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We here demonstrate common neurocognitive long-term memory
effects of active learning that generalize over course subjects
(mathematics and vocabulary) by the use of fMRI. One week after
active learning, relative to more passive learning, performance
and fronto-parietal brain activity was significantly higher during
retesting, possibly related to the formation and reactivation of
semantic representations. These observations indicate that active
learning conditions stimulate common processes that become part
of the representations and can be reactivated during retrieval to
support performance. Our findings are of broad interest and edu-
cational significance related to the emerging consensus of active
learning as critical in promoting good long-term retention.
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here is an emerging consensus on the virtues of active

learning methods for improving student performance (1).
Such learning methods can be any instruction or technique that
requires students to actively engage in the learning process, as
compared to more traditional, passive ways of learning (1, 2).

One form of active learning is retrieval practice (RP), where
the activity of including test sessions while acquiring new informa-
tion has been shown to markedly boost long-term retention
(2, 3). While not a new insight, the effectiveness of RP has
attracted much interest recently and has been shown to be effec-
tive for various forms of learning contexts, populations, and topics
(2, 3). In fact, RP is one of few learning methods considered to
have high utility for improving students’ learning (2). Learning
conditions that require students to be actively engaged have also
been emphasized in the context of learning mathematics (4, 5).
Instead of imitating a provided algorithmic solution (algorithmic
reasoning [AR]), more effective mathematical learning is accom-
plished if students are required to generate the solution (creative
mathematical reasoning [CMR]; e.g., refs. 4, 5).

The apparent benefits of active learning, regardless of course
subject, could result from the recruitment of overlapping learn-
ing processes and networks in the brain. For instance, deeper
information processing activates left prefrontal cortex (PFC)
brain regions and leads to superior retention in a variety of
learning situations (6, 7). Alternatively, different forms of active
learning could strengthen long-term retention via nonoverlap-
ping brain systems (8). Here, using a within-subject design, we
tested the hypothesis of a common brain basis of learning
effects following active vs. more passive learning methods for
two separate course subjects, vocabulary and mathematics.

Results

In experiment (Exp.) 1 (n = 86), the participants learned foreign
language vocabulary by a more passive strategy (study [S]) and by
active RP. In Exp. 2, a subsample (n = 72) of the participants
from Exp. 1 were required to actively generate the mathematical
solution (CMR) (e.g., refs. 4, 5) or more passively imitate a
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provided algorithmic solution (AR) (Fig. 1 A-D). Commonalities
in brain activity for the active learning methods were assessed in
a conjunction analysis (RP > S n CMR > AR) (9) of functional
MRI (fMRI) data acquired about 1 wk after initial learning. After
this retention interval, several major consolidation processes have
occurred (10) and the performance should largely reflect long-
term memory. In both experiments, performance was higher after
active than passive learning [Exp. 1: RP = 40%; S = 25% (11);
Exp. 2: CMR = 49%; AR = 44% (12)].

For both active learning methods, relative to passive learning,
higher brain activity was found in a number of cortical regions
when participants were tested on the same questions 1 wk later,
notably in the left hemisphere (Fig. 2 A and B). The regions
included the inferior frontal gyrus (IFG) (x, y, z = —42, 44, 8;
—36, 52, 12), precuneus (x, y, z = —8, 72, 42) inferior parietal/
angular gyrus (v, y, z = —44, —58, 52; —34, —58, 38), frontal supe-
rior medial (x,y, z = =8, 16, 44; —6, 30, 36), the posterior cingu-
lum (x,y, z = —2, —30, 32), and a smaller cluster within the IFG
(x, y, z = =34, 16, 32). Despite the observation that regions
C1-C6 had higher brain activity when learning with active meth-
ods, there were two regions that had disproportionally higher
activity when learning math (Fig. 2B, C1 and C3). Next, to verify
that the results were not driven by the higher performance rate
following active learning, we reran the imaging analysis and sta-
tistically controlled for performance differences between active
and passive learning. The results remained virtually identical,
suggesting that the observed differences predominantly reflected
qualitative active learning processes and not merely quantitative
performance differences. Reversing the contrast (i.e., S > RP n
AR > CMR) revealed no common brain activity that was stron-
ger for the two passive vs. active learning methods.

Discussion

Our findings provide support for the hypothesis of engagement
of a shared brain network at retrieval after active compared to
more passive learning. Specifically, 1 wk after learning, despite
identical retrieval conditions, higher functional brain activity
was evident after active compared to more passive initial learn-
ing of vocabulary and mathematics in several left-lateralized
brain regions, notably in the precuneus, the inferior parietal
cortex/angular gyrus, and the left lateral and medial PFC.
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Overview of the experimental designs in Exp. 1 (A) and Exp. 2 (B). (C) The fMRI trial procedure in the foreign language vocabulary task (Swahili-S-

wedish word pairs), and (D) the fMRI trial procedure in the mathematics task. The red circle in C and D represents the fMRI event of interest.

The observed overlap in brain activity during retrieval of
vocabulary and mathematics may reflect reactivation of common
active learning processes. Such processes could be reactivation
of semantic representations by the left PFC (7), reactivation of
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Fig. 2. (A) Brain regions showing higher activity following active learning

vs. passive learning (RP > S n CMR > AR). (B) The bar graph shows the dif-
ference (indicated by A) in blood-oxygen-level-dependent (BOLD) activity
when contrasting active > passive learning for each brain region (C1-C6)
and course subject (dark purple bars = A RP-S; light purple bars = A CMR-
AR). S is study (passive); RP is retrieval practice (active); AR is algorithmic
reasoning (passive); CMR is creative mathematical reasoning (active). Error
bars display =1 SE mean.
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contextually linked information in the precuneus (13, 14), and
fact retrieval and attention processes for the angular gyrus (15).
Of note, as the two course subjects likely differ to some degree
in the cognitive demands involved in performing the task at
hand, it cannot be ruled out that some of the overlap reflects
curriculum-specific processes (15). With this caveat, consistent
with a constructivistic perspective, our findings suggest that
active learning of vocabulary and mathematics stimulate com-
mon processes that become part of the representations and can
be reactivated during retrieval to support performance.

In conclusion, our results support the hypothesis of a com-
mon brain basis of learning effects following active vs. more
passive learning of two separate course subjects, vocabulary
and mathematics. These results are of importance for educators
as well as the broader society (1-3), as they provide mechanistic
insights into how activity improves student performance via dif-
ferential brain engagement during learning.

Materials and Methods

The same upper-secondary school pupils participated in Exps. 1 and 2 (Mage =
18.2 y). In experiment 1, the pupils learned foreign language vocabulary
(word pairs), by means of RP (active) and by means of study (S, passive). In
experiment 2, the pupils learned to solve mathematical problems by means of
CMR (no solution formula was provided, active; 4, 5) or through AR (a solution
formula was provided, passive; 4, 5). One week later, participants returned to
take a subsequent memory test of all of the previously learned materials in
the MR scanner (Fig. 1 C and D). In both experiments, each student saw a ran-
dom order of questions and whether a question was learned through active
or passive methods was also random.

A conjunction analysis investigated whether the two active learning
conditions engaged common brain regions (11) (i.e.,, the “conjunction null”
hypothesis; see SI Appendix). For each experiment, respectively, the minimum of
the t values in each voxel was calculated (Exp. 1: RP > S, Exp. 2: CMR > AR). The
statistical threshold was set to t > 3.5 at the voxel level, and k > 10 at the cluster
level. An extended materials and methods section can be found in S/ Appendlix.
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Data Availability. The anonymized data (fMRI) that support the results from

th
or

e current study have been deposited in XNAT Central [https:/central.xnat.
g; project ID ActiveMathGram (16)].
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