I n older adults (Part  2) , act ivat ion in 

the r ight  pre-SMA interacted with age and task performance such that  

poor performers had more act ivat ion than bet ter performers had, an 

effect  that  was greatest  in the eldest  part icipants. For the left  pre-

SMA, there were main effects for both age and performance, in which 

act ivat ion was greatest  in both the oldest  part icipants and in the 

poorest  performers in either age group. These findings support  the 

role of pre-SMA in inhibit ion (e.g., Garavan et  al., 1999;  Humberstone 

et  al., 1997) . Addit ionally, studies with increasing task load demands 

(e.g., working memory)  show that  part icipants exhibit  greater regional 

act ivat ion, or recruitment , when diff icult y is high (Klingberg et  al., 

1997;  Stuss et  al.,  1999) . As such, sim ilar to the recruitment  

interpretat ion for older versus younger individuals, our results could be 

interpreted as poorer performers increasing their use of these regions 

when the task is more diff icult .  

Decreased regional act ivat ion in associat ion with poor task 

performance is somet imes interpreted as a failure of the region(s)  to 

funct ion sufficient ly. For example, one PET study found that  older 

adults exhibited greater working memory interference ( i.e., poorer 

performance)  and less act ivat ion in left  lateral prefrontal areas than 

did young adults, presumably because the region funct ioned less well 

in older indiv iduals (Jonides et  al.,  2000) . I n addit ion, greater left  

hem isphere act ivat ion, part icular ly in poster ior areas, has been 

associated with bet ter  task performance in elders (Reuter-Lorenz et  

al., 2000) . I t  m ight  seem then that  the interpretat ion of increased 

act ivat ion in “poor performers”  as recruitm ent  conflicts with previous 

studies. However, consistent  with our interpretat ion, a recent  PET 

study found that  with increased execut ive demands (e.g., dual tasks) , 

poorer young performers and older part icipants had left  prefrontal 
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act ivat ion, whereas good young performers did not  (Sm ith et  al. , 

2001) . Furthermore, it  must  be emphasized that  the act ivat ion data 

for the current  event - related study are taken only from successful 

t r ials, and as such “poor performers”  and “good performers”  were 

equivalent  in actual performance in terms of the imaging data. Thus, 

when both groups are perform ing accurately, greater act ivat ion may 

reflect  compensat ion. An alternat ive interpretat ion of a negat ive 

associat ion between regional act ivat ion and task performance, 

however, is that  the “ recruitment ”  is disrupt ive, rather than beneficial, 

perhaps itself reflect ing failed inhibit ion (Cabeza et  al., 1997) . That  is, 

although the prom inent  interpretat ion is that  poorer performers, on 

successful t r ials, would have greater act ivat ion as compensat ion, one 

could instead interpret  it  as interfer ing with performance. Thus, if it  

could be suppressed, performance would be improved. I t  will be 

diff icult  to different iate between these possibilit ies because of the 

correlat ional nature of these associat ions. However, future studies that  

compare act ivat ion during successful t r ials with act ivat ion dur ing error 

t r ials m ight  provide some clar if icat ion. 

I n conclusion, this study supports many exist ing studies that  

show that  inhibitory decline occurs in advancing age and that  this 

decline may be associated with other cognit ive changes (e.g., Hasher 

& Zacks, 1988) . Response inhibit ion was associated with 

predominant ly r ight  lateralized prefrontal and par ietal act ivat ion. I n 

addit ion, advanced age and poor inhibitory cont rol were associated 

with addit ional act ivat ion within the r ight  hem isphere as well as in left  

prefrontal and par ietal areas. The results support  the view that  older 

adults compensate for age- related neural changes by recruit ing 

addit ional neural circuit ry to assist  with inhibit ion, but  whether this 

recruitment  is direct ly beneficial to perform ance must  st ill be 

invest igated. 
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