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N E U R O S C I E N C E

Direct brain recordings reveal prefrontal cortex 
dynamics of memory development
E. L. Johnson1,2*, L. Tang1,3, Q. Yin1,3, E. Asano4, N. Ofen1,3,5,6*

Prevailing theories link prefrontal cortex (PFC) maturation to the development of declarative memory. However, 
the precise spatiotemporal correlates of memory formation in the developing brain are not known. We provide 
rare intracranial evidence that the spatiotemporal propagation of frontal activity supports memory formation in 
children. Seventeen subjects (6.2 to 19.4 years) studied visual scenes in preparation for a recognition memory test 
while undergoing direct cortical monitoring. Earlier PFC activity predicted greater accuracy, and subsecond de-
viations in activity flow between subregions predicted memory formation. Activity flow between inferior and 
precentral sites was refined during adolescence, partially explaining gains in memory. In contrast, middle 
frontal activity predicted memory independent of age. These findings show with subsecond temporal precision 
that the developing PFC links scene perception and memory formation and underscore the role of the PFC in 
supporting memory development.

INTRODUCTION
Although children as young as 4 to 6 years do form memories of events 
in their lives (1, 2), it is widely understood that declarative memory 
continues to improve into young adulthood (3–6). Declarative mem-
ory relies on the dynamic neural communications within a dis-
tributed network of brain areas, including regions within the medial 
temporal lobes and the prefrontal cortex (PFC). Existing evidence 
indicates that these regions mature at different rates and that the neural 
correlates of memory may change as children mature into adulthood. 
Memory development follows a protracted trajectory concomitant 
with the well-documented maturation of the PFC and widespread 
neocortical-hippocampal connections (7–10), i.e., the structural sub-
strates of declarative memory in the adult brain. Little is known, how-
ever, about the dynamic processes that support memory formation 
in the developing brain.

There are substantial data on the neural basis of memory in adults, 
but a paucity of information on how brain development is linked to 
the emergence of this core ability in children. Drawing evidence from 
functional magnetic resonance imaging (fMRI) studies comparing 
children, adolescents, and adults, prevailing theories link the matu-
ration of neural structures such as the PFC to the behavioral gains 
observed in declarative memory with age (11–15). For example, Ofen 
and colleagues (11) documented an age-related increase in PFC ac-
tivation during the study of scenes that were subsequently remem-
bered compared with those that were subsequently forgotten. More 
recently, Tang and colleagues (12) demonstrated a similar trend in 
a larger cohort, showing age-related increases in lateral PFC subre-
gions and decreases in superior and medial regions during memory 
formation. Together, fMRI techniques yield data of superb spatial 
resolution and evidence age-related increases in lateral PFC activation 

coupled with thinning of the cortical gray matter (11, 16), alongside 
decreases in adjacent superior and medial PFC subregions (12, 17) 
during memory formation. Given that subregions of the PFC sup-
port selective aspects of memory formation (12, 18), it is possible that 
the functional maturation of specific PFC subregions partially un-
derlies the development of declarative memory.

Until recently, however, it was not possible to detail the precise 
timing of PFC activity in the developing brain, leaving a critical gap 
in the understanding of how PFC maturation contributes to declar-
ative memory. Electrocorticographic (ECoG) recordings in patients 
with surgically implanted subdural electrodes for clinical manage-
ment of seizures provide a powerful tool for examining the neural 
basis of human memory (19). Here, we provide rare insight based 
on data with unprecedented spatiotemporal resolution in the study 
of neurocognitive development collected from 17 children and ad-
olescents. The ECoG data were cleaned to ensure analyses were per-
formed on electrodes and epochs free of seizure activity (20). Our 
goal was to examine the subsecond temporal involvement of PFC 
subregions in memory formation across this sample of children and 
adolescents. We hypothesized that if the functional specialization of 
the PFC by subregion underlies declarative memory, then the spa-
tiotemporal propagation of PFC activity by subregion should (i) 
predict whether a memory forms on a per-trial basis and (ii) vary 
between individuals according to memory performance. With this 
work, we provide the first intracranial investigation of memory for-
mation in the developing brain.

We recorded directly from lateral frontal sites in 17 subjects (6.2 
to 19.4 years of age; mean ± SD, 13.5 ± 3.5; table S1) while they per-
formed a declarative memory task that has been used previously to 
study PFC subsequent memory effects in children and adolescents 
(Fig. 1A) (11, 12, 21). Subsequent memory effects are measured by 
contrasting the behavioral and/or neural responses recorded during 
study based on the subsequent fate of the studied material. Contrast-
ing brain activity recorded during the study of scenes that were later 
remembered to activity recorded during the study of scenes that were 
later forgotten is a widely used approach to investigate the functional 
architecture of memory (18). Here, subjects studied sets of 40 pic-
tures of scenes and verbalized a semantic judgment of whether each 
scene was indoor or outdoor in preparation for a recognition memory 
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test (all scenes presented at study intermixed with 20 new scenes). 
Subjects made an “old”/“new” judgment of each scene at test, which 
was coded as a hit, miss (i.e., new response to studied scene), correct 
rejection, or false alarm (old response to new scene). This design 
allowed us to examine the per-trial spatiotemporal propagation of 
frontal activity by subregion during study as a function of subse-
quent recognition memory at test (i.e., hit versus miss trials). Fur-
thermore, as a sample size of 17 is large for this type of research, we 
were also able to examine interindividual variation in the frontal ECoG 
correlates of memory formation.

We found that subject age did not directly predict the interin-
dividual differences observed in recognition accuracy [accuracy (hit 
rate − false alarm rate); range, 0.02 to 0.79; P > 0.15], making it possi-
ble to use age and memory performance as nonredundant variables 
in the current sample [cf. (11, 12, 21)]. This divergence between age 
and memory performance offered a unique opportunity to disen-
tangle individual differences between age, memory, and the frontal 
ECoG correlates of memory formation. We considered three alternative 
outcomes of how individual differences in the functional specializa-
tion of the PFC might predict individual differences in memory for-
mation during development. In outcome 1, PFC activity would vary 

as dual functions of age and memory performance, consistent with 
prevailing theories based on fMRI data, suggesting that PFC activity 
partially mediates the relationship between age and memory perform
ance. This outcome would thereby provide the first description of 
PFC subregional involvement in memory development with temporal 
precision. In outcome 2, activity would vary by memory performance 
independent of age, revealing temporally precise PFC subregional in-
volvement in memory formation independent of age, thereby chal-
lenging prevailing theories implicating protracted PFC maturation 
in memory development. In outcome 3, activity would vary with age 
independent of memory, suggesting that age-related differences 
observed in PFC structure and function may not be directly related 
to memory performance. If, as we hypothesized, the functional spe-
cialization of the PFC by subregion supports declarative memory, 
then results should favor outcome 1 or 2. We tested these alterna-
tives using a two-tiered, unbiased approach in which frontal ECoG 
data were first analyzed per trial on the individual subject level and 
then modeled on the group level using linear mixed-effects models 
with subjects as random factors, as well as analysis of covariance 
(ANCOVA) with individual age and mean recognition accuracy as 
covariates.

Fig. 1. Subsequent memory paradigm and electrode coverage. (A) Subsequent memory paradigm. Subjects studied sets of 40 pictures of scenes (3 s each, separated 
by a 500-ms interstimulus fixation screen) and made an “indoor”/“outdoor” judgment of each scene in preparation for a recognition memory test of all scenes presented 
during study, intermixed with 20 new scenes. Subjects made an old/new judgment of each scene during the test block, which was coded as a hit (red), miss (gray; i.e., new 
response to studied scene), correct rejection, or false alarm (old response to new scene). The test was self-paced. ISI, interstimulus interval (500-ms fixation). Photo credit: 
Noa Ofen, Individual. (B) Reconstruction of active electrode coverage for all subjects (n = 301). Electrodes are color coded by region of interest: orange, PCG; green, SFG; 
blue, MFG; purple, IFG.

 on O
ctober 30, 2020

http://advances.sciencem
ag.org/

D
ow

nloaded from
 

http://advances.sciencemag.org/


Johnson et al., Sci. Adv. 2018; 4 : eaat3702     19 December 2018

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

3 of 12

RESULTS
Behavior
We first confirmed that subjects were proficient at the scene encod-
ing task performed during study (rate of correct indoor/outdoor 
judgments; mean ± SD, 0.91 ± 0.11; chance, 0.5; Fig. 1A and table 
S1). Study trials with incorrect indoor/outdoor judgments were ex-
cluded from further analyses. This important step controls for atten-
tion at study. Memory for the attended scenes was assessed in a sub-
sequent recognition test. Of the studied scenes with correct indoor/
outdoor judgments, a mean of 0.64 was correctly identified as old 
(i.e., hit), and the remaining 0.36 was incorrectly identified as new 
(i.e., miss) (SD, 0.18). Of the scenes used as foils during recognition, 
a mean of 0.68 was correctly identified as new, and the remaining 
0.32 was incorrectly identified as old (i.e., false alarm) (SD, 0.18). 
Recognition accuracy (hit rate − false alarm rate) varied across sub-
jects from 0.02 to 0.79 (mean ± SD, 0.32 ± 0.22; table S1). ANCOVA 
was used to model individual differences in accuracy by subject age. 
Subject age did not covary with accuracy of the encoding task (P > 
0.74) or the recognition test (P > 0.15).

Response times (RTs) on the encoding task performed during 
study varied across subjects from 763 to 1851 ms (mean ± SD, 1476 ± 
331 ms), and RTs at test varied across subjects from 1342 to 4626 ms 
(mean ± SD, 2602 ± 932 ms; table S1). ANCOVA was again used to 
model RT data at study and test. We submitted the study RT data to 
an ANCOVA, with subsequent memory (i.e., hit versus miss) as the 
grouping variable and individual age and mean recognition accuracy 
as covariates. There was a main effect of recognition accuracy (un-
corrected P < 0.04) but no other effects (P > 0.10). Post hoc stepwise 
multiple regression revealed that study RTs were negatively related 
to recognition accuracy (b = −811, F1,32 > 11.05, P < 3 × 10−3) with 
no other variables in the model. Test RT data were submitted to an 
ANCOVA, with stimulus type (i.e., studied versus new) and response 
accuracy (correct versus incorrect) as grouping variables and age 
and recognition accuracy as covariates. There were no significant ef-
fects (P > 0.13).

Task-induced spectral activity
ECoG signals were recorded subdurally from the lateral frontal 
cortex and denoted according to individual anatomy. Because of 
the nature of the recording technique, ECoG arrays with task-
active electrodes (described below) covered the middle frontal 
gyrus (MFG) and precentral gyrus (PCG) in 17 of 17 subjects, 
inferior frontal gyrus (IFG) in 14 of 17 subjects (age range, 8.5 
to 19.4 years), and superior frontal gyrus (SFG) in 6 of 17 subjects 
(6.2 to 19.4 years). We used increases in power at broadband high 
frequencies (30 to 250 Hz) to track rapid, task-induced cortical 
activity during scene perception at study. Broadband high-frequency 
power provides a spatiotemporally precise measure of cortical 
activity (22–27) and correlates with the fMRI hemodynamic re-
sponse (28–30), making it ideally suited to bridge the current work 
with existing fMRI literature. Patterns of high-frequency power at 
study were assessed per trial as a function of subsequent recogni-
tion memory at test.

The multitaper frequency spectrum (31) was calculated for each 
study trial by sliding a 250-ms window in 25-ms increments across 
40 logarithmically spaced frequency bands centered from 30 to 
250 Hz (1/3 fractional bandwidth). We then separated the pretrial 
baseline (−450 to −150 ms from scene onset) and encoding (−150 
to +3000 ms) intervals and performed statistical analysis of task-

induced spectral effects by standardizing the encoding outputs on 
the pretrial baseline via bootstrapping [e.g., (32)]. Task-responsive 
electrodes were defined per subject by all-trial mean significant 
increases in power that were sustained for at least 100 ms in at 
least two contiguous frequency bands during scene presentation at 
the false discovery rate (FDR) threshold of 0.05 (32, 33). A total of 
301 electrodes were selected for analysis (Fig. 1B), with a mean of 
18 ± 7 active sites (66 ± 15% of lateral frontal electrodes) per subject. 
Furthermore, there were no differences in raw power during the 
pretrial interval between subsequent hit and miss trials (Wilcoxon 
signed-rank test, FDR-corrected P > 0.05), which isolates any subse-
quent memory effects to spectral activity that was induced by the 
encoding task at study.

To examine the spatiotemporal patterns of scene perception and 
memory formation compared with the pretrial baseline, we pooled 
the per-trial study data from all subjects. For visualization, per-trial 
task-induced power was averaged across frequencies and intra-
regional electrode samples within each subject, and trials were sort-
ed by encoding RT (32, 33). As shown in Fig. 2, per-trial cortical 
activity was evident in all frontal subregions, with the most pro-
nounced activity preceding the response onset (z > 2.57, P < 0.01). 
Similar spatiotemporal patterns were observed in subsequent rec-
ognition hit and miss trials (fig. S1), suggesting that omnibus frontal 
activity is related to scene perception.

Latency of frontal activity
We assessed the behavioral relevance of the timing of per-trial 
frontal activity using frequency- and electrode-resolved linear 
correlation, with the latency of peak activity (i.e., point of maximal 
neuronal firing and synchrony in local cortical tissue) (22–27) 
from study scene onset to response onset as the predictor and RT 
as the outcome. Per-subject linear correlations between the 
latencies of peak activity and verbal response onset revealed that 
peak activity was positively timed to the verbal response across all 
regions in at least 2 of the 40 contiguous frequencies spanning the 
range of 30 to 250 Hz (94 ± 8% of active electrode sites per subject, 
FDR-corrected P < 0.05). Frontal activity was observed early on 
trials in which the study response was verbalized within ~1 s 
of scene onset and at later latencies for trials with longer RTs, indi-
cating that frontal activity predicted response execution (33). This 
pattern was especially clear in the PCG, where peak activity pre-
ceded the verbal response and persisted through response onset 
(Fig. 2A and fig. S1A).

We note that these patterns were evident in both the youngest 
and oldest subjects (6.2 and 19.4 years of age), who showed broad-
band peak activity that was significantly timed to the encoding re-
sponse at all sites sampled (FDR-corrected P < 0.05; Fig. 2, A and B, 
and fig. S1, A and B). Because individual mean encoding RTs pre-
dicted recognition memory accuracy (P < 3 × 10−3), these results 
evidence that frontal cortex spectral activity at study predicts sub-
sequent recognition at test, even in children.

Group-level ANCOVA was used to model directly the predictive 
relationship between preresponse frontal peak latencies at study and 
subsequent recognition accuracy. We submitted the individual peak 
latency data to per-region ANCOVAs, with subsequent memory 
(i.e., hit versus miss) as the grouping variable and age and mean rec-
ognition accuracy as covariates. Overall, PCG activity peaked at 702 ± 
176 ms (range, 310 to 1064 ms) from scene onset, IFG at 655 ± 148 ms 
(325 to 951 ms) from scene onset, MFG at 655 ± 154 ms (327 to 957 ms) 
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from scene onset, and SFG at 696 ± 171 ms (537 to 977 ms) from 
scene onset. There were main effects of accuracy in the PCG, MFG, 
and IFG models (uncorrected P < 0.04; Fig. 3); the relationship did 
not hold on the group level in the SFG (P > 0.07). Post hoc stepwise 
multiple regression revealed that earlier individual peak activity 
in the preresponse interval predicted increased subsequent recogni-
tion accuracy (PCG: b = −398, F1,32 > 10.01, P = 4 × 10−3; MFG: 
b = −324, F1,32 > 7.37, P < 0.02; Fig. 3, A and B). In the IFG model 
(Fig. 3C), there were significant main effects of accuracy (b = 4.64, 
F1,27 > 17.78, P < 3 × 10−3) and age (b = 0.07, F1,27 > 17.69, P < 4 × 
10−3), and an accuracy × age interaction (b = −0.29, F1,27 > 16.97, 
P < 3 × 10−3). The negative relationship between IFG peak activity 
latency and memory accuracy was maximal in adolescent subjects. 
Last, there was a main effect of age in the SFG model (b = 57.08, F1,31 > 
12.92, P < 2 × 10−3; Fig. 3D, left). Like accuracy, age covaried nega-
tively with peak latency. There were no age effects in the PCG or 
MFG model (P > 0.2).

Spectral subsequent memory effects
We assessed the relevance of the magnitude of frontal activity to 
subsequent memory formation, epoched to 3 s from scene onset 
and time locked to the study response onset, using nonparametric 

Z tests (10,000 iterations). The empirical subsequent memory 
effect (i.e., mean z-hit power − mean z-miss power) was compared 
with a Monte Carlo distribution of chance effects at each time, fre-
quency, and electrode data point, and adjusted for multiple com-
parisons at the per-subject FDR threshold of 0.05. To visualize the 
spatiotemporal dynamics of memory-relevant frontal activity, we 
pooled the time-frequency representations of power from all sub-
jects, averaged across intraregional electrodes separately for hit and 
miss trials within each subject, juxtaposed with representative 
electrode-sample statistical subsequent memory effects (Fig. 4). 
We note that these are the spectral representations of the per-trial 
data shown in Fig. 2 and fig. S1, demonstrating that overall power 
is increased across the full frequency range of 30 to 250 Hz during 
scene encoding.

We then thresholded the time-frequency representations of power 
at the per-subject FDR and used the intersection of the power and 
Z test thresholded masks to index subsequent memory effects that re-
flected task-induced frontal activity. We observed a diverse pattern 
of spectral subsequent memory effects in all regions, where sites 
exhibiting positive effects were interspersed with sites exhibiting neg-
ative effects. At PCG electrode sites, all 17 subjects exhibited positive 
effects and 16 of 17 subjects also exhibited negative effects. At MFG 

Fig. 2. Frontal activity on subsequent hit trials by region of interest. (A) Left: Vertically stacked single hit trials for all subjects sorted by RT (white tick marks), averaged 
over all active PCG electrodes per subject. Scene onset is indicated by the vertical white line at time = 0 s. Single-trial PCG activity (i.e., z-scored power values compared 
with a baseline distribution) preceded the response onset (z > 2.57, P < 0.01). Right: Representative electrode-sample single trials for two subjects aged 19.4 and 6.2 years, 
showing similar activation patterns regardless of age. The dashed lines on the color bar indicate the threshold of significance (|z| > 1.96, P < 0.05). YO, years old. (B) Equiv-
alent to (A): MFG activity was sustained following the response onset. (C) Equivalent to (A): IFG activity was sustained following the response onset. (There was no IFG 
coverage in the youngest subject.) (D) Equivalent to (A): SFG activity was sustained following the response onset.
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sites, 16 of 17 subjects exhibited both positive and negative effects 
and one subject did not exhibit significant effects. At IFG sites, all 
14 subjects exhibited positive effects and 13 of 14 subjects also ex-
hibited negative effects. At SFG sites, all six subjects exhibited posi-
tive effects and 5 of 6 subjects also exhibited negative effects. These 
patterns were evident in both the youngest and oldest subjects (6.2 
and 19.4 years of age; Fig. 4, right insets).

Last, spectral subsequent memory data were tested on the group 
level by taking the mean of per-subject significant effects across frequen-
cies and intraregional electrodes in four 1-s epochs between −1500 
and +1000 ms relative to the response onset. The outputs were first 
submitted to per-region linear mixed-effects models, with time as 
the fixed effect and subjects as random effects. The same data were 
then submitted to an ANCOVA at each 1-s epoch, with individual age 
and mean recognition accuracy as covariates. The linear mixed-effects 
models revealed a main effect of time in the PCG (F1,66 > 6.13, P < 0.02, 
d > 0.87) and MFG (F1,66 > 6.82, P < 0.02, d > 0.92), such that omnibus 
subsequent memory effects shifted from positive 1500 ms preresponse 
to negative by the time of response (fig. S2). The IFG and SFG models 
were not significant (P > 0.18). In the PCG, the ANCOVAs revealed 
main effects of age −1000 ms (b = −0.01, F1,13 > 15.82, P < 6 × 10–3) 

and −500 ms from response onset (b = −0.01, F1,13 > 13.59, P < 10 × 10–3), 
indicating greater negative effects in childhood-aged subjects. Age interacted 
with accuracy at −500 ms (b = 0.01, F1,13 > 7.56, P < 0.02), indicating that 
the negative relationship between PCG subsequent memory effects and 
accuracy was maximal in childhood-aged subjects. Age also interacted 
with accuracy at the time of response in the IFG (b = 0.06, F1,10 > 9.27, 
P < 0.02; age and accuracy, uncorrected P < 0.04), likewise indicating 
that the negative relationship between IFG subsequent memory effects 
and accuracy was maximal in childhood-aged subjects. In contrast, there 
were no individual differences in the MFG or SFG (P > 0.56), which 
further evidences the spatiotemporal heterogeneity of activity mag-
nitude effects within the PFC of individual children and adolescents.

Dynamic inter-regional activity flow
We quantified the temporal interrelationships of task-induced activity 
between frontal subregions separately for subsequent hit and miss 
trials, epoched to 3 s from scene onset and time locked to the study 
response onset, using Spearman’s rank partial correlations. Dynamic 
functional connectivity was characterized by significant power cor-
relations at each time, frequency, and interelectrode data point across 
serial temporal lags (500-ms data segments, 0- to 475-ms lags in 25-ms 

Fig. 3. Frontal peak latency predicts subsequent memory accuracy. (A) Left: Preresponse latency of peak PCG activity predicted recognition accuracy (P = 4 × 10−3, 
r = −0.55). Data are represented per subject. *Significant result. (B) Equivalent to (A): MFG peak activity latency predicted recognition accuracy (P < 0.02, r = −0.52). (C) Left: 
Equivalent to (A): IFG peak activity latency predicted recognition accuracy (P < 4 × 10−3; r = −0.60). Right: The negative relationship between peak activity latency and 
memory accuracy was maximal in adolescent subjects (P < 4 × 10−4). (D) Left: SFG peak activity latency was predicted by age (P < 2 × 10−3, r = −0.27). Right: Equivalent to 
(A): Similar, albeit subthreshold, effects were observed between peak activity latency and recognition accuracy (full-model ANCOVA P > 0.07, r = −0.66).
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steps) (34), controlling for the all-electrode mean correlation at each 
temporal lag. We then analyzed subsequent memory effects using 
Fisher’s Z tests, thresholded the correlation and Z test outputs at the 
per-subject FDR threshold of 0.05, and used the intersection of the two 
thresholded masks to index memory-relevant flow of task-induced 
activity. Outputs were then averaged across frequencies and inter- 
regional electrodes to visualize the direction and timing of effects 
between adjacent subregions, and normalized according to each sub-
ject’s maximum (Fig. 5 and figs. S3 and S4). We observed reciprocal 
patterns of activity flow between frontal subregions in all subjects, 
such that task-induced activity flowed back and forth in both anterior- 

posterior and superior-inferior directions during memory formation. 
Critically, as we describe below, subsecond deviations in the timing 
and direction of anterior-posterior activity flow between the PCG 
and IFG and MFG sites drove subsequent memory formation.

To model the timing and direction of activity flow on the group 
level, we took the mean of per-subject significant effects across all 
25- to 475-ms lags in four 1-s epochs between −1500 and +1000 ms 
relative to the response onset. The outputs were first submitted to 
per-region linear mixed-effects models, with time and direction as fixed 
effects and subjects as random effects. The same data were then 
submitted to an ANCOVA at each 1-s epoch, with direction as the 

Fig. 4. Spectral subsequent memory effects are spatiotemporally diverse. (A) Left: Time-resolved power spectra of subsequent hit (top) and miss (bottom) trials for 
all subjects, time locked to the RT (time = 0) and averaged over all active PCG electrodes per subject. Response onset is indicated by the vertical white line at time = 0 s, 
and mean scene onset is indicated by the dashed line. Right: Representative electrode-sample subsequent memory effects (SMEs), masked at the per-subject FDR thresh-
old (i.e., intersection of power and nonparametric Z test masks) for two subjects aged 19.4 and 6.2 years, showing similar effects regardless of age (cf. Fig. 2). Both positive 
and negative effects were observed. The dashed lines on the color bar indicate the threshold of significance (|z| > 1.96, P < 0.05). YO, years old. (B) Equivalent to (A): Sim-
ilar effects were observed in the MFG. (C) Equivalent to (A): Similar effects were observed in the IFG. (There was no IFG coverage in the youngest subject.) (D) Equivalent 
to (A): Similar effects were observed in the SFG.
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grouping variable and age and mean recognition accuracy as co-
variates. Overall, activity overlapped between IFG and PCG sites during 
memory formation, with the IFG leading the PCG maximally −209 ± 
691 ms from response onset (lag, 241 ± 163 ms), and the PCG lead-
ing the IFG −109 ± 471 ms (lag, 282 ± 140 ms; Fig. 5A, top). How-
ever, the linear mixed-effects model revealed a net main effect of 
direction (F1,108 > 3.67, P < 0.02, d > 0.75), uncovering a double dis-
sociation. As shown in Fig. 5A (bottom), the PCG led the IFG during 
successful scene memory formation; when activity flowed in the re-

verse direction, scenes were subsequently forgotten. The IFG and 
PCG were coactive following the verbal response.

Furthermore, the ANCOVA revealed individual differences in 
IFG-PCG coactivation. There were main effects of accuracy mediated 
by a time-resolved age × accuracy interaction, and of direction mediated 
by a direction × accuracy interaction at the response onset (uncor-
rected P < 0.04; Fig. 5B). Post hoc stepwise multiple regression indi-
cated a significant main effect of accuracy (b = −0.63, F1,24 > 11.28, 
P < 0.02) and an age × accuracy interaction (b = 0.04, F1,24 > 5.72, 

Fig. 5. IFG/MFG-PCG activity flow predicts subsequent memory. (A) Top: Normalized power-correlation subsequent memory effects (SMEs) per temporal lag (25 to 
475 ms) for all subjects, time locked to the RT (time = 0 s), masked for at the per-subject FDR threshold (i.e., intersection of partial correlation and Fisher’s Z test masks), 
and averaged over all active IFG-PCG electrode pairs per subject. Response onset is indicated by the vertical white line at time = 0 s, and mean scene onset is indicated by 
the dashed line. Bottom: Per-second temporal mean power-correlation subsequent memory effects in the PCG-to-IFG (orange) and IFG-to-PCG (purple) directions reveal 
a main effect of direction (P < 0.02). Data are represented as means ± SEM on the group level. *Significant result. (B) Time-resolved individual differences in IFG-PCG co-
activation. Top: In adolescent subjects, IFG-PCG coactivation increased with mean recognition accuracy at the response onset (age × accuracy, P < 0.02). Bottom: The same 
data shown by direction of activity flow to emphasize the main effect of accuracy (P < 0.02). Note that IFG-to-PCG activity flow did not lead to subsequent memory for-
mation without considering age differences. *Significant result. (C) Equivalent to (A): Top: Normalized power-correlation subsequent memory effects per temporal lag for 
all subjects, averaged over all active MFG-PCG electrode pairs per subject. Bottom: There was a shift in direction over time between MFG and PCG sites (P < 0.02). Orange, 
PCG-to-MFG; blue, MFG-to-PCG. (D) Time-resolved individual differences in MFG-PCG activity flow. Equivalent to (B, bottom): After the response onset, MFG-to-PCG activ-
ity flow (blue) predicted mean recognition accuracy (P < 0.01, r = 0.25), with no change in PCG-to-MFG activity flow (orange; r = −0.01).

 on O
ctober 30, 2020

http://advances.sciencem
ag.org/

D
ow

nloaded from
 

http://advances.sciencemag.org/


Johnson et al., Sci. Adv. 2018; 4 : eaat3702     19 December 2018

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

8 of 12

P < 0.01) with direction removed from the model, which indicates 
that age-related patterns of coactivation predicted later accuracy. 
In adolescent subjects, IFG-PCG coactivation increased with accuracy 
at the response onset. In middle childhood–aged subjects, IFG-PCG 
coactivation at the response onset did not benefit accuracy. When 
the shift in direction occurred in these subjects at response onset, 
their accuracy decreased, indicating that the timing of IFG-PCG 
coactivation affected subsequent memory as a function of age. These 
patterns evidence a system of rapidly shifting and behaviorally relevant 
activity flow between IFG and PCG sites and suggest that adolescents 
were more flexible in the timing of IFG-PCG coactivation during 
successful memory formation than children.

Mean peak activity flow overlapped between MFG and PCG sites 
during memory formation, with the MFG leading the PCG at −350 ± 
744 ms from response onset (lag, 265 ± 116 ms) and the PCG leading 
the MFG at −37 ± 585 ms (lag, 291 ± 147 ms). The linear mixed-effects 
model revealed a main effect of time (F1,132 > 5.08, P < 0.02, d > 0.79) 
mediated by a time × direction interaction (F1,132 > 3.47, P < 0.02, 
d > 0.65). As shown in Fig. 5C (bottom), the interaction reflects a 
shift in direction over time, with memory formation linked to an 
early MFG lead followed by patterns of coactivation. Futhermore, the 
ANCOVA revealed a main effect of accuracy and an age × accuracy 
interaction following the response onset (uncorrected P < 0.03). Post 
hoc stepwise multiple regression revealed that the main effect of ac-
curacy, but not the interaction with age, was significant with other 
variables removed from the model (b = −0.03, F1,32 > 7.49, P = 0.01; 
Fig. 5D). MFG-to-PCG activity flow increased incrementally during 
memory formation with subsequent recognition accuracy, with no 
change in PCG-to-MFG activity flow. Individuals with greater ac-
curacy exhibited MFG-to-PCG activity flow following the response, 
regardless of age (P > 0.15).

The SFG led the PCG during memory formation, with the SFG 
leading the PCG at −525 ± 803 ms from response onset (lag, 183 ± 
138 ms) and the PCG leading the SFG at 87 ± 874 ms (lag, 221 ± 
149 ms). However, no effects were observed in the linear mixed-effects 
model (P > 0.22; fig. S3). Last, we observed a range of early peak 
task-induced activity flow in the inferior-to-superior direction, with 
the IFG leading the MFG at −663 ± 661 ms from response onset 
(lag, 275 ± 161 ms) and the MFG leading the SFG at −229 ± 941 ms 
(lag, 229 ± 91 ms). In the reverse direction, SFG-to-MFG activity 
flow peaked at −721 ± 602 ms (lag, 258 ± 142 ms), and MFG-to-IFG 
activity flow peaked at −471 ± 791 ms (lag, 254 ± 140 ms). There 
were no group-level effects in the IFG-MFG or MFG-SFG models 
(Bonferroni-corrected P > 0.05; fig. S4).

DISCUSSION
The current study demonstrates that the spatiotemporal propagation 
of PFC activity supports the formation of declarative memories in 
the developing brain. First, we show behaviorally that the timing of 
each indoor/outdoor response during the study encoding task (i.e., 
RT) predicts later memory, as measured by mean recognition accu-
racy at test. Subjects who executed responses faster exhibited improved 
memory recognition, and this effect was independent of age. Second, 
we provide neurophysiological evidence that the per-trial latency of 
peak task-induced broadband high-frequency power—a proxy for 
peak neuronal firing and synchrony in local cortical tissue (22–27)— 
predicts study RT at active frontal sites in all subjects. We then show, 
on the group level, that the latency of peak MFG, SFG, and PCG 

activity directly predicts later memory and that adolescents exhibit-
ed earlier SFG and PCG peaks than children. Together, these results 
evidence that the lateral frontal cortex not only provides a critical 
link between scene perception and response execution (33) but also 
links this fundamental neurocognitive mechanism to memory for-
mation, even in children.

Third, we observed spatiotemporal heterogeneity in the magnitude 
of spectral frontal subsequent memory effects across active frontal 
electrode sites, as measured by statistically significant differences in 
power on subsequent hit versus subsequent miss trials (18). Within 
individuals, cortical sites exhibiting positive subsequent memory ef-
fects were interspersed with sites exhibiting negative subsequent 
memory effects and/or no effects on a fine temporal scale. These out-
comes are consistent with PFC functional heterogeneity or “mixed se-
lectivity” (35), as shown in studies using direct cortical recordings in 
adults (23, 33, 36) and single-unit recordings in primates (37–39). 
PFC neuronal populations vary their tuning profiles according to 
stimulus and response properties, which enables the rapid and flexible 
perception of different scenes and preparation of semantic judgments. 
Our data suggest that this cortical flexibility is involved in the success 
or failure to encode specific scenes into memory (35, 37–41) and is 
present in children and adolescents. Across individuals, we observed 
a net shift from positive to negative subsequent memory effects 
leading to response execution, with the greatest negative effects in 
children, preresponse in the PCG and at response onset in the IFG, 
benefiting recognition accuracy.

Fourth, we show that subsecond deviations in the direction of task- 
induced activity flow between active IFG and PCG sites at study 
predict whether a scene is subsequently remembered at test (18), as 
measured by temporal lead/lag relationships in broadband high- 
frequency power (32, 33). We observed a main effect of direction, 
uncovering a double dissociation in dynamic functional connectivity 
between frontal subregions. During memory formation, the PCG 
leads the IFG prior to the indoor/outdoor response, and the IFG and 
PCG are coactive following the response; when activity flows in the 
opposite direction, the scene is forgotten. These results indicate that 
the rela-tive timing of IFG and PCG activity during scene perception 
predicts subsequent memory.

Furthermore, the timing of the shift in direction—i.e., the point 
at which the IFG and the PCG are concurrently active at study—
predicts recognition memory at test and varies as a function of subject 
age. In adolescents, top performers exhibited a shift in direction im-
mediately preceding the encoding response, and in middle childhood–
aged subjects, top performers exhibited the same shift around the 
onset of the response. Children who displayed IFG-PCG coactivation 
before executing an indoor/outdoor response, a mean difference of 
500 ms, performed worse at test. Thus, the temporal relationship 
between the IFG and the PCG is further refined after the age of 8, 
consistent with the protracted maturational trajectories of frontal 
regions (7–10). We suggest that this temporal relationship partially 
supports improved memory with age.

Last, we show that the strength of unidirectional activity flow from 
active MFG to PCG sites after the onset of the response at study 
predicts recognition memory at test, independent of subject age. Children 
and adolescents with high accuracy exhibited increased MFG-led 
relative to PCG-led activity following response execution during 
memory formation. Because the timing of activity within the MFG 
and the relative timing of activity between the MFG and the PCG 
both predict recognition memory, we provide strong evidence of 
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the importance of the MFG in memory formation. Furthermore, 
these effects were observed regardless of subject age, evidencing 
that MFG contributions to declarative memory are sufficient by the 
age of 6 (1, 6).

The PFC is but one key player in a myriad of developmental 
changes in the brain and behavior that support gains in declarative 
memory from childhood through young adulthood (1–6). We propose 
that these spatiotemporally precise dissociations in the functional 
specialization of PFC subregions represent the tip of the iceberg in 
intracranial approaches to the study of memory development. The 
current study used a scene recognition task that has been used pre-
viously to study the PFC correlates of declarative memory in children 
and adolescents (11, 12, 21), taking care to ensure that the task was 
appropriate for children and providing reference for task reliability and 
interpretation of developmental effects in brain activity. Although 
the current study also took the requisite steps to ensure artifact-free 
ECoG data, it is nonetheless important to acknowledge that this sample 
was clinical by definition. Future intracranial studies should consider 
not only other neural regions (e.g., hippocampus) [e.g., (16)] but also 
other tasks that test memory in different ways (e.g., recall) [e.g., (12)].

Conclusions
We report neurophysiological evidence that PFC activity supports 
memory formation in the developing brain. With unparalleled 
spatiotemporal resolution, we demonstrate that the timing and mag-
nitude of neuronal activity link scene perception to memory for-
mation within 1 s of scene onset. We further demonstrate that the 
spatiotemporal propagation of PFC activity guides memory formation 
such that subsecond deviations in the rapid flow of activity between 
subregions predict whether a memory is formed. Between IFG and 
PCG sites, the timing and direction of activity flow determined sub-
sequent memory on a per-trial basis, and this dynamic interrelation-
ship was further refined during adolescence. In contrast, within the 
MFG, and between MFG and PCG sites, activity predicted overall 
memory independent of subject age, suggesting that the MFG con-
tributions to memory formation are sufficient by the age of 6. Last, 
individual subject age did not account for any variation in frontal 
activity independent of memory. Our findings reveal that the PFC 
supports memory formation with subsecond temporal precision, even 
in children, and suggest how selective PFC maturation partially ex-
plains developmental gains in memory.

MATERIALS AND METHODS
Experimental design
ECoG arrays are implanted for clinical reasons and, in this sample, 
were used to monitor children and adolescents with epilepsy in prepa-
ration for surgical resection. The purpose of the current study was 
to examine the spatiotemporal propagation of PFC activity in the de-
veloping brain during memory formation. For this reason, we se-
lected 17 subjects from a total pool of 18 based on coverage in the 
lateral frontal cortex. We made the decision to use broadband high- 
frequency activity—a proxy for neuronal firing and synchrony in 
the underlying cortical tissue (22–27)—a priori. Subjects performed 
a scene subsequent memory task that has been used previously to 
delineate the functional architecture of memory formation in chil-
dren (11, 12, 17). ECoG preprocessing routines were performed blind-
ed to anatomical localization and experimental parameters, and the 
reported results are based on all nonpathologic, artifact-free, lateral 

frontal electrodes. Data were then analyzed per trial during study as 
a function of subsequent recognition memory at test (18).

Subjects
We report data from 17 subjects (8 males; 6.2 to 19.4 years of age; 
mean ± SD, 13.5 ± 3.5) who were undergoing ECoG monitoring as 
part of clinical management of seizures at the Children’s Hospital of 
Michigan. Written informed consent was obtained from subjects 
18 years and older and from the guardians of all subjects younger than 
18 years; written assent was obtained from subjects aged 13 to 17 years, 
and oral assent was obtained from younger children. The Wayne State 
University Institutional Review Board approved this study in ac-
cordance with the Declaration of Helsinki.

Behavioral task
Declarative memory was tested in a study-test task paradigm that 
has been used previously to study PFC subsequent memory effects 
in children and adolescents (Fig. 1A) (11, 12, 21). Subjects studied 
sets of 40 indoor and outdoor scenes, each scene was shown for 3 s, 
following a 500-ms fixation interval. Subjects were instructed to in-
dicate with a verbal response whether each studied item depicted an 
indoor or an outdoor scene. Responses were coded as correct or 
incorrect via offline review of individual audio recordings. A fix
ation cross remained on screen until a response was provided if none 
was provided during the 3-s scene presentation epoch. Per-trial RTs 
were automatically calculated by subtracting the scene onset times 
from the response onset times. Analysis of electrophysiological data was 
restricted to correct encoding trials—that is, trials in which scenes 
were correctly classified as indoor/outdoor, indicating the scenes were 
properly attended during study. Trials were also considered incorrect 
if no response was given. A mean of 6 ± 7 trials (range, 0 to 27) per 
subject were excluded due to incorrect encoding responses.

The memory recognition test included all 40 scenes presented at 
study, intermixed in a randomized order with 20 new scenes. Each 
scene remained on screen until a response was given, following a 
500-ms fixation pretrial interval. Subjects were instructed to verbalize 
an old/new judgment of each scene, which was coded as a hit (correct 
old), miss (new response to old scene), correct rejection (correct new), 
or false alarm (old response to new scene) via offline review of indi-
vidual audio recordings. Per-trial RTs were again automatically 
calculated by subtracting the scene onset times from the response 
onset times, and trials were excluded if no response was given. Study- 
test runs were administered in two consecutive cycles of 40 study 
scenes, followed by 40 studied + 20 new scenes. Half as many new 
scenes compared with previously studied scenes were introduced in 
the test phase so that the test remained engaging, and subjects overall 
responded old and new at roughly equal rates. All subjects completed 
a short practice run and at least one full study-test run.

On the basis of performance at test, we calculated per subject the hit 
rate (i.e., number of previously studied scenes that were correctly rec-
ognized as old out of all studied scenes) and false alarm rate (number 
of new scenes presented at test that were incorrectly identified as old 
out of the number of new scenes presented at test). Recognition accuracy 
was then calculated as hit rate − false alarm rate, thereby correcting for 
differences in an individual’s tendency to respond old or new (12, 21).

Electrode placement and localization
Platinum macro-electrodes (10-mm intercontact distance, 4-mm di-
ameter) were surgically implanted for extraoperative ECoG recording 

 on O
ctober 30, 2020

http://advances.sciencem
ag.org/

D
ow

nloaded from
 

http://advances.sciencemag.org/


Johnson et al., Sci. Adv. 2018; 4 : eaat3702     19 December 2018

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

10 of 12

based solely on the clinical needs of each patient. Three-dimensional 
electrode reconstructions were created by coregistering postimplan-
tation planar x-ray images of the cortical surface with preoperative 
T1-weighted spoiled gradient echo magnetic resonance images (42). 
Automatic parcellation of cortical gyri was performed using Free-
Surfer software (43), and electrode sites were assigned anatomical 
labels (44). Subjects were selected by electrode placement on the 
lateral frontal cortex, and electrodes were further classified into 
IFG, MFG, SFG, and PCG regions via group review of individual 
reconstructions and automatic parcellation results. Electrodes were 
transformed into standard Talairach space for visual representation 
across subjects (Fig. 1B).

Data acquisition and preprocessing
ECoG data were acquired using a 192-channel Nihon Kohden 
Neurofax 1100A Digital System, sampled at 1 kHz. Raw electrophysiol-
ogy data were filtered with 0.1-Hz high-pass and 300-Hz low-pass 
finite impulse response filters, and 60-Hz line noise harmonics were 
removed using discrete Fourier transform. Data traces were demeaned 
and manually inspected blind to electrode locations and experimental 
task parameters. Electrodes overlying seizure onset zones (45) and 
electrodes and epochs displaying epileptiform activity or artifactual 
signal (from poor contact, machine noise, etc.) were excluded. We 
then epoched the continuous study data blocks into 4.5-s trials (−1 
to +3.5 s from scene onset), re-referenced every artifact-free electrode 
to the common average of all artifact-free electrodes, and manually 
reinspected the data to reject any trials with residual noise. The final 
data set included a mean of 26 ± 9 (range, 8 to 41) lateral frontal 
electrodes and 65 ± 19 (20 to 74) study trials per subject.

Spectral decomposition
Time-frequency representations of power were quantified using a mul-
titapering approach (31) with the FieldTrip toolbox (46) for MATLAB 
(MathWorks Inc., Natick, MA). Study data segments were zero padded 
to the next power of 2, and the multitaper frequency spectrum was 
calculated by sliding a 250-ms window in 25-ms increments across 40 
logarithmically spaced, partially overlapping frequency bands cen-
tered from 30 to 250 Hz, with 1/3 fractional bandwidth at each cen-
ter frequency. We then separated the baseline (−450 to −150 ms 
from scene onset) and encoding (−150 to +3000 ms from scene onset) 
intervals for analysis.

Statistical analysis
Behavior
ANCOVA was used to model encoding task accuracy and recogni-
tion accuracy by subject age, and encoding task RTs by subsequent 
memory (i.e., hit versus miss), age, and recognition accuracy. Rec-
ognition test RTs were modeled in a 2 (studied versus new scene) by 
2 (correct versus incorrect response) group design, with age and rec-
ognition accuracy as covariates. Effects were considered significant 
if they passed the Bonferroni-corrected threshold for multiple com-
parisons [i.e., Bonferroni-corrected  = 0.05/m (m is the number of 
main + interaction effects)] (47). In cases where effects passed the 
uncorrected threshold of 0.05, but not the corrected threshold, we 
used stepwise multiple regression to systematically eliminate vari-
ables and reveal independent effects. All ANCOVA and post hoc 
regression analyses were performed using the MATLAB toolbox 
MANCOVAN version 1.16 (www.mathworks.com/matlabcentral/
fileexchange/27014-mancovan).

Electrode selection
Statistical analysis of task-induced effects was performed per subject 
by standardizing the encoding power outputs on the pretrial baseline 
via bootstrapping. Baseline power values were pooled into a single 
time series for each electrode and frequency, from which we randomly 
selected and averaged r data points (r is the number of trials in that 
subject’s data set). This step was repeated 1000 times to create normal 
distributions of electrode/frequency-resolved pretrial baseline data. 
Encoding raw power data were z scored on the pretrial baseline dis-
tributions. This procedure adjusts the power outputs to correct for 
the 1/f power scaling law and reveals activity that is induced, with 
statistical significance, by the presentation of a scene [for a similar 
approach, see (32, 48, 49)]. Task-responsive electrodes were defined 
by all-trial mean significant increases in power that were sustained 
for at least 100 ms in at least two contiguous frequency bands during 
the 3-s scene presentation epoch, adjusted for multiple comparisons 
over electrodes and frequencies at the per-subject FDR-corrected 
 = 0.05 [e.g., (32, 33)]. A total of 301 lateral frontal electrodes were 
selected for analysis, with a mean of 18 ± 7 (range, 3 to 27) per subject.
Baseline analysis
The Wilcoxon signed-rank test was used to assess spectral subsequent 
memory effects (i.e., hit versus miss trials) per subject during the 
pretrial baseline. Raw power values were averaged over the −450 to 
−150 ms pretrial interval and tested per electrode and frequency. 
Effects were adjusted at the per-subject FDR-corrected  = 0.05.
Power latency analysis
The predictive relationship between the timing of frontal activity and 
encoding responses was assessed per subject using linear correlation 
with FDR correction for multiple comparisons. The per-trial latency 
of peak task-induced power, prior to the encoding judgment, was in-
dexed per frequency and electrode. The latency of peak activity was 
defined as the moment of maximal activity occurring at any time 
point between the onset of the stimulus and the onset of the verbal 
response. Then, Pearson’s correlation was used to test whether the 
indexed latency of peak power predicted the latency of the encoding 
response. Effects were adjusted at the per-subject FDR-corrected 
 = 0.05 to correct for multiple comparisons over electrodes and 
frequencies.

We then used group-level ANCOVA and post hoc stepwise mul-
tiple regression to test whether individual mean latency of peak activity, 
per frontal subregion, predicted recognition accuracy. Peak latency 
data were submitted to ANCOVAs, with subsequent memory (i.e., hit 
versus miss) as the grouping variable and subject age and mean rec-
ognition accuracy as covariates. In cases where effects passed the un-
corrected but not Bonferroni-corrected threshold of 0.05 (47), we 
used stepwise multiple regression to systematically eliminate vari-
ables and reveal independent effects.
Spectral subsequent memory analysis
Task-induced power data were tested for subsequent memory effects 
per subject using nonparametric Z tests with FDR correction for mul-
tiple comparisons. First, trials with RTs > 3 s were discarded, and all 
remaining power data segments (0 to +3 s from scene onset) were shifted 
per trial on the time axis so that the response onset was aligned across 
trials. The empirical subsequent memory effect was defined as mean 
z-hit power − mean z-miss power for each time, frequency, and elec-
trode data point. Then, subsequent hit/miss labels were randomly 
shuffled using the Monte Carlo method and the subsequent memo-
ry effect was recalculated; this procedure was repeated 10,000 times 
to create a normal distribution of chance effects. Observed subsequent 
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memory effects were considered significant if the empirical effect was 
significant at the two-tailed  = 0.05 (i.e., |z-hit − z-miss| > 1.96), and 
fewer than 5% of randomizations yielded a larger effect (corrected 
 = 0.05). Last, we thresholded both the Z test outputs and time-frequency 
representations of power at the per-subject FDR-corrected  = 0.05 
to correct for multiple comparisons over electrodes, frequencies, and 
time points. Observed subsequent memory effects were considered 
significant where positive effects intersected with significant z-hit power 
values, and negative effects intersected with significant z-miss power 
values.

Linear mixed-effects models were used to test the temporal dy-
namics of subsequent memory effects on the group level (48). Z test 
outputs were pooled within each subject across intraregional electrodes 
and four 1-s epochs from response onset: −1500 to −500 ms, −1000 
to 0 ms, −500 to +500 ms, and 0 to +1000 ms. We computed the mean 
of all significant subsequent memory effects and submitted the out-
puts to statistical testing per region, with time epochs as fixed effects 
and subjects as random effects. We then submitted the same outputs 
to ANCOVA per frontal subregion and epoch, with subject age and mean 
recognition accuracy as covariates to assess individual differences.
Inter-regional power lead/lag analysis
Dynamic flow of task-induced power was quantified per subject be-
tween all pairs of electrodes in adjacent frontal subregions using 
nonparametric partial correlations with FDR correction for multiple 
comparisons. First, trials with RTs > 3 s were discarded and all remain-
ing power data segments (0 to +3 s from scene onset) were shifted 
per trial on the time axis so that the response onset was aligned across 
trials, and the trial-wise means were calculated for hit and miss trials. 
Then, Spearman’s rank correlation was computed for each time, 
frequency, and electrode-pair data point between 500-ms power data 
segments at each electrode A-B pair by sliding electrode B in 25-ms 
increments at latencies from 0 to 475 ms following electrode A. For 
comparable approaches, see (32, 34). We also partialled out the all-
electrode mean power at each time-lag increment to minimize the 
confounding impact of a common reference scheme on connectivity 
estimates (50). Observed correlation coefficients were considered 
significant if the P value was significant at the positive-tailed  = 0.05, 
adjusted at the per-subject FDR-corrected  = 0.05. Power lag data 
were then tested for subsequent memory effects using Fisher’s Z tests 
with FDR correction for multiple comparisons (i.e., FDR-corrected 
 = 0.05). Observed subsequent memory effects were considered 
significant where positive effects intersected with significant P values 
on hit trials and negative effects intersected with significant P values 
on miss trials.

Linear mixed-effects models were again used to test the temporal 
dynamics of subsequent memory effects on the group level (48). Z test 
outputs were pooled within each subject across inter-regional elec-
trodes and temporal lags from 25 to 475 ms in four 1-s epochs from 
−1500 to +500 ms relative to the response onset. We computed the 
mean of all significant subsequent memory effects in each direction 
(i.e., electrodes A-to-B and B-to-A) and submitted the outputs to 
statistical testing per region, with direction and time epochs as fixed 
effects and subjects as random effects. Effects were considered sig-
nificant at the Bonferroni-corrected threshold of 0.05 (47). We then 
submitted the same outputs to ANCOVA per region and 1-s epoch, with 
direction as the grouping variable and subject age and mean recogni-
tion accuracy as covariates. When effects passed the uncorrected but not 
Bonferroni-corrected threshold, we used stepwise multiple regression 
to systematically eliminate variables and reveal independent effects.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/4/12/eaat3702/DC1
Fig. S1. Frontal activity on subsequent miss trials by region of interest.
Fig. S2. Group-level spectral subsequent memory effects.
Fig. S3. SFG-PCG activity flow.
Fig. S4. MFG-IFG/SFG activity flow.
Table S1. Individual patient information and behavior.
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Supplementary Materials 

Fig. S1. Frontal activity on subsequent miss trials by region of interest. (A) Left: 
vertically stacked single miss trials for all subjects sorted by RT (white tick marks), 

averaged over all active PCG electrodes per subject (cf. Fig. 2). Scene onset is indicated 

by the vertical white line at time = 0 s. Single-trial PCG activity (i.e., z-scored power 
values compared with a baseline distribution) preceded the response onset (z > 2.57, P < 
0.01). Right: Representative electrode-sample single trials for two subjects aged 19.4 and 
6.2 years, showing similar activation patterns regardless of age. The dashed lines on the 

color bar indicate the threshold of significance (|z| > 1.96, P < 0.05). YO, years old. (B) 
Equivalent to (A): MFG activity was sustained following the response onset. (C) 

Equivalent to (A): IFG activity was sustained following the response onset. (There was 

no IFG coverage in the youngest subject.) (D) Equivalent to (A): SFG activity was 

sustained following the response onset. 



Fig. S2. Group-level spectral subsequent memory effects. (A) Left: normalized per-
second temporal mean spectral subsequent memory effects reveal a main effect of time in 
the PCG (p < 0.02). Data are represented as mean ± SEM on the group level (cf. Fig. 4). 
Right: time-resolved individual differences in PCG subsequent memory effects. The 
negative relationship between peak PCG subsequent memory effects and memory 
accuracy was maximal in childhood-aged subjects 500 ms preresponse (dashed gray box; 
p < 0.02). *, significant result. (B) Equivalent to (A [left]): there was a main effect of time 
in the MFG (p < 0.02). (C) Equivalent to (A): Left: there was no effect of time in the IFG. 
Right: the negative relationship between peak IFG subsequent memory effects and 
memory accuracy was maximal in childhood-aged subjects at response onset (p < 0.02). 
(D) Equivalent to (A [left]): there was no effect of time in the SFG.



Fig. S3. SFG-PCG activity flow. Top: normalized power-correlation subsequent memory 
effects (SMEs) per temporal lag for all subjects, averaged over all active SFG-PCG 

electrode pairs per subject. Bottom: there were no omnibus effects of time or direction 
between SFG and PCG sites. Data are represented as mean ± SEM on the group level (cf. 

Fig. 5). Orange, PCG-to-SFG; green, SFG-to-PCG. 



Fig. S4. MFG-IFG/SFG activity flow. (A) Top: normalized power-correlation subsequent

memory effects (SMEs) per temporal lag for all subjects, averaged over all active MFG-

IFG electrode pairs per subject. Bottom: there were no omnibus effects of time or direction

between MFG and IFG sites. Data are represented as mean ± SEM on the group level (cf. 

Fig. 5). Blue, MFG-to-IFG; purple, IFG-to-MFG. (B) Equivalent to (A): similar effects 

were observed between MFG and SFG sites. Blue, MFG-to-SFG; green, SFG-to-MFG. 



Table S1. Individual patient information and behavior. 

Age Study Data Test Data Trials 

Accuracy RT (ms) Accuracy RT (ms) 

1 13.7 0.98 1,457 0.32 2,107 80 

2 12.0 0.88 2,113 0.26 3,452 80 

3 11.6 0.66 1,638 0.24 2,819 80 

4 15.1 1.00 1,168 0.18 2,275 40 

5 12.9 0.98 1,441 0.57 2,136 80 

6 17.3 1.00 763 0.79 1,410 80 

7 10.5 0.96 1,491 0.23 1,909 80 

8 15.6 0.86 1,277 0.76 2,481 80 

9 10.6 0.95 1,534 0.34 2,582 40 

10 16.9 0.96 1,250 0.05 1,342 80 

11 6.2 0.95 1,501 0.02 2,077 80 

12 11.1 0.91 2,004 0.14 3,877 80 

13 16.7 0.65 1,935 0.10 4,176 40 

14 19.4 0.95 1,345 0.32 2,676 80 

15 16.1 0.95 1,206 0.45 1,867 80 

16 8.5 0.83 1,629 0.27 4,626 40 

17 14.7 0.98 1,339 0.39 2,416 80 
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