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Fig. S3 |  Representation of the specific configurations of the DishBrain platform. Stimulation is delivered to a predefined 
sensory area and activity is measured in the motor regions to determine how the paddle will move. Feedback is provided via the 
sensory area based on the outcome of the motor region activity. Note the different configurations in which motor activity may have 
been interpreted. Configuration 0 was initially adopted as the beginning choice, however when the EXP3 algorithm was used to 
control selection from all of the above options, experimental cultures adopted a preference for configuration 3, which was then 
adopted going forward. '
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Fig S5 | Electrically inactive non-neural cells also display no learning over time and perform at media control 
levels compared to cortical cells. Significance bars show within group differences denoted with *. Symbols show 
between group differences at the given timepoint: # = vs Cortical cells. The number of symbols denotes the p-value 
cut off, where 1 = p < 0.05, 2 = p <0.01, 3 = p < 0.001 and 4 = p <0.0001. Box plots show interquartile range, with 
bars demonstrating 1.5X interquartile range, the line marks the median and ▲marks the mean. A) Looking at the % 
change in rally length compared to match rest controls, cortical cells condition showed significant t = 8.22, p = 1.15-
15) and outperformed HEK293T cells and media control groups at timepoint 2 which showed no change over time 
(Table S2). B) Shows similar differences vs rest performance for aces across conditions, where the Cortical cell group 
showed significantly less % of aces across time (t = 3.21, p = 0.002) along with significantly fewer aces than the HEK 
control and Media control groups at both timepoints (Table S2). C) differences vs rest performance for % if long-
rallies across conditions, where the Cortical cell group showed significantly more long-rallies across time (t = 3.40, p 
= 0.0007) along with significantly fewer aces than the HEK control and Media control groups at the second timepoint 
(Table S2). 
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Table S1. Multivariate statistical tests and all results for tests done.  

Fig. S5 | Key methods used in this study. A) Diagrammatic illustration of the core experimental setup which drove 
the research in this project.  B) Illustration of Dual SMAD inhibition protocol for differentiating pluripotent cells into 
cortical cells.  C) Starting position of paddle and ball as visualised in the DishBrain platform. From the perspective 
of the neural cultures, it is more accurate to imagine that they view this world from the perspective of the paddle 
looking at the ball opposed to top-down as presented here.  D) The Discrete Cosine Transformation (DCT) Basis 
functions used to summarise the symmetry of spontaneous electrophysiological activity.  
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Figure Panel  Parameters Source DF1 DF2 MS F p-
value 

np2 Method 

5 D Average 
Rally Length 

Group - all  1 845 0.305    10.381     0.001 0.012 ANOVA 
Half - all       2 845 0.446    15.172     0.000     0.035 ANOVA 
Interaction - all  2 845 0.078     2.646     0.072 0.006 ANOVA 

6 B Average 
Rally Length 

Group - all  4 394   0.297 3.330     0.011   0.033 RM ANOVA 
half - all       1     394   9.208   98.908     0.000   0.201     RM ANOVA 
Interaction - all  4     394 2.020   21.696     0.000   0.181   RM ANOVA 
Group – time 1 4   394   0.698     7.031     0.000 0.067 ANOVA 
Group – time 2 4   394   1.619    19.519 0.000 0.165 ANOVA 

C % Aces Group - all  4 394   0.081    9.284     0.000   0.086   RM ANOVA 
half - all       1     394   0.131 16.509     0.000   0.040     RM ANOVA 
Interaction - all  4     394 0.058    7.295     0.000 0.069   RM ANOVA 
Group – time 1 4   394   0.044     4.143     0.003     0.040 ANOVA 
Group – time 2 4   394   0.095    15.583     0.000     0.137 ANOVA 

D % Long 
Rally 

Group - all 4 394 0.017    4.767     0.001   0.046   RM ANOVA 
half - all       1     394   0.206   59.746     0.000 0.132     RM ANOVA 
Interaction - all  4     394   0.047   13.531     0.000   0.121 RM ANOVA 
Group – time 1 4 394   0.046    10.191     0.000     0.094 ANOVA 
Group – time 2 4 394   0.017     6.928     0.000     0.066 ANOVA 

7 C Average 
Rally Length 

Group - all  2      353   20740 4.721 0.000  0.026 RM ANOVA 
half - all       1      353   33440 16.577  0.000 0.045 RM ANOVA 
Interaction - all  2      353   25812 12.795 0.000 0.068 RM ANOVA 
Group – time 1 2 483 7559 2.181 0.114  0.009 ANOVA 
Group – time 2 2 483 53943 20.507 0.000     0.078 ANOVA 

D % Change 
Average 
Rally Length 
vs. Rest 
 

Group - all  2      164   49314 
 

7.674 
 

0.001 
 

0.086 
 

RM ANOVA 

Test-day  - all       2 328   16.11
5 

0.037 
 

0.963 
 

0.000 
 

RM ANOVA 

Interaction - all  4 328 908.4
48  

2.100 0.081 0.025 RM ANOVA 

E % Ace vs 
Rest 

Group - all  2      353   19992 6.511 0.002 0.036 RM ANOVA 
half - all       1      353   42.70 0.646 

 
0.422 
 

0.002 
 

RM ANOVA 

Interaction - all  2      353   549.0
25 

8.308 
 

0.000 0.045 
 

RM ANOVA 

Group – time 1 2 483 453.4
64     

2.181 0.127     
 

0.008 
 

ANOVA 

Group – time 2 2 483 2906 
 

18.096 
 

0.000 
 

0.070 
 

ANOVA 

F % Ace vs 
Rest  

Group - all  2      164   2683 12.125  0.000       0.129 RM ANOVA 
Test-day  - all       2 328   110.5

46   
0.971 0.380 0.006 RM ANOVA 

Interaction - all  4 328 180.4
59 

1.585 0.178 0.019 
 

RM ANOVA 

G % Long-
Rally vs Rest 

Group - all  2      353   52.00
7    

0.650     
 

0.523 
 

0.004 
 

RM ANOVA 

half - all       1      353   1089.
865   

29.932 0.000 0.078 RM ANOVA 

Interaction - all  2      353   436.9
36   

12.000 
 

0.000 0.064 
 

RM ANOVA 

Group – time 1 2 483 617.7
08  

8.513 
 

0.000 0.034 
 

ANOVA 
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Group – time 2 2 483 162.9
34  

3.219     
 

0.041     
 

0.013 
 

ANOVA 

H % Long-
Rally vs Rest 

Group - all  2      164   154.4
46 

0.490 
 

0.614  
 

0.006 
 

RM ANOVA 

Test-day  - all       2 328   21.67
8 

-0.244 
 

1.000 
 

0.00 RM ANOVA 

Interaction - all  4 328 118.7
79 

-1.336 
 

1.000 
 

0.00 
 

RM ANOVA 

S4 A % Change 
Average 
Rally Length 
vs. Rest 
 

Group - all  2 237 13897 3.052 0.049 0.02 RM ANOVA 
half - all       1 237 63857 27.008 0.000 0.102 RM ANOVA 
Interaction - all  2 237 13814 5.843 0.003 0.047 RM ANOVA 
Group – time 1 2 443 1389 0.405 0.667 0.002 ANOVA 
Group – time 2 2 442 42205 14.107 0.000 0.060 ANOVA 

B  
% Ace vs 
Rest  

Group - all  2 237 1956 10.036 0.000 0.078 RM ANOVA 
half - all       1 237 378 10.036 0.010 0.028 RM ANOVA 
Interaction - all  2 237 258 4.596 0.011 0.037 RM ANOVA 
Group – time 1 2 443 844 5.060 0.007 0.022 ANOVA 
Group – time 2 2 442 2828 26.297 0.000 0.106 ANOVA 

C % Long-
rallies vs 
Rest 

Group - all  2 237 47.90 0.791 0.454 0.007 ANOVA 
half - all       1 237 1507 33.155 0.000 0.123 RM ANOVA 
Interaction - all  2 237 344 7.585 0.001 0.060 RM ANOVA 
Group – time 1 2 443 425 6.063 0.003 0.027 RM ANOVA 
Group – time 2 2 442 258.7 6.029 0.003 0.027 ANOVA 
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Table S2. Follow up post-hoc tests for multivariate tests with exact p-values. 

Figure Panel Parameters A B Mean A  Mean B  SE T df p-value Hedges Method 
5 D Average Rally Length 

– Second Timepoint 
MCC HCC 0.801 0.843 0.012 -3.453 591.982 0.001 -0.254 Games-Howell 

Nonparametric 
Post-Hoc Test 

Test 1 Test 2 0.780 0.823 0.019 -2.218 125.002 0.072 -0.240 
Test 1 Test 3 0.780 0.901 0.025 -4.767 218.363 0.001 -0.637 
Test 2 Test 3 0.823 0.901 0.019 -4.138 163.172 0.001 -0.402 

6 B Average Rally Length 
– First Timepoint 

CTL HCC 0.9 0.674 0.05 4.513 153.939 0.001 0.632 Games-Howell 
Nonparametric 
Post-Hoc Test 

CTL IS 0.9 0.832 0.052 1.298 113.864 0.67 0.254 
CTL MCC 0.9 0.78 0.051 2.359 151.218 0.132 0.352 
CTL RST 0.9 0.765 0.055 2.451 114.874 0.109 0.464 
HCC IS 0.674 0.832 0.043 -3.66 101.344 0.004 -0.668 
HCC MCC 0.674 0.78 0.041 -2.568 228.111 0.08 -0.335 
HCC RST 0.674 0.765 0.047 -1.967 96.31 0.29 -0.345 

IS MCC 0.832 0.78 0.044 1.18 100.059 0.736 0.223 
IS RST 0.832 0.765 0.049 1.372 77.617 0.629 0.304 

MCC RST 0.78 0.765 0.047 0.317 96.415 0.9 0.058 
Average Rally Length 
– Second Timepoint 

CTL HCC 0.872 1.129 0.043 -5.919 195.83 0.001 -0.829 Games-Howell 
Nonparametric 
Post-Hoc Test 

CTL IS 0.872 0.801 0.037 1.928 114.885 0.309 0.377 
CTL MCC 0.872 1.02 0.04 -3.667 161.682 0.003 -0.547 
CTL RST 0.872 0.815 0.049 1.154 93.05 0.751 0.219 
HCC IS 1.129 0.801 0.036 9.189 168.072 0.001 1.676 
HCC MCC 1.129 1.02 0.039 2.776 236.963 0.046 0.362 
HCC RST 1.129 0.815 0.048 6.467 96.724 0.001 1.135 

IS MCC 0.801 1.02 0.032 -6.872 131.12 0.001 -1.301 
IS RST 0.801 0.815 0.043 -0.325 60.15 0.9 -0.072 

MCC RST 1.02 0.815 0.046 4.472 79.017 0.001 0.817 
CTL HCC 0.872 1.129 0.043 -5.919 195.83 0.001 -0.829 

C % Aces – First 
Timepoint 

CTL HCC 0.508 0.545 0.016 -2.364 145.517 0.131 -0.331 Games-Howell 
Nonparametric 
Post-Hoc Test 

CTL IS 0.508 0.535 0.019 -1.44 99.395 0.59 -0.282 
CTL MCC 0.508 0.534 0.017 -1.52 163.66 0.544 -0.227 
CTL RST 0.508 0.585 0.019 -4.174 106.983 0.001 -0.79 
HCC IS 0.545 0.535 0.016 0.634 70.432 0.9 0.116 
HCC MCC 0.545 0.534 0.014 0.806 205.214 0.9 0.105 
HCC RST 0.545 0.585 0.016 -2.587 78.04 0.083 -0.454 

IS MCC 0.535 0.534 0.017 0.063 87.795 0.9 0.012 
IS RST 0.535 0.585 0.019 -2.705 77.755 0.062 -0.6 
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MCC RST 0.534 0.585 0.017 -3.033 96.296 0.025 -0.554 
% Aces – Second 

Timepoint 
CTL HCC 0.53 0.482 0.012 3.956 124.102 0.001 0.554 Games-Howell 

Nonparametric 
Post-Hoc Test 

CTL IS 0.53 0.556 0.013 -2.017 115.384 0.264 -0.395 
CTL MCC 0.53 0.499 0.013 2.367 150.917 0.13 0.353 
CTL RST 0.53 0.57 0.019 -2.147 79.955 0.211 -0.407 
HCC IS 0.482 0.556 0.009 -8.323 94.994 0.001 -1.518 
HCC MCC 0.482 0.499 0.01 -1.731 195.047 0.419 -0.226 
HCC RST 0.482 0.57 0.016 -5.352 52.462 0.001 -0.939 

IS MCC 0.556 0.499 0.01 5.523 121.048 0.001 1.045 
IS RST 0.556 0.57 0.017 -0.882 55.815 0.9 -0.196 

MCC RST 0.499 0.57 0.017 -4.138 62.492 0.001 -0.756 
D % Long Rally – First 

Timepoint 
CTL HCC 0.095 0.044 0.011 4.598 117.248 0.001 0.644 Games-Howell 

Nonparametric 
Post-Hoc Test 

CTL IS 0.095 0.093 0.013 0.136 107.875 0.9 0.027 
CTL MCC 0.095 0.073 0.012 1.791 148.918 0.384 0.267 
CTL RST 0.095 0.092 0.012 0.235 120 0.9 0.045 
HCC IS 0.044 0.093 0.01 -4.824 60.589 0.001 -0.88 
HCC MCC 0.044 0.073 0.009 -3.387 186.286 0.008 -0.442 
HCC RST 0.044 0.092 0.009 -5.554 82.198 0.001 -0.975 

IS MCC 0.093 0.073 0.011 1.758 85.357 0.407 0.333 
IS RST 0.093 0.092 0.012 0.093 72.665 0.9 0.021 

MCC RST 0.073 0.092 0.01 -1.886 115.124 0.331 -0.344 
% Long Rally – 

Second Timepoint 
CTL HCC 0.093 0.106 0.008 -1.641 118.934 0.475 -0.23 Games-Howell 

Nonparametric 
Post-Hoc Test 

CTL IS 0.093 0.083 0.008 1.154 110.96 0.751 0.226 
CTL MCC 0.093 0.122 0.009 -3.205 148.722 0.014 -0.478 
CTL RST 0.093 0.087 0.011 0.515 102.083 0.9 0.098 
HCC IS 0.106 0.083 0.005 4.313 108.408 0.001 0.787 
HCC MCC 0.106 0.122 0.006 -2.416 189.523 0.116 -0.315 
HCC RST 0.106 0.087 0.009 2.173 59.384 0.204 0.381 

IS MCC 0.083 0.122 0.006 -5.911 131.734 0.001 -1.119 
IS RST 0.083 0.087 0.009 -0.453 59.221 0.9 -0.1 

MCC RST 0.122 0.087 0.009 3.619 77.747 0.005 0.661 
7 C % Change Average 

Rally Length vs. Rest 
Second Timepoint 

 

STIM SIL 43.351 21.394 6.006 3.656 309.729 0.001 0.396 Games-Howell 
Nonparametric 
Post-Hoc Test 

STIM NF 43.351 8.175 4.604 7.64 339.144 0.001 0.854 
SIL NF 21.394 8.175 5.091 2.596 198.782 0.027 0.324 

D % Change Average 
Rally Length vs. Rest 

STIM SIL 43.351 21.394 6.006 3.656 309.729 0.001 0.396 Games-Howell 
Nonparametric 
Post-Hoc Test 

 STIM NF 43.351 8.175 4.604 7.64 339.144 0.001 0.854 
 SIL NF 21.394 8.175 5.091 2.596 198.782 0.027 0.324 
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Second Timepoint – 
Test Day 

E % Ace vs. Rest 
First Timepoint 

STIM SIL -5.633 -4.809 1.502 -0.548 267.191 0.831 -0.059 Games-Howell 
Nonparametric 
Post-Hoc Test 

STIM NF -5.633 -2.283 1.835 -1.826 195.485 0.164 -0.204 
SIL NF -4.809 -2.283 2.016 -1.253 230.34 0.425 -0.156 

% Ace vs. Rest 
Second Timepoint 

STIM SIL -8.669 -1.871 -6.798 -5.795 288.862 0.001 -0.628 Games-Howell 
Nonparametric 
Post-Hoc Test 

STIM NF -8.669 -1.606 -7.063 -4.174 178.239 0.001 -0.466 
SIL NF -1.871 -1.606 -0.265 -0.149 200.322 0.9 -0.019 

F % Ace vs. Rest 
Second Timepoint -

Test Day 

STIM SIL -8.669 -1.871 -6.798 -5.795 288.862 0.001 -0.628 Games-Howell 
Nonparametric 
Post-Hoc Test 

STIM NF -8.669 -1.606 -7.063 -4.174 178.239 0.001 -0.466 
SIL NF -1.871 -1.606 -0.265 -0.149 200.322 0.9 -0.019 

G %Long rally vs. Rest 
First Timepoint 

STIM SIL -1.689 1.8 0.959 -3.64 234.35 0.001 -0.394 Games-Howell 
Nonparametric 
Post-Hoc Test 

STIM NF -1.689 1.082 0.957 -2.896 215.082 0.012 -0.323 
SIL NF 1.8 1.082 1.152 0.623 253.482 0.788 0.078 

%Long rally vs. Rest 
Second Timepoint 

STIM SIL 3.48 2.195 0.794 1.619 250.019 0.24 0.176 Games-Howell 
Nonparametric 
Post-Hoc Test 

STIM NF 3.48 1.58 0.794 2.393 229.45 0.046 0.267 
SIL NF 2.195 1.58 0.933 0.659 253.41 0.767 0.082 

H %Long rally vs. Rest 
Second Timepoint -

Test Day 

STIM SIL 3.48 2.195 0.794 1.619 250.019 0.24 0.176 Games-Howell 
Nonparametric 
Post-Hoc Test 

STIM NF 3.48 1.58 0.794 2.393 229.45 0.046 0.267 
SIL NF 2.195 1.58 0.933 0.659 253.41 0.767 0.082 

S4 A % Change Average 
Rally Length vs. Rest 
Second Timepoint 

 

CCs HEK 44.583 18.682 5.825 4.446 279.739 0.001 0.493 Games-Howell 
Nonparametric 
Post-Hoc Test 

CCs Media 44.583 14.374 6.652 4.541 153.166 0.001 0.591 
HEK Media 18.682 14.374 7.074 0.609 163.673 0.796 0.089 

B % Ace vs. Rest 
First Timepoint 

CCs HEK -5.888 -2.41 1.43 -2.433 241.772 0.041 -0.27 Games-Howell 
Nonparametric 
Post-Hoc Test 

CCs Media -5.888 -1.422 1.649 -2.709 132.14 0.021 -0.352 
HEK Media -2.41 -1.422 1.837 -0.538 164.491 0.837 -0.078 

% Ace vs. Rest 
Second Timepoint 

CCs HEK -8.953 -2.741 1.054 -5.894 292.584 0.001 -0.654 Games-Howell 
Nonparametric 
Post-Hoc Test 

CCs Media -8.953 -0.617 1.405 -5.931 129.919 0.001 -0.772 
HEK Media -2.741 -0.617 1.452 -1.463 137.53 0.313 -0.213 

C %Long rally vs. Rest 
Second Timepoint 

CCs HEK -1.767 1.153 0.963 -3.033 200.551 0.008 -0.336 Games-Howell 
Nonparametric 
Post-Hoc Test 

CCs Media -1.767 0.765 1.184 -2.139 107.676 0.087 -0.278 
HEK Media 1.153 0.765 1.366 0.284 157.623 0.9 0.041 

%Long rally vs. Rest 
Second Timepoint -

Test Day 

CCs HEK 3.523 1.309 0.734 3.016 236.704 0.008 0.335 Games-Howell 
Nonparametric 
Post-Hoc Test 

CCs Media 3.523 1.424 0.824 2.548 134.013 0.032 0.332 
HEK Media 1.309 1.424 0.929 -0.124 169.022 0.9 -0.018 
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Table S3. Percentage configurations selected (in bold) by EXP3 algorithm for control and experimental groups. 

 

 

 

 

 

 

 

 

Movie S1. 

Representative video of a paddle being controlled by the activity of living neurons to play a simulated game of pong. It is of 

particular interest to note how frequently after a successful hit the paddle leads where the ball will eventually end up on the return, 

even before the ball hits the backwall.  

Movie S2. 

Representative video of a paddle being controlled by the activity of living neurons to play a simulated game of pong in the 

SpikeStream interactive visualizer. This is also available live in real time from any active culture in the DishBrain system. 

 

Configuration Control 

% 

Experimental 

% 

0 22.17 15.51 

1 16.16 16.62 

2 13.93 18.50 

3 18.49 19.31 

4 12.25 14.69 

5 17.01 15.37 
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