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 ABSTRACT 
Twelve students aged 13-15 took Gibson's Cognitive Skills Test and 
Raven's Standard Progressive Matrices and separately underwent 
fMRI while conducting an n-back task (1-3 back). Cortical recruitment 
was differentially correlated with performance on different cognitive 
tasks at each level of the n-back task.  

SUPPORTING SUMMARY 
There is increasing interest in understanding how cognitive processes 
correlate with recruitment of cortical regions. This concept has largely 
been crystallized into the Parieto-Frontal Integration Theory (P-FIT) of 
Intelligence, which posits that altered activity in cortical regions within 
the parietal and frontal lobes are associated with improved “higher 
level” cortical skills. This has often been observed as increased 
activation, but this is not universally the case. In this study, we looked 
at the correlation between cognitive processes evaluated by Gibson's 
Cognitive Skills Test (GCST) and Raven's Standard Progressive 
Matrices (RSPM) and cortical regions activated during the 
performance of an n-back task in 12 junior high school-aged children 
(ages 13-15, average age 14.98). While a whole brain analysis was 
performed, we focused our study on regions that have been 
associated with the P-FIT theory and have been observed to be 
associated with n-back task performance: the left and right inferior 
frontal gyri (L and R IFG), the left and right middle frontal gyrus (L and 
R MFG), the left and right superior parietal lobule (L and R SPL) and 
paracingulate gyrus (PCG). Because of the medial location of the 
PCG, the left and right sides have been treated together. Cortical 
recruitment was differentially correlated with performance on different 
cognitive tasks at each level of the n-back task. More specifically, 
recruitment of the R SPL during the 1-back task was positively 
correlated with performance on the working memory task and short 
term memory task of the GCST. Recruitment of all areas studied in the 
2 back task was positively correlated with performance on the 
processing speed task of the GCST. Recruitment of the L IFG, L MFG, 
and L SPL during the 2 back task was positively correlated with matrix 
reasoning tasks: the RSPM and the logic task of the GCST. 
Recruitment of the L and R IFG, MFG, and SPL during the 3-back task 
was positively correlated performance on the working memory task 
and long term memory task of the GCST. These data support ideas of 
altered strategies and corresponding use of underlying cortical 
structures at differing levels of cognitive challenge. 

 .  

Brodmann's 
area 

(approx.) 

Proc 
spd 

Work 
Mem 

Vis 
Mem 

Aud 
Mem 

Short 
Term 

Long 
Term Logic Ravens 1-back 

S
TR

U
C

TU
R

A
L Left IFG 0.272 0.023 -0.113 0.158 0.188 -0.076 -0.067 0.001 0.246 

Right IFG 0.196 0.016 -0.319 0.082 0.317 -0.349 -0.211 -0.174 0.134 
Left MFG 0.143 0.030 -0.083 0.150 0.270 -0.113 -0.181 -0.257 -0.032 
Right MFG -0.116 -0.036 -0.269 0.024 0.317 -0.359 -0.363 -0.073 0.058 
Left SPL 0.106 0.304 0.322 0.190 0.191 0.234 0.134 0.038 -0.226 
Right SPL -0.155 0.494 0.001 0.393 0.711 -0.155 -0.178 -0.215 -0.232 
Bilateral PCG -0.009 0.258 -0.317 0.270 0.634 -0.408 -0.263 -0.090 0.145 
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insula (left) 13 -0.076 -0.021 -0.252 0.133 0.313 -0.265 -0.073 -0.042 0.215 
frontal pole (right) 10 -0.362 -0.186 -0.272 -0.227 -0.025 -0.333 0.000 0.161 0.231 

frontal pole (left) 10 0.030 .635* 0.309 0.559 .688* 0.187 -0.270 -0.187 -0.336 

Left SPL 40 0.046 0.212 0.284 0.116 0.064 0.233 0.288 0.182 -0.046 
Left MFG 46 -0.219 -0.030 -0.156 0.044 0.018 -0.082 0.001 -0.251 -0.077 

Bilateral PCG 32 0.018 0.533 -0.075 0.455 .717** -0.162 -0.095 -0.084 -0.020 

Right SPL 40 -0.338 0.222 -0.205 0.270 0.366 -0.166 -0.151 -0.175 -0.017 
Right MFG 46, 9 -0.450 -0.117 -0.252 -0.124 0.148 -0.352 -0.164 -0.178 -0.202 

1 BACK (Mean accuracy = 81.94%) 2 BACK (Mean accuracy = 50%) 

3 BACK (Mean accuracy = 38.19%) 

METHODS 

Overview: Twelve middle school students (average age 14.98 years) were recruited from local public schools. On separate days, students underwent(a) cognitive testing and (b) an fMRI scan while 
conducting a visual n-back task. Pearson’s correlation coefficients were derived between the mean BOLD signal in each region and the performance on cognitive tasks. Highlighted numbers were significant 
at p<0.05. 
Cognitive testing: The cognitive tests administered were the Gibson Cognitive Skills Test and Raven’s Standard Progressive Matrices. The Gibson Cognitive Skills Tests assesses 12 cognitive subskills: 
processing speed, working memory, visual memory, auditory memory, short term memory, long term memory, word attack, visual processing, auditory analysis (segmentation), auditory analysis (drop), and 
logic and reasoning. The working memory score is a composite of visual memory, auditory memory, short term memory, and long term memory.  Performance on the word attack, visual processing, and 
auditory analysis portions of the exam were not used in this study..  
fMRI: Four conditions were presented: 0-back, 1-back, 2-back and 3-back, with the 0-back condition serving as a control condition for visual input and finger movement. There were three blocks of each 
condition. The 0-back and 1-back conditions consisted of 14 letters per sequence, the 2-back condition consisted of 15 letters per sequence and the 3-back condition consisted of 16 letters per sequence. 
The sequences for the 2 and 3-back are longer so that the models for each condition have the same length. The letters were all upper case consonants and are separated by 2.5 seconds. At the end of each 
block there was an 8-10 second gap in which the subjects saw the sentence “Get ready for the next trial” followed by instructions for the next block, for example “Press For 2-Back”.  
The N-back functional scans lasted 9 minutes acquiring 267 volumes (plus 3 ‘dummy’ volumes so that the images reach equilibrium) consisting of thirty contiguous 4 mm axial oblique slices aligned to the 
anterior and posterior commissures. The functional images were acquired with a T2* weighted spiral echo-planar imaging sequence (TR = 2000 ms, TE = 30 ms, flip angle = 75°, FOV = 24 cm, matrix 64x64) 
using a 3.0T GE scanner. A high resolution structural scan was obtained for use as an anatomical reference using a 3D T1-weighted SGPR sequence (slice thickness = 1.2 mm, FOV = 24 cm, 256 x 256 x 
124, TE = 6.0 ms, TR = 20.0 ms, flip angle = 20°, bandwidth = 15.63 kHz).  
The letter stimuli were projected through an LCD projector outside the scanning room to a screen located at the end of the scanner bed using Presentation® software (www.neurobs.com) and the subjects 
viewed the screen via a mirror on top of the head coil The subject’s head was restrained with a moldable air bag (Vac-Fix, Bionix, Toledo, OH) to help reduce head motion.  Subjects responded by pressing a 
button from a hand held MR compatible response box (Cedrus Corporation, San Pedro, CA). 
BOLD data was processed using FSL (FMRIB Analysis Group, Oxford UK). Specific contrasts were generated for 1- vs. 0-back, 2- vs. 0-back, and 3 vs. 0 back. Two sets of analyses were performed. In the 
first, structures were identified a priori based on previous literature relating to the n-back task (noted in the results as “structural”). In the second, ROI’s were generated based on their activation in a whole 
brain analysis following the 3-back task (noted in the results as “ROI”).   
The following abbreviations were used for structures: IFG=Inferior frontal gyrus, MFG=middle frontal gyrus, SPL=superior parietal lobule, PCG=paracingulate gyrus. 
 

CONCLUSIONS 

We observed an an increase cortical resources involved ed as n-back task difficulty increases. Regions in the paracingulate gyrus , superior parietal lobule, and frontal pole were engaged at all levels, with 
increased engagement of frontal areas as task difficulty increased. At the one back level, correlations between cortical involvement and cognitive process were strongest with short term and working memory. 
At the two back level, processing speed and logic appear to become more important. At the three back level, long tem memory process appear to have become more important.   
Interestingly, the only level at which cortical recruitment was associated with performance on the n-back task itself  was at the three back level. This may be related to the difficulty of the task at that point, 
and our low numbers, as mean accuracy was extremely low at this point.  
These data also provide a baseline for future studies by our group on the impact of cognitive training on cortical recruitment. 
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 ABSTRACT 
Twelve students aged 13-15 took Gibson's Cognitive Skills Test and 
Raven's Standard Progressive Matrices and separately underwent 
fMRI while conducting an n-back task (1-3 back). Cortical recruitment 
was differentially correlated with performance on different cognitive 
tasks at each level of the n-back task.  

SUPPORTING SUMMARY 
There is increasing interest in understanding how cognitive processes 
correlate with recruitment of cortical regions. This concept has largely 
been crystallized into the Parieto-Frontal Integration Theory (P-FIT) of 
Intelligence, which posits that altered activity in cortical regions within 
the parietal and frontal lobes are associated with improved “higher 
level” cortical skills. This has often been observed as increased 
activation, but this is not universally the case. In this study, we looked 
at the correlation between cognitive processes evaluated by Gibson's 
Cognitive Skills Test (GCST) and Raven's Standard Progressive 
Matrices (RSPM) and cortical regions activated during the 
performance of an n-back task in 12 junior high school-aged children 
(ages 13-15, average age 14.98). While a whole brain analysis was 
performed, we focused our study on regions that have been 
associated with the P-FIT theory and have been observed to be 
associated with n-back task performance: the left and right inferior 
frontal gyri (L and R IFG), the left and right middle frontal gyrus (L and 
R MFG), the left and right superior parietal lobule (L and R SPL) and 
paracingulate gyrus (PCG). Because of the medial location of the 
PCG, the left and right sides have been treated together. Cortical 
recruitment was differentially correlated with performance on different 
cognitive tasks at each level of the n-back task. More specifically, 
recruitment of the R SPL during the 1-back task was positively 
correlated with performance on the working memory task and short 
term memory task of the GCST. Recruitment of all areas studied in the 
2 back task was positively correlated with performance on the 
processing speed task of the GCST. Recruitment of the L IFG, L MFG, 
and L SPL during the 2 back task was positively correlated with matrix 
reasoning tasks: the RSPM and the logic task of the GCST. 
Recruitment of the L and R IFG, MFG, and SPL during the 3-back task 
was positively correlated performance on the working memory task 
and long term memory task of the GCST. These data support ideas of 
altered strategies and corresponding use of underlying cortical 
structures at differing levels of cognitive challenge. 
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METHODS 

Overview: Twelve middle school students (average age 14.98 years) were recruited from local public schools. On separate days, students underwent(a) cognitive testing and (b) an fMRI scan while 
conducting a visual n-back task. Pearson’s correlation coefficients were derived between the mean BOLD signal in each region and the performance on cognitive tasks. Highlighted numbers were significant 
at p<0.05. 
Cognitive testing: The cognitive tests administered were the Gibson Cognitive Skills Test and Raven’s Standard Progressive Matrices. The Gibson Cognitive Skills Tests assesses 12 cognitive subskills: 
processing speed, working memory, visual memory, auditory memory, short term memory, long term memory, word attack, visual processing, auditory analysis (segmentation), auditory analysis (drop), and 
logic and reasoning. The working memory score is a composite of visual memory, auditory memory, short term memory, and long term memory.  Performance on the word attack, visual processing, and 
auditory analysis portions of the exam were not used in this study..  
fMRI: Four conditions were presented: 0-back, 1-back, 2-back and 3-back, with the 0-back condition serving as a control condition for visual input and finger movement. There were three blocks of each 
condition. The 0-back and 1-back conditions consisted of 14 letters per sequence, the 2-back condition consisted of 15 letters per sequence and the 3-back condition consisted of 16 letters per sequence. 
The sequences for the 2 and 3-back are longer so that the models for each condition have the same length. The letters were all upper case consonants and are separated by 2.5 seconds. At the end of each 
block there was an 8-10 second gap in which the subjects saw the sentence “Get ready for the next trial” followed by instructions for the next block, for example “Press For 2-Back”.  
The N-back functional scans lasted 9 minutes acquiring 267 volumes (plus 3 ‘dummy’ volumes so that the images reach equilibrium) consisting of thirty contiguous 4 mm axial oblique slices aligned to the 
anterior and posterior commissures. The functional images were acquired with a T2* weighted spiral echo-planar imaging sequence (TR = 2000 ms, TE = 30 ms, flip angle = 75°, FOV = 24 cm, matrix 64x64) 
using a 3.0T GE scanner. A high resolution structural scan was obtained for use as an anatomical reference using a 3D T1-weighted SGPR sequence (slice thickness = 1.2 mm, FOV = 24 cm, 256 x 256 x 
124, TE = 6.0 ms, TR = 20.0 ms, flip angle = 20°, bandwidth = 15.63 kHz).  
The letter stimuli were projected through an LCD projector outside the scanning room to a screen located at the end of the scanner bed using Presentation® software (www.neurobs.com) and the subjects 
viewed the screen via a mirror on top of the head coil The subject’s head was restrained with a moldable air bag (Vac-Fix, Bionix, Toledo, OH) to help reduce head motion.  Subjects responded by pressing a 
button from a hand held MR compatible response box (Cedrus Corporation, San Pedro, CA). 
BOLD data was processed using FSL (FMRIB Analysis Group, Oxford UK). Specific contrasts were generated for 1- vs. 0-back, 2- vs. 0-back, and 3 vs. 0 back. Two sets of analyses were performed. In the 
first, structures were identified a priori based on previous literature relating to the n-back task (noted in the results as “structural”). In the second, ROI’s were generated based on their activation in a whole 
brain analysis following the 3-back task (noted in the results as “ROI”).   
The following abbreviations were used for structures: IFG=Inferior frontal gyrus, MFG=middle frontal gyrus, SPL=superior parietal lobule, PCG=paracingulate gyrus. 
 

CONCLUSIONS 

We observed an an increase cortical resources involved ed as n-back task difficulty increases. Regions in the paracingulate gyrus , superior parietal lobule, and frontal pole were engaged at all levels, with 
increased engagement of frontal areas as task difficulty increased. At the one back level, correlations between cortical involvement and cognitive process were strongest with short term and working memory. 
At the two back level, processing speed and logic appear to become more important. At the three back level, long tem memory process appear to have become more important.   
Interestingly, the only level at which cortical recruitment was associated with performance on the n-back task itself  was at the three back level. This may be related to the difficulty of the task at that point, 
and our low numbers, as mean accuracy was extremely low at this point.  
These data also provide a baseline for future studies by our group on the impact of cognitive training on cortical recruitment. 

 
 
 
 
 

Brodmann's 
area (approx.) 

Proc 
spd 

Work 
Mem 

Vis 
Mem 

Aud 
Mem 

Short 
Term 

Long 
Term Logic Ravens 2-back 

S
TR

U
C

TU
R

A
L 

Left IFG 0.486 0.096 0.241 0.221 -0.036 0.346 0.614 0.523 0.372 
Right IFG 0.830 0.357 0.262 0.510 0.233 0.406 0.351 0.435 0.521 
Left MFG 0.547 0.232 0.324 0.333 0.174 0.352 0.513 0.402 0.385 
Right MFG 0.717 0.393 0.274 0.533 0.348 0.358 0.247 0.393 0.492 
Left SPL 0.535 0.311 0.428 0.345 0.039 0.515 0.547 0.553 0.299 
Right SPL 0.633 0.478 0.335 0.510 0.399 0.349 0.451 0.349 0.157 
Bilateral PCG 0.445 0.336 0.219 0.466 0.387 0.247 0.288 0.214 0.324 

R
O

I 

insula (left) 13 0.159 0.365 0.367 0.295 0.270 0.292 0.471 0.279 -0.098 

frontal pole (right) 10 .594* 0.546 0.358 0.457 0.403 0.323 0.460 0.548 0.316 

frontal pole (left) 10 0.212 0.105 0.102 0.163 -0.025 0.205 0.097 0.572 0.303 

Left SPL 40 0.453 0.226 0.364 0.278 -0.121 0.523 .585* .629* 0.154 

Left MFG 46 0.348 0.081 0.305 0.099 -0.178 0.387 .792** 0.555 -0.019 

Bilateral PCG 32 0.445 0.555 0.265 .587* 0.508 0.292 0.309 0.161 0.126 

Right SPL 40 0.445 0.312 0.114 0.433 0.186 0.279 0.383 0.336 0.018 

Right MFG 46, 9 0.336 0.148 0.135 0.233 0.028 0.245 0.440 0.445 0.007 

Brodmann's 
area (approx.) 

Proc 
spd 

Work 
Mem 

Vis 
Mem 

Aud 
Mem 

Short 
Term 

Long 
Term Logic Ravens 3-back 

S
TR

U
C

TU
R

A
L 

Left IFG 0.378 0.379 0.514 0.490 0.094 0.645 0.332 0.517 0.485 
Right IFG 0.461 0.453 0.505 0.554 0.112 0.675 0.220 0.435 0.710 
Left MFG 0.233 0.313 0.504 0.379 0.133 0.531 0.384 0.385 0.631 
Right MFG 0.420 0.489 0.462 0.616 0.331 0.555 0.080 0.390 0.705 
Left SPL 0.254 0.453 0.622 0.469 0.147 0.667 0.335 0.376 0.417 
Right SPL 0.261 0.603 0.637 0.566 0.385 0.599 0.389 0.298 0.696 
Bilateral PCG 0.130 0.383 0.219 0.383 0.394 0.182 0.352 0.263 0.734 

R
O

I 

insula (left) 13 0.102 -0.033 0.220 0.017 -0.154 0.256 .604* 0.280 .711** 

frontal pole (right) 10 0.251 0.505 .626* 0.337 0.237 0.515 .703* 0.379 0.305 

frontal pole (left) 10 -0.097 0.088 0.362 0.013 -0.158 0.348 0.335 0.202 0.351 

Left SPL 40 0.256 0.411 0.572 0.432 0.059 .662* 0.380 0.448 0.460 

Left MFG 46 -0.003 0.212 .619* 0.192 -0.122 .628* 0.471 0.159 0.530 

Bilateral PCG 32 0.292 .645* 0.261 .613* .630* 0.231 0.240 0.097 .613* 

Right SPL 40 0.128 0.493 0.493 .583* 0.233 .612* 0.218 0.039 .687* 

Right MFG 46, 9 0.089 0.245 0.575 0.259 -0.075 .620* 0.465 0.114 .697* 


