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Supplementary Figure S1: All recorded decoding accuracies for (A) Frontal Cortex from our metaanalysis database (877 accuracies from 76 studies) and (B) Occipital and Ventral Temporal Cortex
from Coutanche et al.’s (2016) database (119 accuracies from 52 studies). (C) shows Frontal
Cortex decoding accuracies that were reported as significant (blue dots, 506 accuracies from 75
studies) or non-significant (green dots, 349 accuracies from 48 studies).

Supplementary Figure S2: Results of a mixed-effects regression model for all analysis
characteristics (top panel) and regions (bottom panel). To visualize the contributions of each
factor to decoding accuracy, ‘effects’ were computed by taking each coefficient and adding the
average value of all other regressors multiplied by their respective coefficients. The only
characteristic with a significant influence was the use of non-linear SVM classifiers. Only analyses
reported as significant and assigned to one AAL region were included in this analysis (422
analyses from 69 studies).

Supplementary Figure S3: Testing for differences in decoding accuracy across a reduced
number of regions. All left, right, bi-lateral observations were combined into bi-lateral ROIs.
Additionally, middle frontal gyrus, orbital part was combined with superior frontal gyrus,
orbital part, because each of these regions had only a few data-points. This resulted in 84.2%
of observations being assigned to a one region and 15.8% to more than one region.
Regressors for these ROIs were entered into a mixed-effects regression. There was a
significant difference across regions (L=20.04, p=0.04, df=11). Superior & middle frontal
gyrus, orbital part and middle frontal gyrus (excluding orbital part) were less than the grand
mean (t=-2.01; p=0.044; t=-2.21, p=0.027; two-tailed; df=406). Error bars are std. error
obtained from mixed-effects regression. Only analyses reported as significant were included
in this analysis (506 analyses from 75 studies).

Supplementary Figure S4: Testing for differences in decoding accuracy within regions as a
function of information type. The original AAL regions were combined into seven large ROIs:
cingulate gyrus, middle frontal gyrus, inferior frontal gyrus, superior frontal gyrus, superior &
middle frontal gyrus (orbital parts), precentral gyrus & supplementary motor area, and insula.
The regressors for the mixed-effects regression were constructed by taking the interactions of
each ROI with each information-type (response, perceptual, rule, value) and subtracting out the
grand mean. Decoding response in superior frontal gyrus and perceptual in cingulate gyrus, were
significantly greater than the grand mean (t=2.12, p=0.03; t=2.88, p=0.004; df=403; two-tailed).
Error bars are std. error obtained from mixed-effects regression. Only analyses reported as
significant were included in this analysis (506 analyses from 75 studies).

Supplementary Figure S5: Testing for differences in decoding accuracy using regions from the
multiple-demand (MD) network. Coordinates and region names from each analysis in the metaanalysis
dataset
were
reassigned
to
MD
regions
(http://imaging.mrccbu.cam.ac.uk/imaging/MDsystem) or to the frontal cortex outside of the MD network
Abbreviations are: IFGop, opercular part of the inferior frontal gyrus; MFG, middle frontal gyrus;
MFGorb, orbital part of the middle frontal gyrus; PrecG, precentral gyrus; ACC, anterior cingulate
cortex. Error bars are std. error obtained from mixed-effects regression. There were no significant
differences in decoding accuracy across MD regions (L=10.32, p=0.85). Only analyses reported
as significant were included in this analysis (506 analyses from 75 studies).

Supplementary Figure S6: Comparing signal-to-noise (SNR), pattern-reliability, decoding
accuracy between frontal and visual cortex in our in-house fMRI dataset. Procedures for
calculating each quantity can be found in the supplementary methods. Raw SNR was significantly
higher in frontal cortex (t=9.22, p<0.001), whereas functional SNR and pattern reliability were
significantly higher in visual cortex (t=3.99, p<0.001; t=11.91, p<0.001). Decoding accuracy was
55.4% for frontal cortex and 72.3% for visual cortex for two-way classification
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Supplementary Table S2: Region-Region Conversion Table
Brodmann Areas to AAL
BA8

Right superior frontal gyrus, Left superior frontal gyrus, Right middle frontal gyrus, Left middle frontal gyrus, Right
supplementary motor area, Left supplementary motor area, Right medial frontal gyrus, Left medial frontal gyrus

BA9

Left middle frontal gyrus, Right middle frontal gyrus, Left superior frontal gyrus, Right superior frontal gyrus, Right medial
frontal gyrus, Left medial frontal gyrus

BA10

Left medial frontal gyrus, Right medial frontal gyrus, Left superior frontal gyrus, Right superior frontal gyrus

BA11

Left middle frontal gyrus, orbital part, Right middle frontal gyrus, orbital part, Left superior frontal gyrus, orbital part, Right
superior frontal gyrus, orbital part

BA12

Left middle frontal gyrus, orbital part, Right middle frontal gyrus, orbital part, Left superior frontal gyrus, orbital part, Right
superior frontal gyrus, orbital part

BA13

Left middle frontal gyrus, orbital part, Right middle frontal gyrus, orbital part, Left superior frontal gyrus, orbital part, Right
superior frontal gyrus, orbital part

BA14

Left middle frontal gyrus, orbital part, Right middle frontal gyrus, orbital part, Left superior frontal gyrus, orbital part, Right
superior frontal gyrus, orbital part

BA47

Left inferior frontal gyrus, pars orbitalis, Right inferior frontal gyrus, pars orbitalis

BA45

Left inferior frontal gyrus, pars triangularis, Right inferior frontal gyrus, pars triangularis

BA44

Left inferior frontal gyrus, pars opercularis, Right inferior frontal gyrus, pars opercularis

BA46

Right inferior frontal gyrus, pars triangularis, Left inferior frontal gyrus, pars triangularis, Left middle frontal gyrus, Right middle
frontal gyrus

BA24

Right anterior cingulate gyrus, Left anterior cingulate gyrus, Right midcingulate area, Right midcingulate area

BA32

Right anterior cingulate gyrus, Left anterior cingulate gyrus, Right midcingulate area, Right midcingulate area

Oxford/Harvard to AAL
DLPFC

Right middle frontal gyrus, Left middle frontal gyrus

Dorsal premotor

Left precentral gyrus, Right precentral gyrus

Ventral premotor

Left precentral gyrus, Right precentral gyrus

SMA

Left supplementary motor area, Right supplementary motor area

preSMA

Left supplementary motor area, Right supplementary motor area

Ventrolateral PFC

Right inferior frontal gyrus, pars triangularis, Left inferior frontal gyrus, pars triangularis, Left inferior frontal
gyrus, pars opercularis, Right inferior frontal gyrus, pars opercularis, Left inferior frontal gyrus, pars orbitalis,
Right inferior frontal gyrus, pars orbitalis

Desikan to AAL

LPFC L

Left middle frontal gyrus, Left inferior frontal gyrus, pars triangularis, Left inferior frontal gyrus, pars
opercularis

LPFC R

Right middle frontal gyrus, Right inferior frontal gyrus, pars triangularis, Right inferior frontal gyrus, pars
opercularis

Bi-lateral LPFC

Left middle frontal gyrus, Left inferior frontal gyrus, pars triangularis, Left inferior frontal gyrus, pars
opercularis, Right middle frontal gyrus, Right inferior frontal gyrus, pars triangularis, Right inferior frontal
gyrus, pars opercularis

Caudal Anterior Cingulate

Right midcingulate area, Left midcingulate area

Rostral Anterior Cingulate

Right anterior cingulate gyrus, Left anterior cingulate gyrus

Pars Opercularis

Left inferior frontal gyrus, pars opercularis, Right inferior frontal gyrus, pars opercularis

Pars Triangularis

Left inferior frontal gyrus, pars triangularis, Right inferior frontal gyrus, pars triangularis

Pars Orbitalis

Left inferior frontal gyrus, pars orbitalis, Right inferior frontal gyrus, pars orbitalis

Lateral Orbitofrontal

Right middle frontal gyrus, orbital part, Left middle frontal gyrus, orbital part, Right inferior frontal gyrus,
pars orbitalis, Left inferior frontal gyrus, pars orbitalis

Superior Frontal

Right superior frontal gyrus, Left superior frontal gyrus

Caudal Middle Frontal/

Right middle frontal gyrus, Left middle frontal gyrus

Rostral Middle Frontal

Right middle frontal gyrus, Left middle frontal gyrus

Frontal Pole

Left medial frontal gyrus, Right medial frontal gyrus, Left superior frontal gyrus, Right superior frontal gyrus

Insula

Right insula, Left insula

Destrieux to AAL
premotor

Left precentral gyrus, Right precentral gyrus

Named ROIs to AAL : These regions were only reported by name in the paper, with no coordinate or
reference atlas. These are our assignments of them to AAL.
SMA

Right supplementary motor area, Left supplementary motor area

L Oper, R Oper

Left inferior frontal gyrus, pars opercularis, Right inferior frontal gyrus, pars opercularis

L Tria, R Tria

Left inferior frontal gyrus, pars triangularis, Right inferior frontal gyrus, pars triangularis

FO

Right inferior frontal gyrus, pars opercularis, Left inferior frontal gyrus, pars opercularis,

MFC

Right midcingulate area, Left midcingulate area, Right anterior cingulate gyrus, Left anterior cingulate gyrus

SEF

Left supplementary motor area, Right supplementary motor area

mPFC

Right medial frontal gyrus, Left medial frontal gyrus

Insula

Right insula, Left insula

mSFG

Left medial frontal gyrus, Right medial frontal gyrus

MFG

Left middle frontal gyrus, Right middle frontal gyrus

lPFC

Left middle frontal gyrus, Right middle frontal gyrus

Superior Frontal Sulcus

Left superior frontal gyrus, Right superior frontal gyrus

FEF

Right precentral gyrus, Left precentral gyrus

Cingulate

Right anterior cingulate gyrus, Left anterior cingulate gyrus, Right midcingulate area, Left midcingulate area

rACC

Right anterior cingulate gyrus, Left anterior cingulate gyrus

ACC

Left anterior cingulate gyrus, Right anterior cingulate gyrus

Medial prefrontal

Left medial frontal gyrus, Right medial frontal gyrus

Anterior Insula

Left insula, Right insula

Inferior frontal gyrus, IFG

Left inferior frontal gyrus, pars triangularis, Right inferior frontal gyrus, pars triangularis

DLPFC, Dorsolateral PFC

Left middle frontal gyrus, Right middle frontal gyrus

OFC

Left inferior frontal gyrus, pars orbitalis, Left inferior frontal gyrus, pars orbitalis, Left middle frontal gyrus,
orbital part, Right middle frontal gyrus, orbital part, Left superior frontal gyrus, orbital part, Right superior
frontal gyrus, orbital part,

mOFC

Left middle frontal gyrus, orbital part, Right middle frontal gyrus, orbital part

lOFC

Left inferior frontal gyrus, pars orbitalis, Left inferior frontal gyrus, pars orbitalis

PMC

Left precentral gyrus, Right precentral gyrus

Medial frontopolar

Right medial frontal gyrus, Left medial frontal gyrus

Supplementary Table S3: Coding Information Type
Study ID

Decoded
Perceptual
1

Classified stimulus color
Classified stimulus position

4

Classified stimulus location
Classified stimulus object category

5

Classified attended stimulus (e.g. face, body, or house)

8

Classified direction of motion (during probe and during delay period)

10

Classified similarity judgment about abstract v/s concrete noun pairs

11

Classified painful v/s non-painful electric shocks

16

Classified scene category, natural v/s artificial
Classified face gender, male v/s female

23

Classified object category, tool v/s dwelling

28

Classified stimulus position

30

Classified location of a stimulus’ most salient feature

32

Classified meaningful v/s non-meaningful sentences

33

Classified facial expression

37

Classified computer’s choice in a game

43

Classified number magnitude (greater or less than 5)

50

Classified intelligible v/s unintelligible speech

52

Classified speech/music v/s re-ordered speech/music

53

Classified face gender, male v/s female

55

Classified affirmative v/s non-affirmative sentences

56

Classified race of faces

57

Classified object category held in memory, house v/s face

59

Classified ascending v/s descending tones

63

Classified stimulus direction held in memory

64

Classified reward type, attractive face v/s money

66

Classified anticipation/experience of electric shock on arm v/s leg

69

Classified near v/s far semantic similarity of presented words

75

Classified high v/s low tone held in working memory

77

Classified orientation of stimulus

80

Classified object attended to

87

Classified decision outcome identity

88

Classified category of object

93

Classified stimulus type
Response

1

Classified finger used to respond

5

Classified match v/s non-match decisions

6

Classified button response

13

Classified left v/s right grasping v/s reaching movements

24

Classified intention to press left v/s right button

28

Classified finger used to respond

37

Classified choice in a decision-making task

48

Classified finger used to respond
Classified response towards left v/s right part of space

49

Classified grabbing v/s touching movement to top v/s bottom of object

71

Classified predictive v/s reactive eye-movements

78

Classified different grasping movements

82

Classified saccade to target v/s anti-saccade

85

Classified figure used to respond

87

Classified action

91

Classified hand trajectory
Rule

1

Classified stimulus-response rule

2

Classified part of stimulus attended (stimulus on screen did not change)

3

Classified stimulus dimension used to make a response

5

Classified selective v/s non-selective attention

6

Classified stimulus-response rule

7

Classified semantic rule, decision rule and response rule

8

Classified condition, direction v/s speed, for perceptual decision task

9

Classified intention to perform addition v/s subtraction

12

Classified task, auditory/vocal v/s visual/manual

18

Classified simple and complex rules

20

Classified stimulus response rule

21

Classified simple and compound rules

22

Classified parts v/s the whole objects maintained in working memory

24

Classified spontaneous choice, left v/s right

25

Classified distractor task, attention shift task v/s count task.

27

Classified task

28

Classified stimulus-response rule

31

Classified response, yes v/s no, during lying v/s truth-telling

35

Classified memory condition, recall single object category, faces v/s scenes, or both categories.

40

Classified attentional condition, attend selectively v/s non-selectively

41

Classified task, auditory/vocal v/s visual/manual

42

Classified intention to perform parity v/s magnitude judgments

44

Classified n-back condition (n=1,2,3)

46

Classified categorization rule

47

Classified plan to perform grasping v/s reaching movements

54

Classified execution v/s imagining/observing reaching movements

57

Classified memory condition, location v/s category of object

60

Classified switch v/s stay decisions

63

Classified memory condition, single item v/s relation between items

65

Classified attended direction of motion clockwise v/s counter-clockwise (both directions
present)

70

Classified judgment rule (semantic, perceptual, lexical)

72

Classified logical rule, AND v/s OR v/s IF

74

Classified addition v/s subtraction

76

Classified instructions, face v/s house

79

Classified predicted next scene visited in maze

83

Classified task, face v/s word

84

Classified easy v/s hard rule

Value
37

Classified wins v/s losses

39

Classified subsequently bought v/s not bought products

61

Classified pleasant v/s unpleasant odors

68

Classified liked v/s disliked actions by others

81

Classified up-regulation v/s down-regulation of emotional response

85

Classified reward associated with stimulus

86

Classified correct v/s error trials

89

Classified high v/s low load working memory task

90

Classified task difficulty

92

Classified positive v/s negative self-generated thoughts

93

Classified emotion

Supplementary Table S4: Likelihood ratio tests for main regression analysis.
Regressor Tested

df

AIC

BIC Log Lik Lik Ratio p-value

Full Model (baseline)

58 -1089 -854

603

NA

NA

Classifier

53 -1082 -867

594

17.3

0.004

Info Type

55 -1094 -871

602

1.4

0.701

Smoothing

57 -1091 -860

603

0.5

0.490

Coregistration

57 -1090 -859

602

1.2

0.270

Response Normalization 56 -1091 -864

601

2.4

0.302

Number of Subjects

57 -1090 -860

602

0.8

0.383

Scanner Strength

57 -1091 -860

602

0.4

0.506

ROI v/s Searchlight

57 -1087 -857

600

3.

0.056

Temporal Averaging

55 -1092 -869

601

3.1

0.377

Region

21 -1122 -1037

582

40.9

0.300

Regressor groups were dropped one at a time from the model and tested against the full
model using the likelihood ratio test. Only the inclusion of classifier significantly improved
model fit (L=17.3; p=0.004, df=5). Only analyses reported as significant and assigned to one
AAL region were included in this analysis (422 analyses from 69 studies).

Supplementary Table S5: Results of regression analysis using 1 mean accuracy per study.
Df Sum Sq Mean Sq F value p-value
ROI v/s Searchlight

1

0.004

0.004

0.98

0.327

Temporal Averaging

3

0.030

0.010

2.39

0.077

Classifier Type

5

0.086

0.017

4.14

0.003

Smoothing

1

0.003

0.003

0.67

0.416

Coregistration

1

0.000

0.000

0.01

0.908

Response Normalization 2

0.000

0.000

0.03

0.974

Number of Subjects

1

0.008

0.008

2.10

0.153

Scanner Strength

1

0.004

0.004

1.07

0.304

F-tests were applied to each set of regressors. Classifier type had a significant influence on
decoding accuracy. This was driven by non-linear svm classifiers (F(5,59)=4.14, p=0.003;

Bonferroni corrected p=0.024). Mean of the decoding accuracies from frontal cortex reported
as significant from each of the 75 studies were used in this analysis.
Supplementary Methods (in-house fMRI study)
Participants
21 right-handed adults participated in the fMRI study. All had normal or corrected-tonormal vision and were screened for the presence of psychiatric or neurological conditions,
the use of CNS-affecting drugs, and contraindications for MRI. All participants gave
informed, written consent as approved by the Human Research Protections Office of Brown
University, and they were compensated for their participation.
Task Procedure
On each trial, a stimulus was displayed with a particular color (red or blue), shape (one of 3
arbitrary polygons), and pattern (striped, dotted, or no pattern). Prior to scanning,
participants learned that that a single stimulus feature (e.g. color) should be treated as
‘higher-order’ because it determined which of the other two stimulus features should guide
their response (e.g. shape or pattern). This higher order stimulus feature thus signals the
‘rule’ and is hypothesized to be represented by neurons in prefrontal cortex for providing
top-down control over response selection. The identity of this higher-order stimulus feature
(ie. color, shape or pattern) was counterbalanced across subjects.
The stimulus on each trial was displayed for 0.5s, followed by a 1.5s response window, and
a 16s inter-trial-interval. The long inter-trial-intervals were used to reduce the amount of
interference between response patterns from contiguous trials. There were a total of 144216 trials across 12-18 runs of fMRI scanning; participants were required to complete 12
runs, but were given the option to complete an additional 6 runs.
fMRI Procedure
A Siemens 3T Trio Tim MRI system with a 32-channel head coil was used for whole-brain
imaging. First, a high-resolution T1 weighted multiecho MPRAGE anatomical image was
collected for visualization [repetition time (TR), 2200 ms; echo time (TE), 1.54, 3.36, 5.18,
7.01 ms; flip angle, 7°; 144 sagittal slices; 1.2 × 1.2 × 1.2 mm]. Functional images were
acquired using a fat-saturated gradient-echo echo-planar sequence (TR, 2 s; TE, 28 ms; flip
angle, 90°; 38 interleaved axial slices; 3 × 3 × 3 mm). Head motion was restricted using
padding that surrounded the head. Visual stimuli were projected onto a screen and viewed
through a mirror attached to the head coil. Participants responded using an MR compatible
four-button response pad (Mag Design and Engineering).
Preprocessing of fMRI data was performed using SPM8 (http://www.fil.ion.ucl.ac.uk/spm).
First, data were examined for artifacts, outliers and excessive variance in the global signal
(functions: tsdiffana, art_global, art_movie). All data collected were used for subsequent
analysis. The data were then corrected for differences in slice acquisition timing by
resampling slices in time to match the first slice. Images were corrected for motion using a

rigid transformation. Images were then normalized to Montreal Neurological Institute (MNI)
stereotaxic space using affine regularization and resampled into 2 x 2 x 2 mm voxels using
trilinear interpolation. Images were not smoothed prior to classification, signal-to-noise, or
reliability analyses.
MVPA analyses
MVPA analyses were performed using PyMVPA (http://www.pymvpa.org/intro.html), using
typical methodological choices. Voxels were selected from the entire frontal and visual
cortex using a univariate ANOVA with significance threshold of p=0.05. Patterns were
constructed by taking the voxel response 8-seconds after the stimulus onset. A linear svm
with a fixed penalty (C=1) was used to classify patterns in a leave-one-run-out cross
validation scheme. We tested the significance of the classification using both a t-test on the
group-level and permutation testing on individual subjects.
Variations on this typical MVPA analysis were applied to explore whether decoding could be
improved. We varied the preprocessing, feature selection, temporal averaging, and classifier.
Although we do not detail the results here, we note that the group level accuracy in both
frontal and visual cortex were highly insensitive to these choices.
Signal-to-noise ratio
We compared the signal-to-noise ratio (SNR), both raw and functional SNR, between the
frontal and visual cortex. For raw SNR, we used the mean signal in each voxel divided by the
mean signal in 5x5x5mm box outside the brain. For functional SNR, we used the mean
response in each voxel during stimulus presentation divided by the mean response during
rest. For functional SNR, the response-window was chosen to be 6-8 seconds after the
stimulus presentation and was averaged across all conditions. The SNR for each voxel was
averaged within several regions from the frontal and visual cortex. For the frontal cortex, the
frontal regions from the MD network were employed (http://imaging.mrccbu.cam.ac.uk/imaging/MDsystem): IFGop, opercular part of the inferior frontal gyrus; MFG,
middle frontal gyrus; MFGorb, orbital part of the middle frontal gyrus; PrecG, precentral
gyrus; ACC, anterior cingulate cortex. The MD regions were chosen as they reliably show
univariate effects for manipulations of various kinds of demand and have been associated
with rule coding. For the visual cortex, the following AAL atlas regions were used: the
cuneus, calcerine sulcus, inferior occipital cortex, middle occipital cortex, and superior
occipital cortex. The average SNR in frontal regions and visual cortex regions is shown for
each subject in Supplementary Figure S6.
Reliability
Reliabilities of multi-voxel patterns in frontal and visual cortices were determined by
computing the correlation between patterns estimated from separate halves of the data. 100
random splits of the data were generated, and the correlation values from each split were
averaged (after applying Fisher Z-Transformation). The average split-half pattern
correlation for both the frontal and visual cortex is shown for each subject in Supplementary
Figure S6.

