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Neurophysiological circuits involved in the Problem-
Based Learning method:  bridging neuroscience and 

education
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RESUMO 

Introdução: $�DSUHQGL]DJHP�EDVHDGD�HP�SUREOHPDV��3%/��p�XP�PpWRGR�GH�HQVLQR�QR�TXDO�RV�DOXQRV�VmR�
OHYDGRV�D�DSUHQGHU�SRU�PHLR�GD�UHVROXomR�IDFLOLWDGD�GH�SUREOHPDV�JXLDGD�SRU�XP�SURIHVVRU��1HVVD�PHWRGRORJLD�
GH� DSUHQGL]DJHP�� R� SURIHVVRU� DVVXPH� D� IXQomR� GH� WXWRU� H� RV� DOXQRV� FRODERUDP� HP�SHTXHQRV� JUXSRV� TXH�
WUDEDOKDP�SDUD� LGHQWL¿FDU�R�TXH�SUHFLVDP�DSUHQGHU��1RVVD�KLSyWHVH� p�TXH� D�PHWRGRORJLD�3%/�HVWLPXOD�R�
UHFUXWDPHQWR� GH� iUHDV� FHUHEUDLV� SDUD� DOFDQoDU� D� DSUHQGL]DJHP� VXEVWDQFLDGD� SHOD� PRQWDJHP� GH� FLUFXLWRV�
QHXUR¿VLROyJLFRV��(VWH�DUWLJR�WHP�FRPR�REMHWLYR�FRQVLGHUDU�FDGD�HWDSD�GD�PHWRGRORJLD�GH�HQVLQR�GR�3%/�
H�FRQHFWi�OD�DRV�QHXURFLUFXLWRV�HQYROYLGRV��FRP�EDVH�QD�OLWHUDWXUD�DWXDO�GD�QHXURFLrQFLD��8PD�DQiOLVH�SDUD�
FDGD�HWDSD�GR�3%/�LQFOXL�VHX�SDSHO�FHQWUDO�QRV�SURFHVVRV�GH�DSUHQGL]DJHP�H�H[SORUD�VXD�EDVH�QRV�FLUFXLWRV�GR�
FpUHEUR��FRPR�PHPyULD�H�SODVWLFLGDGH�QHXUDO��Material e Métodos:�/LWHUDWXUD�H�WHRULDV�IRUDP�UHYLVDGDV�SDUD�
HODERUDU�FRQFHLWRV�SHUWLQHQWHV�HP�3%/�H�RV�QHXURFLUFXLWRV�HQYROYLGRV��Discussão:�$WXDOPHQWH��D�FRQH[mR�
HQWUH�HVVHV�GRLV�FDPSRV�p�PDO�DERUGDGD�QD�OLWHUDWXUD��H�Ki�HYLGrQFLDV�VLJQL¿FDWLYDV�GH�TXH�FDGD�HWDSD�GR�3%/�
HQYROYH�XQLGDGHV�GH�QHXURFLUFXLWR�EHP�HVWXGDGDV��Conclusão:�3RU�PHLR�GH�VXDV�VHWH�HWDSDV�VHTXHQFLDLV�H�
DTXLVLomR�GH�FRQKHFLPHQWR�HP�HVSLUDO��R�PpWRGR�3%/�HVWi�HPSHQKDGR�HP�PRWLYDU�RV�DOXQRV�D�VH�WRUQDUHP�
ERQV�DOXQRV�H��FRQVHTXHQWHPHQWH��IRUQHFHU�D�FKDYH�SDUD�XP�GHVHPSHQKR�VyOLGR�H�SURDWLYR��,VVR�p�VXEVWDQFLDGR�
SHODV�H[WHQVDV�FRQH[}HV�TXH�SRGHP�VHU�IHLWDV�GHQWUR�GH�FDGD�HWDSD�GD�3%/�H�GD�OLWHUDWXUD�GD�QHXURFLrQFLD��
1HVVH�VHQWLGR��DOJXQV�SRQWRV�GD�SUHVHQWH�PHWRGRORJLD�VmR�YLiYHLV���SDUD�XPD�H[SORUDomR�SRVWHULRU��D�¿P�GH�
H[SORUDU�D�SURYiYHO�UHODomR�HQWUH�QHXURFLUFXLWR�H�DSUHQGL]DJHP�
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ABSTRACT

Introduction :�3UREOHP�EDVHG�OHDUQLQJ��3%/��LV�DQ�LQVWUXFWLRQDO�PHWKRG�LQ�ZKLFK�VWXGHQWV�DUH�GULYHQ�WR�OHDUQ�
WKURXJK�IDFLOLWDWHG�SUREOHP�VROYLQJ�JXLGHG�E\�D�WHDFKHU��,Q�WKLV�OHDUQLQJ�PHWKRGRORJ\��WKH�WHDFKHU�DVVXPHV�
D�WXWRULQJ�UROH�DQG�WKH�VWXGHQWV�FROODERUDWH�LQ�VPDOO�JURXSV�WKDW�ZRUN�WR�LGHQWLI\�ZKDW�WKH\�QHHG�WR�OHDUQ��:H�
K\SRWKHVL]H� WKDW� WKH�3%/�PHWKRGRORJ\� VWLPXODWHV� WKH� UHFUXLWPHQW� RI� FHUHEUDO� DUHDV� WR� UHDFK� VXEVWDQWLDWHG�
OHDUQLQJ�E\�DVVHPEOLQJ�QHXURSK\VLRORJLFDO�FLUFXLWV��7KLV�SDSHU�DLPV� WR�FRQVLGHU�HDFK�VWHS�ZLWKLQ� WKH�3%/�
WHDFKLQJ�PHWKRGRORJ\�DQG�FRQQHFW�LW�WR�WKH�QHXURFLUFXLWU\�LQYROYHG�EDVHG�RQ�FXUUHQW�QHXURVFLHQFH�OLWHUDWXUH��
$�EUHDNGRZQ�IRU�HDFK�3%/�VWHS�LQFOXGHV�LWV�SLYRWDO�UROH�LQ�WKH�OHDUQLQJ�SURFHVVHV�DQG�H[SORUHV�LWV�IRXQGDWLRQ�
LQ�WKH�EUDLQ�FLUFXLWU\��VXFK�DV�PHPRU\�DQG�QHXUDO�SODVWLFLW\��Material and Methods:�/LWHUDWXUH�DQG�WKHRULHV�
ZHUH�UHYLHZHG�WR�HODERUDWH�SHUWLQHQW�FRQFHSWV�LQ�3%/�DQG�WKH�QHXURFLUFXLWU\�LQYROYHG���Discussion:�&XUUHQWO\��
WKH�FRQQHFWLRQ�EHWZHHQ�WKHVH�WZR�¿HOGV�LV�SRRUO\�DSSURDFKHG�LQ�WKH�OLWHUDWXUH��DQG�WKHUH�LV�VLJQL¿FDQW�HYLGHQFH�
WKDW�HDFK�VWHS�RI�3%/�LQYROYHV�ZHOO�VWXGLHG�QHXURFLUFXLWU\�XQLWV���Conclusions:�7KURXJK�LWV�VHTXHQWLDO�VHYHQ�
VWHSV�DQG�VSLUDO�OLNH�NQRZOHGJH�DFTXLVLWLRQ��WKH�3%/�PHWKRG�LV�FRPPLWWHG�WR�PRWLYDWLQJ�VWXGHQWV�WR�EHFRPH�
JRRG�OHDUQHUV�DQG��FRQVHTXHQWO\��WR�SURYLGH�WKH�NH\�WR�VROLG�DQG�SURDFWLYH�SHUIRUPDQFH��7KLV�LV�VXEVWDQWLDWHG�
E\�WKH�H[WHQVLYH�FRQQHFWLRQV�WKDW�FDQ�EH�GUDZQ�ZLWKLQ�HDFK�VWHS�RI�3%/�DQG�QHXURVFLHQFH�OLWHUDWXUH��,Q�WKLV�
VHQVH��VRPH�SRLQWV�RI�WKH�SUHVHQW�PHWKRGRORJ\�DUH�IHDVLEOH�IRU�IXUWKHU�H[SORUDWLRQ�LQ�RUGHU�WR�H[SORUH�WKH�OLNHO\�
UHODWLRQVKLS�EHWZHHQ�QHXURFLUFXLWU\�DQG�OHDUQLQJ�
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INTRODUCTION
 

 Problem-Based Learning (PBL) is a 
teaching method that has increasingly been used 
with undergraduate students, especially in medical 
education worldwide1. In contrast to the traditional 
Lecture-Based Learning (LBL)2,3, in the PBL method, 
the students construct their learning under the 
guidance of a teacher, usually referred to as a tutor 
or facilitator. PBL is an active learning pedagogy 
WKDW� ÀWV� WKH�PRGHUQ� FRQFHSW� RI� OHDUQLQJ� �)LJXUH� ����
It is constructivist, contextual, promotes knowledge 
sharing and self-directed study4-6.
 The central stimulus to learning through PBL 
is the tutorial session7, where a small group of students 
and one tutor meet and solve a problem, usually a 
clinical case, every week during the preclinical stage 
of a medical course8. In this constructive learning 
process, PBL principles are systematized in 7 
cumulative steps1 distributed in tutorial sessions that 
runs in two parts9, in which students engage in self-
GLUHFWHG�OHDUQLQJ�WR�VROYH�D�VWUDWHJLF�SUREOHP��UHÁHFW�
on what they learned, and evaluate the effectiveness 
of the strategies they employed (Figure 2). 
� 'XULQJ� WKH� ÀUVW� SDUW�� VWXGHQWV� LGHQWLI\� JDSV�
in their knowledge regarding the subject under 
discussion and establish learning goals necessary to 
acquire the necessary knowledge to solve a problem. 

Following a self-study period, usually one week, the 
VWXGHQWV�DQG�WXWRU�PHHW�DJDLQ�WR�ÀQDOL]H�WKH�SURFHVV��
By critically discussing the new information in a 
problem-solving process context, each student shares 
the acquired knowledge related to the problem with 
the group to enrich its knowledge5.
 In the second part of the tutorial session, 
under the tutor’s guidance, the students share the 
knowledge they acquired by self-study following the 
previously established learning goals. The sharing 
of knowledge allows students to reconstruct their 
pre-existing mental map into a productive model 
that will be useful in solving and making predictions 
regarding future problems and phenomena. 
Collectively, all these steps will lead to strong 
memory retention and restructuring of thinking, 
thus generating knowledge favoring spiral-like 
knowledge acquisition5,10. 
 We hypothesize that with each step, PBL 
methodology stimulates the recruitment of cerebral 
areas to reach substantiated learning; indeed, this 
relationship can be explored in order to assemble 
the neurophysiological aspects of the learning. 
This manuscript intends to present an approach of 
the neurophysiological circuit based on the PBL 
processes as a teaching methodology based on the 
VFLHQWLÀF�OLWHUDWXUH�LQ�QHXURVFLHQFH�DQG�HGXFDWLRQ�
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METHOD

 We conducted searches through the following 
databases: PubMed, EMBASE, Web of Science. There 
were no temporal limitations. We focused on full-text 
articles independent of the type of publication. No 
language restrictions were applied. The search was 
driven by the following keywords alone or matched 
with the Boolean operators “AND” or “OR” were: 
Problem-Based Learning / PBL; Neuronal circuitry; 
Memory, Learning, Cognitive abilities.

   

RESULTS

 Background “problem” in PBL as a 
neurophysiological key

 The foremost idea in the PBL scaffold is that 
the preliminary point for learning must be a problem, 
which the learner becomes motivated to solve11,12. In the 
learning process, the relevance of having a functional 
problem13 is based on the neural substrate interaction 
required during the cognitive control stimulated by 
tools such as abstract rules, a new situation, or task-
sets needed for cognitive control. The new situation is 

supposed to be a “problem situation,” which will be 
developed along with the seven steps of PBL (Figure 
2). 
 Executive functions (searching for responses) 
and learning share common neural substrates essential 
for their expression, notably in the prefrontal cortex 
and basal ganglia14.
 Vaishnav et al15 demonstrated that 
incorporating meta-cognitive learning practices 
in medical education offers a basis for enhancing 
teaching, making it learner-centric15. Through the 
active learning process of PBL, there are interactive 
engaged cognitive control and learning to develop 
long-term, rather than short-term, memory. One focal 
point of PBL curriculums is based on cumulative 
learning, which directly depends upon memory 
storage. PBL structure is frequently systematized 
in a spiral way, a concept attributed to Jerome 
Bruner16. Based on Bruner’s postulation, the “spiral 
of learning” consists of an integrative revisiting of 
topics, subjects, or themes throughout a course16. It 
is not a simple repetition of a taught issue, but the 
incremental increase of learning, with each successive 
encounter building on the previous one17. 
 Memory is a necessary attribute in the 
success of knowledge-based learning and involves 
neural plasticity. The main categories of memory 
are conscious/declarative (explicit memory) and 
unconscious/nondeclarative (implicit memory) 
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(reviewed by Kandel, Dudai, Mainford18). The former 
involves neural circuitry acquirement, maintenance, 
and expression (the usage) of learned knowledge, 
which depends on the hippocampus and adjacent 
cortex. The latter is mainly due to the cerebellum, 
striatum, and amygdala involving mechanisms of 
acquirement and maintenance information in short-
intermediate- and long-term memory, respectively19-24. 
 Memory categorization25 should be 
considered a link of learning in order to understand 
the effectiveness of PBL better. Categorization of 
learning26 depends on the recruitment of a variety 
of systems to reach neural plasticity, including 
neocortical regions, the medial temporal lobe, the 
basal ganglia, and midbrain dopaminergic systems27.

Plasticity and learning in PBL

 A key issue in learning is the requirement to 
balance the advantages and disadvantages of different 
kinds of plasticity (fast vs slow).
 The output of the hippocampus trains slower 
local cortical networks to link new memories to 
old memories, resulting in long-term memory 
consolidation in the neocortex. Long-term memory 
consolidation results from fast plasticity in the 
hippocampus27. An interaction between fast plasticity14 
(in the basal ganglia) and slow plasticity (cortex) 
underlies many forms of category learning and 
elaboration. In PBL, the tutor facilitates knowledge 
construction7,9 as part of neural plasticity, stimulating 
previous knowledge and elaborating new information.
  Considering PBL, we suggest the cyclic 
activation of hippocampal cells as the most 
promising route involved in the process of knowledge 
acquisition28. To support our idea, the most prominent 
proposal implies long-term potentiation (LTP)29 as the 
mechanism underlying rapid hippocampal plasticity28. 
Cells in the neocortex that represent an event are 
activated and, in turn, stimulate hippocampal cells. 
Cyclic activation of neocortical and hippocampal cells 
is needed to establish the memory trace. Repeated 
retrieval of an event over time will strengthen the 
connections between the neocortical cells that 
represent the event, eventually eliminating the need 
for the hippocampus to link them together28.
 Another proposal is that the hippocampus 
acts as a memory “index”30. The neocortical cells, 

in turn, activate a group of hippocampal cells that 
become linked together. These hippocampal cells 
then act as a retrieval index for the original pattern of 
FRUWLFDO� DFWLYDWLRQ��7KLV� WKHRU\�SUHVXSSRVHV� VSHFLÀF�
bidirectional connections from the hippocampus to 
the cortex. With respect to consolidation, it is widely 
accepted that the hippocampus might periodically 
reactivate the cortical representation, which would 
then change over some extended time period28,31. For 
PBL to be considered successful, confronting new 
knowledge with knowledge previously acquired is 
an essential stimulus to memory consolidation in the 
process of activation–elaboration32.
 Additionally, concerning the long-term 
potentiation form of activity-dependent plasticity due 
to a persistent enhancement of synaptic transmission 
DQG� V\QDSVH�VSHFLÀF� SODVWLFLW\�� 10'$� �1�PHWK\O�
D-aspartate)32,34 receptor activation is critical to 
LQGXFH� V\QDSVH�VSHFLÀF� SODVWLFLW\� ZLWKLQ� ERWK� WKH�
hippocampus and amygdala34. Calcium/calmodulin-
dependent kinase II (CAMKII) stands out as a key 
player for initial memory formation35-37.
 An essential key in this long-term potentiation 
(LTP) of synaptic plasticity is a brain-derived 
neurotrophic factor (BDNF). BDNF is a neurotrophin, 
and its signaling depends on MAPK (mitogen-
activated protein kinase)38 and CREB (kinase 
cascade activates gene transcription dependent on the 
cAMP-responsive element-binding protein) – both 
of which are indispensable for long-term memory 
signaling37,39-44. According to Steward and Schuman45, 
and reviewed by Gieze and Mizuno37, BDNF can 
induce local translation of dendritically targeted 
mRNAs. It raises the possibility that neurotrophins 
can act in concert with activity-dependent increases 
LQ� P51$� OHYHOV� WR� DIIHFW� V\QDSWLF� HIÀFDF\�� %'1)�
released during intense synaptic activation could 
provide a mechanism for prolonged46 augmentation47 
of NMDA currents or other factors regulating 
synaptic translation48 in the absence of repeated 
episodes of high-frequency activity. Such a role for 
BDNF is likely to be involved in several synaptic and 
behavioral patterns of memory consolidation49.

The neurophysiology of active learning is inherent 
to PBL

 Memory storage is not simply a linear 
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achievement toward the permanent long-term 
memory. Still, it depends on the dynamic and 
interactive processes50, 51 to encode issues already 
learned or new information acquisition, involving 
both short- and intermediate-term memories, and to 
consolidate and maintain long-term memory18. 
 Being interested in examining event-related 
brain potential (ERP) Voss, Galvan and Gonsalves52 
hypothesized the following conditions: i) active 
learning involving the self-generation of complex 
action sequences and behavioral strategies and ii) 
passive learning intended to severely restrict the self-
generation of these action sequences and strategies. 
The teaching object in PBL is the problem to be 
solved, which boosts the active-learning strategies 
through action planning, allowing rapid reactivation 
during memory retrieval52.
 The advantage of active learning is partially 
due to the implementation of simple behavioral 
strategies53. We know that regarding PBL, strategies 
are correlated with the collaborative and self-study-
centered approaches, so the active learning, inherent in 
PBL, is correlated with brain activity in a widespread 
network of prefrontal, parietal, and hippocampal 
visual-processing regions. Kim54 demonstrated, by a 

meta-analysis, a study of brain activity during memory 
encoding. His work presented the involvement of the 
bilateral medial temporal lobe (MTL), the left inferior 
frontal cortex, the bilateral fusiform cortex centered 
on the intraparietal sulcus, and the bilateral posterior 
parietal cortex. Additionally, a review by Bloom and 
Doss on creativity suggests that engaging in creative 
tasks, such as active learning in PBL, positively 
affects the brain by elevating feelings of happiness and 
reducing anxiety55. Ergo, we suggest that neurological 
ÀQGLQJV�� VXFK� DV� WKRVH� PDGH� E\� .LP54 and Bloom 
and Doss55, are important to consider when engaging 
students in the PBL learning process.

DISCUSSION

The Seven Steps in PBL

 This section will consider each of the 7 steps 
in PBL (Figure2) and discuss the currently accepted 
neurocircuitry (Figure 3) related to each respective 
step in the learning process. 

 &ODULI\�DQG�DJUHH�RQ�ZRUNLQJ�GHÀQLWLRQV�RI�
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Figure 3. 6FKHPDWLF�UHSUHVHQWDWLRQ�RI�EUDLQ�DUHDV��%URGPDQQ�DUHDV��UHFUXLWHG�DFFRUGLQJ�WR�3%/�VWHSV��6WHSV���DQG����FODULI\LQJ�
DQG�DJUHHLQJ�RQ�ZRUN�GH¿QLWLRQ�RI�XQFOHDU�WHUPV��RFFLSLWDO�DQG�WHPSRUDO�DUHDV���6WHS����6WDUW�VROYLQJ�SUREOHP�HYDOXDWLRQ�DQG�
K\SRWKHVLV�WHVWLQJ��6WHS���DQG����LQWHJUDWLRQ�ZLWK�WRSLFV�SUHYLRXVO\�GLVFXVVHG��6WHS����DEVWUDFWLRQ�DQG�HODERUDWLRQ���VHOI�GLUHFWHG�
OHDUQLQJ�� �6WHS���� VROYLQJ�SUREOHP�±� OHDUQLQJ�VWUXFWXUDWLRQ�RI�QHZO\�DFTXLUHG� LQIRUPDWLRQ� WR� VROYH� WKH�SUREOHP�� ORQJ�ODVWLQJ�
PHPRU\��:H�SURSRVH�WKDW�3%/�PHWKRGRORJ\�VWLPXODWHV�JUDGXDO�DQG�FUHVFHQW�UHFUXLWLQJ�FHUHEUDO�DUHDV�WR�UHDFK�WKH�VXEVWDQWLDWHG�
OHDUQLQJ��3%/�PD\�OHDG�WR�VROLG�PHPRU\�UHWHQWLRQ�DQG�UHVWUXFWXULQJ�RI�WKLQNLQJ��WKXV�JHQHUDWLQJ�NQRZOHGJH�VXSSRUWLQJ�VSLUDO�OLNH�
NQRZOHGJH�DFTXLVLWLRQ�
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XQFOHDU� WHUPV� DQG� FRQFHSWV� �VWHS� ���� DQG�'HÀQH�
the problems and agree on which phenomena 
require explanation (step #2).
 In a given problem of PBL, new terms or 
new words are subject to a wide variety of plausible 
alternative interpretations5. This contextualization 
is incited by new word56 learning or applying it to 
DQ� XQNQRZQ� FRQWH[W� LQ� WKH� ÀUVW� VWHS� RI� 3%/�� 2XU�
assumption is based on the fact that these areas 
process sensory information in the extrastriate cortex 
(Brodmann areas—BAs—18 and 19)57 and the 
fusiform gyrus (BA 37). These areas are involved with 
recognition, imagery and elaboration of visual inputs, 
as well as Wernicke’s area (BA 22) for analysis and 
elaboration of syntax of auditory information58.
 Motivation (intrinsic motivation) is a relevant 
point regarding step#2, which in turn can be linked to 
self-directed learning11,59.
 The PBL approach puts together both content 
and thinking strategies for problem-solving. Around 
this concept, it is assumed that motivation to detect 
the learning objectives may be one crucial driver. 
In PBL, there are complex problems with no single 
correct60 answer. PBL’s structure aims to engage 
students to effectively collaborate61 in self-directed 
learning62 employing intrinsic motivation63-65. Prior 
knowledge activation and contextualization61 
increase in importance from the next step.
 Any instructional approaches based on a 
problem offer the potential to help students develop 
ÁH[LEOH66 understanding67 and lifelong learning skills. 
Indeed, there are links between the neurophysiology 
of learning and the motivational circuitry to long-term 
memory11.
 The dorsal neostriatum generates motivation, 
and the dynamic limbic transforms learned memories 
into motivation68. The psychological motivation value 
of previously acquired memories leads to changes 
in the mesocorticolimbic circuitry, driving to learn 
something new68.
 The activation of mesocorticolimbic circuits 
is via neurons belonging to the nucleus accumbens 
(NAc) (especially rostral shell), the prefrontal cortex, 
the ventral pallidum, and the ventral tegmentum, and 
triggered by a re-encounter with a novel physiological 
stimulus, mainly a sensitive stimulus69. In these steps 
of PBL (#2 and #3), these stimuli can be listening to 
their peers questioning the content of the problem or 

reading words they identify as unfamiliar.

Analyze component implications, suggested 
explanations (through brainstorming) and develop 
working hypotheses (step #3)
 The tutor integrates new incoming information 
with an appropriate knowledge base to guide 
students61,70,71. It has been proved that knowledge is 
VLJQLÀFDQWO\� LPSURYHG�ZKHQ�DEVWUDFWLRQ� LV�DFKLHYHG�
independently of a context (problem). When knowledge 
LV�UHVWULFWHG�WR�D�VSHFLÀF�FRQWH[W72,73 in which it was 
OHDUQHG�� GHÀFLHQFLHV� LQ� NQRZOHGJH� DFTXLVLWLRQ� DUH�
OLNHO\�WR�RFFXU��2Q�WKH�RWKHU�KDQG��LW� LV�VLJQLÀFDQWO\�
improved when elaborative behavior is stimulated by 
adequate neural circuitry74. Problematized learning 
cannot be effective if the learner has not stimulated 
the neural circuitry leading to the elaboration61,62,75, 76 

necessary to consolidate the memory. 
 The brainstorming activity drives students 
to ponder their own theories while providing 
opportunities to make mistakes77,78 that will be realized 
upon reading and generate a “painful” stimulus when 
processing the elaboration. This was further elaborated 
on by Terry Barret79, who described students’ feelings 
about PBL, which included the sense of “fear.” Based 
upon the data assembled on the current review, this 
fear should not be interpreted as a negative but as the 
discomfort that stimulates the learners to solve the 
problems on unfamiliar topics. The lack of knowledge 
becomes the trigger that boosts searching for answers. 
The neurocircuitry associated with this discomfort 
can be traced back to a threatening stimulation that 
leads us to survive rather than get stuck/freeze.
 According to Kelly et al.80, retrieving 
memories of painful events activates the anterior 
cingulate cortex and the inferior frontal gyrus. 
Indeed, to localize the central circuitry, the stimulus 
one should use to compare the neural components 
activated during the brainstorming is ‘pain’81,82. The 
causation of pain induces intermediate memory 
formation82, which can be converted into long-term 
memory by spaced repetition. Suppose pain causes 
the stimulation of a facilitator presynaptic terminal at 
the same time the sensory terminal is stimulated. In 
that case, there is serotonin release at the facilitator 
synapse on the sensory terminal’s surface83. Learning is 
closely associated with modifying the communication 
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between the neurons structuring synaptic plasticity to 
acquire, store, and recall information. If, during the 
discussion84, it becomes necessary to recall facts and 
events, i.e. declarative memory, the medial temporal 
lobe (MTL)85 will afterward be accessed to connect 
WR� VSHFLÀF� DUHDV� LQ� WKH� FRUWH[� �WKH� SUHIURQWDO� DQG�
posterior parietal cortexes). During this step, the 
students frequently try to recall subjects recently 
learned. Thus, MTL is an essential structure due to its 
relation to recent and temporary memory32.
 When processing information in the MTL, 
the hippocampus is the ultimate recipient of 
convergent projections from the perirhinal cortex, 
parahippocampal cortex, and entorhinal cortex86; 
however there is a functional division arising from the 
MTL localized between the hippocampus and around 
the medial temporal lobe cortex (MTLc) as attributes 
of memories87. MTL and basal ganglia are engaged 
GLIIHUHQWO\� GXULQJ� FODVVLÀFDWLRQ� OHDUQLQJ� GHSHQGLQJ�
upon whether the task is emphasized as declarative 
or nondeclarative memory - even when the to-be-
learned material and the level of performance did not 
differ88. We propose that the brainstorming stimuli 
progress to motivation with continuous PBL practice. 
Orchestrated by the cholinergic–dopaminergic 
reward systems, the sense of familiarity that comes 
with new knowledge would replace the previous 
“painful stimuli” neurocircuitry. This transition takes 
the students to the next level: the readiness to practice 
this active learning method corroborating for long-
term memory retention (further discussed - “steps #6 
and #7”).
 In this sense, we assume that elaboration 
involving constructing and reconstructing students’ 
knowledge networks improves to the same extent as 
the robustness of the brainstorming session.  

Discuss while evaluating and arranging possible 
explanations in a working hypothesis (step #4)
 The goals of this step are usually summed up 
E\�GUDZLQJ�D�ZHE�GLDJUDP��ÁRZFKDUW�89, to link similar 
information and separate unrelated topics, just like 
one of the functions of the hippocampus. This is the 
consolidation: new and old information are compared 
WR� ÀQG� VLPLODULWLHV� DQG� GLIIHUHQFHV�� WKH� FRPSDULVRQ�
is stored where it’s directly associated with related 
memories. Therefore, the hippocampus implements 
pattern separation, which aids the memory searches 

performed by the thalamus90. 
 Although the pattern separation in the learning 
process starts at the 4th step, it will be established in 
the 5th step because the areas of the brain involved 
in this pattern are associated with an organizational 
circuitry that allows students to make productive 
connections between important mental stored topics.
� $� ÁRZFKDUW� VWLPXODWHV� WKH� YLVXDO� FRUWH[��
which exhibits profound plasticity during 
development91. The interaction of glutamate92,93 on 
its neuronal receptor is the signal to trigger a cascade 
of downstream synapses94 involving PKA (Protein 
Kinase – A). This interaction is a well-explored 
neurophysical phenomenon that can explain the 
connection between visual stimuli and learning.
 Reading the problem situation (during step 
#1), the respective listening, and the writing of the 
ÁRZFKDUW��GXULQJ�WKH��WK�VWHS��DUH�FRQVLGHUHG�VHQVRU\�
stimuli, triggering synapses in neural circuits. The 
pathway regulating neural circuits in sensory cortices 
is assumed to process learning-induced plasticity95.
 In PBL, the group discussions and the self-
explanations elicited improve understanding78. Since 
regulations of the sensory stimuli are important while 
determining the role of sensory systems in cognition, 
the students’ collaborative performance, as seen in 
PBL96, is crucial to stimulate neuronal synapses and 
their respective plasticity. Group activity involves both 
social interaction and behavioral performance. Also, 
it depends on AVP (arginine vasopressin) synthesized 
in the paraventricular and supraoptic nucleus of the 
hypothalamus acting on limbic areas, including the 
hippocampus by interneuronal communication via 
the V1A-Gq receptor97. AVP enhances learning and 
memory by facilitating consolidation and recovery 
processes operating in parallel with LTP mechanisms. 
AVP is responsible for autonomic and metabolic 
changes, thus linking attention, emotion, learning, 
memory, and behavioral performance to information 
acquisition81.

Generate and prioritize learning objectives (step 
#5);
 From this step, the pattern separation, 
which was in progress, becomes evident in the 
neurophysiological circuitry stimulated by PBL. 
Pattern separation will be completed before the 
start of step #7, while pattern completion will be 
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established at the end of step #7. 
 The arrangement between separation and 
completion patterns is related to the activation of 
encoding vs. retrieval modes while learning takes 
place98,99. The pattern separation activity is associated 
with the CA3/dentate gyrus region, and it is consistent 
with pattern completion in the CA1 and the subiculum 
regions100. 
 The long-lasting synaptic strengthening 
involves CaMKII101, extracellular signal-regulated 
kinase 1 and 2 (ERK1/2), and tyrosine kinase acting 
on the hippocampus. Long-term memory formation 
ERK1/2102 also activates transcription dependent 
on CREB (cAMP-responsive element-binding 
protein)103. Since this LTP is a stable form of 
memory, such pathways are associated with effective 
learning systematized during each PBL step. This is 
one of the cellular pathways for encoding (to convert 
information into a knowledge structure), storing (to 
accumulate blocks of information), and retrieval 
(recall things we already know)28,86,87,104.

Research objectives between tutorials (step #6) 
� ,VVXHV� DOUHDG\� OHDUQHG� JUHDWO\� LQÁXHQFH�
the ability of the brain to capture and store new 
information. Subjects learned are spontaneously 
reactivated and strengthened in the brain during rest 
SHULRGV��VXFK�DV�VOHHS��EXW�DOVR�WKH�SURVSHFWLYH�EHQHÀWV�
RI�VSRQWDQHRXV�RIÁLQH�UHDFWLYDWLRQ�IRU�IXWXUH�OHDUQLQJ�
are essential. This reactivation and interregional 
coupling are supported by the ability to learn related 
content in later situations105. 
 The degree of functional coupling during 
rest was predictive of neural engagement during 
the new learning experience itself. Through rest-
phase reactivation and hippocampal–neocortical 
interactions, existing memories may come to facilitate 
encoding during subsequent related episodes104.
 In the PBL schedule, free time is doubly 
necessary: to  study and to consolidate memory. It 
LV�WKRXJKW�WKDW�WKH�FRQVROLGDWLRQ�RI�PHPRU\�EHQHÀWV�
from sleep106-109. Reprocessing of newly acquired 
material within hippocampal and neocortical networks 
occurs during sleep and could be a basis for long-term 
memory consolidation110-112.
 Hippocampal neural ensembles have been 
VKRZQ� WR� UHSOD\� SODFH� FHOO� ÀULQJ� VHTXHQFHV� GXULQJ�
sleep and quiet waking periods following learning113, 

and blocking this replay prevents subsequent memory 
retrieval114.
 In the PBL method, the process of setting the 
propositions to explain the questions presented in the 
given problem depends on the destabilization and 
restabilization of memory in the course of retrieving115, 
updating, and integrating a given memory with other 
memories. Systems memory consolidation is one 
mechanism by which sleep can support memory 
formation. The reactivation of learning-related 
neural activity during sleep can be observed in the 
hippocampus and many other regions involved in 
learning115,116.
 Effective active learning must be given by 
trial and error and depends on neurons from the basal 
ganglia and the activity of dopamine51,117. In PBL, 
during step #6, an example of this is when students 
search for answers by reading information over and 
over again, despite not always arriving at the correct 
answer; thus, they encounter “trial and error” at their 
own pace. 
 The self-studying and deep problem-analysis 
phase provide the possibility to acquire a more 
profound knowledge of theories at the root of the 
problem1. Information is collected from the literature 
VSHFLÀHG�E\� WKH� WXWRUV� DQG� DOVR� IURP�RWKHU� VRXUFHV��
3%/�DOORZV�VWXGHQWV�WR�ÀQG�WKHLU�RZQ�UHVRXUFHV��WKXV�
experiencing independent learning. It will enable the 
integration and abstraction of sensory information58.
 This phase should provide answers to the 
questions posed. In this sense, number three of Figure 
3 must be considered. Neurons from parietal areas 
interact with the neurons on the frontal lobes during 
problem-solving, evaluation, and hypothesis testing118. 
According to Schmidt et al119, PBL is compatible with 
the human cognitive architecture.
 The steps of PBL prior to self-study (1st to 
5th steps), mainly in the brainstorming step, were 
devoted to activating the previous knowledge step 
and incorporating it into the new route of learning. 
Now (step #6), the students integrate new information 
provided by the discussion among their colleagues 
with their own recalled information, thus acquiring 
cognitive retention and learning generation118. 
+RZHYHU�� VWXGHQWV·� NQRZOHGJH� DERXW� VSHFLÀF� LVVXHV�
to solve the problem under discussion is incomplete 
yet. They have to perceive gaps in knowledge to 
establish ways to overcome them. According to Chi et 
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al.78, 120, errors are necessary for learning to apply new 
knowledge. To successfully complete the last part of 
PBL (next step #7), students usually have one week 
WR�DFTXLUH�VXIÀFLHQW�NQRZOHGJH�WR�VROYH�WKH�SUREOHP��
It is expected the students will elaborate and integrate 
new information due to previous learning and self-
study.

 Report back at the next tutorial to produce 
a comprehensive explanation of the phenomena 
and reapply newly acquired information to the 
problem (step #7).
 The neuronal activity at this step of PBL 
should comprehend the neurons from the anterior 
cingulate (Brodmann area 32 - BA32)58, concluding 
WKH�OLQNV�FRQVHFXWLYHO\�IXOÀOOHG�E\�WKH�OHDUQLQJ��7KH�
anterior cingulate is implicated in response selection 
and inhibition of alternative responses once the best 
solution is determined in the previous stage58.
 The brainstorming process developed during 
step#3 and the present discussion highlights the 
importance of the collaborative83 approach in PBL. It 
leads to greater creativity79,121 and greater output than 
each group member could generate on his own122.
� +LJKO\�VSHFLÀF�OHDUQLQJ�LQGXFHG�SODVWLFLW\�LQ�
the primary auditory cortex (A1)123 has been related 
to cortical metabolism. The cognitive functions of A1 
go beyond pure stimulus features since its role also 
includes the analysis and storage of the behavioral 
VLJQLÀFDQFH� RI� WKRVH� IHDWXUHV�� 7KH� GHYHORSLQJ�
facilitated discrimination of various stimuli features 
perceptual learning, complex tasks, and rapid ‘online’ 
adjustments to maximize attentive capture of stimuli 
elements. 
 The neuromodulator acetylcholine (ACh) is 
particularly important among the mechanisms and 
effectors, acting on loci of active plasticity124,125. 
 During this step, students share the results of 
self-study to achieve the learning goals60. Considering 
the stimulus of the students’ intrinsic interest, this 
ÀQDO� VWHS� FRPELQHV� LQGLYLGXDO� DQG� FROODERUDWLYH�
skills126-127.
 Collaborative skills are particularly important 
in PBL66, 89, 96, 128, 129. however, implicit memory bias 
may arise when systematizing the learning. The 
hippocampus is involved in the cognitive processes 
that modify or bias memory130. Important research 
highlights that students are not always in the best 

position to judge which aspects of educational curricula 
are evidence-based131��,I�WKH�VWXGHQWV�DUH�QRW�FRQÀGHQW�
DQG�QRW�ÁXHQW�ZLWK�WKH�QHZ�FRQFHSWV�LQYROYHG�LQ�WKH�
JLYHQ�OHDUQLQJ�JRDOV��WKH\�WHQG�WR�EH�LQÁXHQFHG�PRUH�
by wrong concepts provided by others during social 
exposure, leading to wrong learning structuration130. 
:H� UHDIÀUP� WKH� UHVSRQVLELOLW\132 of the tutors71, 133, 
and their role is now highlighted. Hippocampal-
amygdala crosstalk is required to bring about implicit 
change in explicit memory134. A proper intervention 
must be taken to boost the functional connectivity 
between the hippocampus and the striatum, a brain 
area implicated in reward. The expertise of the tutors 
must be evidenced135. They are trained to probe 
students regarding the subject under discussion and 
stimulate critical assessment136 of peer contributions 
to learning to help avoid memory bias. Memory 
HIÀFLHQF\� LV� DXJPHQWHG� E\� FRQJUXHQF\�GHSHQGHQW�
interactions between the medial temporal lobe and 
the ventromedial prefrontal cortex137. Performance 
related to prior knowledge and item recognition is 
associated with increased intersubject synchronization 
of activity in the ventromedial prefrontal cortex and 
decreased hippocampal-ventromedial prefrontal 
cortex functional connectivity during encoding137.
 Long-lasting memory, but not temporary, 
false memory, was predicted by enhanced amygdala 
activity and hippocampal-amygdala functional 
FRQQHFWLYLW\�GXULQJ�H[SRVXUH�WR�WKH�VRFLDO�LQÁXHQFH130, 

138. The largely unconscious hippocampal-amygdala 
crosstalk was required to bring about implicit change 
in explicit memory130 this change in memory is 
ultimately meaningful throughout all seven steps in 
PBL, as discussed earlier139.

CONCLUSION

 There is a well-documented science that 
underlies the neurocircuitry in each step of the 
student’s learning process. Based upon the literature, 
we emphasized the importance of following the 
gradual development of PBL to construct neuro 
connections during the learning process. The current 
work described the neurophysiology in PBL based 
upon several aspects, such as the students’ feeling 
RI� JUDWLÀFDWLRQ� E\� OHDUQLQJ� WKURXJK� SUREOHP�EDVHG�
methods. 
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 PBL supports long-term memory retention 
and restructuring of thinking within its seven steps, 
thus generating knowledge supporting spiral learning. 
 There is substantial evidence that the 
hippocampus and neocortex are integral components 
in memory and information acquisition. Indeed, the 
hippocampus triggers the neocortex’s activation 
connections, which may be crucial to strength learning 
during the PBL processes. Hence, further exploration 
of the neural pathways related to PBL proposed in this 
UHYLHZ�UHSUHVHQWV�D�ÀHOG�RI�LQYHVWLJDWLRQ�WR�HQULFK�WKH�
comprehension of active learning methods founded 
upon neuroscience.
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���� /LX�5<��)LRUDYDQWH�'��6KDK�6��%\UQH�-+��F$03�UHVSRQVH�
HOHPHQW�ELQGLQJ� SURWHLQ� �� IHHGEDFN� ORRS� LV� QHFHVVDU\� IRU�
FRQVROLGDWLRQ�RI�ORQJ�WHUP�V\QDSWLF�IDFLOLWDWLRQ�LQ�$SO\VLD��
-�1HXURVFL�������������±��

���� .DQJ�+��6XQ�/'��$WNLQV�&0��6RGHUOLQJ�75��:LOVRQ�0$��
7RQHJDZD�6��$Q�LPSRUWDQW�UROH�RI�QHXUDO�DFWLYLW\�GHSHQGHQW�
&D0.,9� VLJQDOLQJ� LQ� WKH� FRQVROLGDWLRQ� RI� ORQJ�WHUP�
PHPRU\��&HOO�������������±���

���� :HL�)��4LX�&6��/LDXZ�-��5RELQVRQ�'$��+R�1��&KDWLOD�7��
=KXR�0��&DOFLXP�FDOPRGXOLQ�GHSHQGHQW�SURWHLQ�NLQDVH�,9�
LV�UHTXLUHG�IRU�IHDU�PHPRU\��1DW�1HXURVFL�����������±��

���� %ODHVHU�)��6DQGHUV�0-��7UXRQJ�1��.R�6��:X�/-��:R]QLDN�
')�� )DQVHORZ� 06�� =KXR� 0�� &KDWLOD� 7$�� /RQJ�WHUP�
PHPRU\� GH¿FLWV� LQ� 3DYORYLDQ� IHDU� FRQGLWLRQLQJ� LQ� &D���
FDOPRGXOLQ� NLQDVH� NLQDVH� D�GH¿FLHQW�PLFH��0RO�&HOO�%LRO�
������������±���

���� 6WHZDUG�2��6FKXPDQ�(0��3URWHLQ�V\QWKHVLV�DW�V\QDSWLF�VLWHV�
RQ�GHQGULWHV��$QQX��5HY��1HXURVFL�������������±����

���� /HYLQH� (6�� &UR]LHU� 5$�� %ODFN� ,%�� 3OXPPHU�05�� %UDLQ�
GHULYHG� QHXURWURSKLF� IDFWRU� PRGXODWHV� KLSSRFDPSDO�
V\QDSWLF� WUDQVPLVVLRQ� E\� LQFUHDVLQJ� 1�PHWK\O�'�DVSDUWLF�
DFLG�UHFHSWRU�DFWLYLW\��3URF�1DWO�$FDG�6FL�����������������

���� .DQJ� +� �� :HOFKHU� $$�� 6KHOWRQ� '�� 6FKXPDQ� (0��
1HXURWURSKLQV�DQG�WLPH��GLIIHUHQW�UROHV�IRU�7UN%�VLJQDOLQJ�LQ�
KLSSRFDPSDO�ORQJ�WHUP�SRWHQWLDWLRQ��1HXURQ�������������
���

���� 7DNHL� 1�� .DZDPXUD� 0�� +DUD� .�� <RQH]DZD� .�� 1DZD�
+�� ������� %UDLQ�GHULYHG� 1HXURWURSKLF� )DFWRU� (QKDQFHV�
1HXURQDO� 7UDQVODWLRQ� E\� $FWLYDWLQJ� 0XOWLSOH� ,QLWLDWLRQ�
3URFHVVHV�� FRPSDULVRQ� ZLWK� WKH� HIIHFWV� RI� LQVXOLQ�� -� %LRO�
&KHP���������������±����

���� <RQJ�<LQ��*HUDOG�0��(GHOPDQ��DQG�3HWHU�:��9DQGHUNOLVK��
7KH� EUDLQ�GHULYHG� QHXURWURSKLF� IDFWRU� HQKDQFHV� V\QWKHVLV�
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RI�$UF� LQ�V\QDSWRQHXURVRPHV��3URF�1DWO�$FDG�6FL�8�6�$��
������������±����

���� 0F&OHOODQG�� -�/��� 0F1DXJKWRQ�� %�/��� DQG� 2¶5HLOO\�� 5�&��
:K\� WKHUH� DUH� FRPSOHPHQWDU\� OHDUQLQJ� V\VWHPV� LQ� WKH�
KLSSRFDPSXV�DQG�QHRFRUWH[��LQVLJKWV�IURP�WKH�VXFFHVVHV�DQG�
IDLOXUHV� RI� FRQQHFWLRQLVW�PRGHOV� RI� OHDUQLQJ� DQG�PHPRU\��
3V\FKRO�5HY�������������±���

���� 0LOOHU� (.�� %XVFKPDQ� 7-�� 5XOHV� WKURXJK� UHFXUVLRQ�� KRZ�
LQWHUDFWLRQV� EHWZHHQ� WKH� IURQWDO� FRUWH[� DQG� EDVDO� JDQJOLD�
PD\� EXLOG� DEVWUDFW�� FRPSOH[� UXOHV� IURP� FRQFUHWH�� VLPSOH�
RQHV��,Q��6%�:DOOLV�-'��HGLWRUV��7KH�1HXURVFLHQFH�RI�5XOH�
*XLGHG�%HKDYLRU��2[IRUG�8QLY��3UHVV��2[IRUG��S����������
�����

���� 9RVV� -/�� *DOYDQ� $�� *RQVDOYHV� %'�� &RUWLFDO� UHJLRQV�
UHFUXLWHG�IRU�FRPSOH[�DFWLYH�OHDUQLQJ�VWUDWHJLHV�DQG�DFWLRQ�
SODQQLQJ�H[KLELW�UDSLG�UHDFWLYDWLRQ�GXULQJ�PHPRU\�UHWULHYDO��
1HXURSV\FKRORJLD�������������������±����

���� 9RVV�-/��*RQVDOYHV�%'��)HGHUPHLHU�.'��7UDQHO�'��&RKHQ�
1-�� +LSSRFDPSDO� EUDLQ�QHWZRUN� FRRUGLQDWLRQ� GXULQJ�
YROLWLRQDO� H[SORUDWRU\� EHKDYLRU� HQKDQFHV� OHDUQLQJ�� 1DW��
1HXURVFL�������������±���

���� .LP�+�� 1HXUDO� DFWLYLW\� WKDW� SUHGLFWV� VXEVHTXHQW�PHPRU\�
DQG� IRUJHW�� WLQJ�� D� PHWD�DQDO\VLV� RI� ��� I05,� VWXGLHV��
1HXURLPDJH�������������±���

���� %ORRP�/��'RVV�.��&DQ�&UHDWLYLW\�,PSURYH�(QJDJHPHQW�DQG�
(PRWLRQDO�:HOO�%HLQJ"�1RUWK�&DUROLQD�$VVRFLDWLRQ�IRU�WKH�
*LIWHG�	�7DOHQWHG�1HZVOHWWHU�����������������

���� )OHWFKHU�3��2¶7RROH�&��:RUGV��,Q��/DQJXDJH�'HYHORSPHQW�
DQG�/DQJXDJH�,PSDLUPHQW��$�3UREOHP�%DVHG�,QWURGXFWLRQ���
-RKQ�:LOH\�	�6RQV�HG��:LOH\�%ODFNZHOO������������SDJHV��

���� 5HEHU� 3-�� *LWHOPDQ� '5�� 3DUULVK� 7%�� 0HVXODP� 00��
'LVVRFLDWLQJ�H[SOLFLW�DQG�LPSOLFLW�FDWHJRU\�NQRZOHGJH�ZLWK�
I05,��-�&RJQ�1HXURVFL������������±����

���� &RORP�5��.DUDPD�6��-XQJ�5(��+DLHU�5-��+XPDQ�LQWHOOLJHQFH�
DQG�EUDLQ�QHWZRUNV��'LDORJXHV�&OLQ�1HXURVFL�������������
����

���� 'ZHFN�&6��6HOI�WKHRULHV�DQG�JRDOV��7KHLU�UROH�LQ�PRWLYDWLRQ��
SHUVRQDOLW\��DQG�GHYHORSPHQW��,Q�1HEUDVND�6\PSRVLXP�RQ�
0RWLYDWLRQ�� ������8QLYHUVLW\� RI�1HEUDVND�3UHVV��/LQFROQ��
SS�����±����������

���� +PHOR�6LOYHU�&(��/LQ�;��7KH�GHYHORSPHQW�RI�VHOI�GLUHFWHG�
OHDUQLQJ�VWUDWHJLHV�LQ�SUREOHP�EDVHG�OHDUQLQJ��,Q�(YHQVHQ��
'��DQG�+PHOR�6LOYHU�&�(���HGV����3UREOHP�%DVHG�/HDUQLQJ��
5HVHDUFK�3HUVSHFWLYHV�RQ�/HDUQLQJ� ,QWHUDFWLRQV��(UOEDXP��
0DKZDK��1-��SS�����±����������

���� 'ROPDQV�'+-0��'H�*UDYH�:��:ROIKDJHQ�,+$3��YDQ�'HU�
9OHXWHQ�&30��3UREOHP�EDVHG�OHDUQLQJ��IXWXUH�FKDOOHQJHV�IRU�
HGXFDWLRQDO�SUDFWLFH�DQG�UHVHDUFK��0HG�(GXF�������������

���
���� 'ROPDQV�'+-0��6FKPLGW��+*��:KDW�GLUHFWV�VHOI�GLUHFWHG�

OHDUQLQJ� LQ� D� SUREOHP�EDVHG� FXUULFXOXP"� ,Q�(YHQVHQ�'+��
+PHOR�6LOYHU� &(� �HGV���� 3UREOHP�%DVHG� /HDUQLQJ�$�
5HVHDUFK� 3HUVSHFWLYH� RQ� /HDUQLQJ� ,QWHUDFWLRQV� (UOEDXP��
0DKZDK��1-��SS�����±����������

���� 6SHQFHU� -$�� -RUGDQ� 5.�� /HDUQHU� FHQWUHG� DSSURDFKHV� LQ�
PHGLFDO�HGXFDWLRQ��%0-������������������

���� %DUURZV� +6�� $� WD[RQRP\� RI� SUREOHP�EDVHG� OHDUQLQJ�
PHWKRGV��0HG�(GXF������������±��

���� 1HYLOOH�$-��3UREOHP�%DVHG�/HDUQLQJ�DQG�0HGLFDO�(GXFDWLRQ�
)RUW\�<HDUV�2Q��$�5HYLHZ�RI�,WV�(IIHFWV�RQ�.QRZOHGJH�DQG�
&OLQLFDO�3HUIRUPDQFH��0HG�3ULQF�3UDFW����������±��

���� $OEDQHVH� 0$�� 0LWFKHOO� 6�� 3UREOHP�EDVHG� OHDUQLQJ�� D�
UHYLHZ� RI� OLWHUDWXUH� RQ� LWV� RXWFRPHV� DQG� LPSOHPHQWDWLRQ�
LVVXHV��$FDG�0HG�����������±���

���� 'XQODS� -&�� 3UREOHP�%DVHG� /HDUQLQJ� DQG� 6HOI�(I¿FDF\��
(75	'������������±���

���� 5LFKDUG� -0�� &DVWUR� '&�� 'L)HOLFHDQWRQLR� $*�� 5RELQVRQ�
0-)��%HUULGJH�.&��0DSSLQJ�EUDLQ� FLUFXLWV� RI� UHZDUG� DQG�
PRWLYDWLRQ�� ,Q� WKH� IRRWVWHSV� RI�$QQ�.HOOH\��1HXURVFLHQFH�
DQG�%LREHKDYLRUDO�5HYLHZV�������������±���

���� /DQGU\�&'��.DQGHO�(5��5DMDVHWKXSDWK\�3��1HZ�PHFKDQLVPV�
LQ� PHPRU\� VWRUDJH�SL51$V� DQG� HSLJHQHWLFV�� 7UHQGV� LQ�
1HXURVFLHQFHV����������������

���� %UDQVIRUG�-'��%URZQ�$/��&RFNLQJ��55��+RZ�SHRSOH�OHDUQ��
%UDLQ�� PLQG�� H[SHULHQFH�� DQG� VFKRRO�� :DVKLQJWRQ�� '�&���
1DWLRQDO�$FDGHP\�3UHVV�������

���� 1HYLOOH� $-�� 7KH� SUREOHP�EDVHG� OHDUQLQJ� WXWRU�� WHDFKHU"�
)DFLOLWDWRU"�(YDOXDWRU"�0HG�7DHFK�����������������

���� *UHHQR�-��7KH�VLWXDWLYLW\�RI�NQRZLQJ��OHDUQLQJ��DQG�UHVHDUFK��
$P�3V\FKRO���������������

���� (YD�.:��1HYLOOH�$-��1RUPDQ�*5��([SORULQJ�WKH�HWLRORJ\�
RI�FRQWHQW�VSHFL¿FLW\��IDFWRUV�LQÀXHQFLQJ�DQDORJLFDO�WUDQVIHU�
DQG�SUREOHP�VROYLQJ��$FDG�0HG���������6�±6��

���� .HOO\� 6�� /OR\G� '�� 1XUPLNNR� 7�� 5REHUWV� 1�� 5HWULHYLQJ�
DXWRELRJUDSKLFDO�PHPRULHV�RI�SDLQIXO� HYHQWV� DFWLYDWHV� WKH�
DQWHULRU�FLQJXODWH�FRUWH[�DQG�LQIHULRU�IURQWDO�J\UXV��-RXUQDO�
RI�3DLQ������������±���

���� 1RUPDQ� *5�� 6FKPLGW� +*�� 7KH� SV\FKRORJLFDO� EDVLV� RI�
SUREOHP��D�UHYLHZ�RI�WKH�HYLGHQFH��$FDG�0HG�������������
���

���� 1HHGKDP�� '�� 5��� %HJJ�� ,�� 0�� 3UREOHP�RULHQWHG� WUDLQLQJ�
SURPRWHV� VSRQWDQHRXV� DQDORJLFDO� WUDQVIHU�� 0HPRU\�
RULHQWHG�WUDLQLQJ�SURPRWHV�PHPRU\�IRU�WUDLQLQJ��0HP�&RJQ�
�����������±���

���� 3ORJKDXV� $�� 7UDFH\� ,�� &ODUH� 6�� *DWL� -6�� 5DZOLQV� -1��
0DWWKHZV�30��/HDUQLQJ�DERXW�SDLQ��WKH�QHXUDO�VXEVWUDWH�RI�
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��

WKH�SUHGLFWLRQ�HUURU�IRU�DYHUVLYH�HYHQWV��3URF�1DWO�$FDG�6FL�
86$�������������±���

���� &KL�07+��'H/HHXZ�1�� &KLX�0�� /D9DQFKHU� &�� (OLFLWLQJ�
VHOI�H[SODQDWLRQV� LPSURYHV� XQGHUVWDQGLQJ�� &RJQ� 6FL�
�����������±���

���� %DUUHWW� 7�� (QMR\DEOH�� SOD\IXO� DQG� IXQ"� � ±� WKH� YRLFH� RI�
3%/� VWXGHQWV��(GXFDWLRQ�GHYHORSPHQW� FRQVXOWDQW��'XEOLQ��
,UHODQG��3RLNHOD�(VD�	�3RLNHOD�6DUL��HGV�����������������

���� .HOO\�03��'HDGZ\OHU�6$��$FTXLVLWLRQ�RI�D�QRYHO�EHKDYLRU�
LQGXFHV�KLJKHU�OHYHOV�RI�$UF�P51$�WKDQ�GRHV�RYHUWUDLQHG�
SHUIRUPDQFH��1HXURVFLHQFH�������������±����

���� (QJHOPDQQ�0��:RWMDN�&7��1HXPDQQ�,��/XGZLJ�0��/DQGJUDI�
5�� %HKDYLRUDO� FRQVHTXHQFHV� RI� LQWUDFHUHEUDO� YDVRSUHVVLQ�
DQG� R[\WRFLQ�� IRFXV� RQ� OHDUQLQJ� DQG� PHPRU\�� 1HXURVFL�
%LREHKDY�5HY������������±���

���� -L�55��.RKQR�7��0RRUH�.$��:RROI�&-��&HQWUDO�VHQVLWL]DWLRQ�
DQG�/73��GR�SDLQ�DQG�PHPRU\�VKDUH�VLPLODU�PHFKDQLVPV"�
7UHQGV�1HXURVFL����������������������

���� 0DULQHVFR�6��&DUHZ�7-���������6HURWRQLQ�UHOHDVH�HYRNHG�E\�
WDLO�QHUYH�VWLPXODWLRQ�LQ�WKH�&16�RI�DSO\VLD��FKDUDFWHUL]DWLRQ�
DQG� UHODWLRQVKLS� WR� KHWHURV\QDSWLF� SODVWLFLW\�� -� 1HXURVFL�
������������±����

���� :DJQHU�$'�� 6FKDFWHU� '/�� 5RWWH� 0�� .RXWVWDDO�:�� 0DULO�
$��'DOH�$0��5RVHQ�%5��%XFNQHU�5/��%XLOGLQJ�PHPRULHV��
UHPHPEHULQJ� DQG� IRUJHWWLQJ� RI� YHUEDO� H[SHULHQFHV� DV�
SUHGLFWHG�E\�EUDLQ�DFWLYLW\��6FLHQFH��������������±���

���� 0DWWIHOG�$7��&UDLJ�(/��6WDUN��6WULDWDO�DQG�0HGLDO�7HPSRUDO�
/REH�)XQFWLRQDO�,QWHUDFWLRQV�GXULQJ�9LVXRPRWRU�$VVRFLDWLYH�
/HDUQLQJ��&HUHEUDO�&RUWH[�����������������

���� 2¶5HLOO\� 5&�� 5XG\� -:�� &RQMXQFWLYH� UHSUHVHQWDWLRQV� LQ�
OHDUQLQJ�DQG�PHPRU\��SULQFLSOHV�RI�FRUWLFDO�DQG�KLSSRFDPSDO�
IXQFWLRQ��3V\FKRO�5HY������������������

���� :L[WHG� -7��6TXLUH�/5��7KH�PHGLDO� WHPSRUDO� OREH� DQG� WKH�
DWWULEXWHV�RI�PHPRU\��7UHQGV�&RJQ�6FL�������������±��

���� 6HJHU�&$�� ,PSOLFLW� OHDUQLQJ�� 3V\FKRO�%XOO� ������������±
���

���� +PHOR�6LOYHU� &(�� %DUURZV� +6�� *RDOV� DQG� 6WUDWHJLHV� RI�
D� 3UREOHP�EDVHG� /HDUQLQJ� )DFLOLWDWRU�� ,QWHUGLVFLSOLQDU\�
-RXUQDO�RI�3UREOHP�%DVHG�/HDUQLQJ���������������

���� 1RUPDQ� .$�� +RZ� KLSSRFDPSXV� DQG� FRUWH[� FRQWULEXWH�
WR� UHFRJQLWLRQ� PHPRU\�� 5HYLVLWLQJ� WKH� &RPSOHPHQWDU\�
/HDUQLQJ�6\VWHPV�PRGHO��+LSSRFDPSXV������������������

���� *URVVEHUJ�6��&RUWLFDO�DQG�VXEFRUWLFDO�SUHGLFWLYH�G\QDPLFV�
DQG� OHDUQLQJ� GXULQJ� SHUFHSWLRQ�� FRJQLWLRQ�� HPRWLRQ� DQG�
DFWLRQ��3KLO��7UDQV��5��6RF��%��������������±����

���� +H\QHQ�$-�� <RRQ� %-�� /LX� &+�� &KXQJ� +-�� +XJDQLU� 5/��
%HDU�0)��0ROHFXODU�PHFKDQLVP�IRU�ORVV�RI�YLVXDO�FRUWLFDO�
UHVSRQVLYHQHVV�IROORZLQJ�EULHI�PRQRFXODU�GHSULYDWLRQ��1DW�

1HXURVFL�����������±���
���� .DPH\DPD� .�� /HH� +.�� %HDU� 0)�� +XJDQLU� 5/�� ������

,QYROYHPHQW� RI� D� SRVWV\QDSWLF� SURWHLQ� NLQDVH�$� VXEVWUDWH�
LQ� WKH� H[SUHVVLRQ� RI� KRPRV\QDSWLF� ORQJ�WHUP� GHSUHVVLRQ��
1HXURQ�������������±���

���� )LDOD�-&��*URVVEHUJ�6��%XOORFN�'��0HWDERWURSLF�JOXWDPDWH�
UHFHSWRU�DFWLYDWLRQ�LQ�FHUHEHOODU�3XUNLQMH�FHOOV�DV�VXEVWUDWH�
IRU�DGDSWLYH�WLPLQJ�RI�WKH�FODVVLFDOO\�FRQGLWLRQHG�H\H�EOLQN�
UHVSRQVH��-�1HXURVFL�������������±���

���� 6XU�0��1DJDNXUD� ,��&KHQ�1��6XJLKDUD�+��0HFKDQLVPV�RI�
3ODVWLFLW\�LQ�WKH�'HYHORSLQJ�DQG�$GXOW�9LVXDO�&RUWH[��3URJ�
%UDLQ�5HV����������������

���� +PHOR�6LOYHU�� &�� (�� �������� $QDO\]LQJ� FROODERUDWLYH�
NQRZOHGJH� FRQVWUXFWLRQ�� 0XOWLSOH� PHWKRGV� IRU� LQWHJUDWHG�
XQGHUVWDQGLQJ��&RPSXWHUV�DQG�(GXFDWLRQ�����������������

���� %DUEHULV�&��7ULEROOHW�(��9DVRSUHVVLQ�DQG�R[\WRFLQ�UHFHSWRUV�
LQ� WKH� FHQWUDO� QHUYRXV� V\VWHP�� &ULW� 5HY� 1HXURELRO�
���������������

���� +DVVHOPR�0(��:\EOH�%3��:DOOHQVWHLQ�*9���������(QFRGLQJ�
DQG�UHWULHYDO�RI�HSLVRGLF�PHPRULHV��UROH�RI�FKROLQHUJLF�DQG�
*$%$HUJLF�PRGXODWLRQ�LQ�WKH�KLSSRFDPSXV��+LSSRFDPSXV�
����������±����

���� .XQHF�6��+DVVHOPR�0(��.RSHOO�1�(QFRGLQJ�DQG�UHWULHYDO�LQ�
WKH�&$��UHJLRQ�RI�WKH�KLSSRFDPSXV��D�PRGHO�RI�WKHWD�SKDVH�
VHSDUDWLRQ��-��1HXURSK\VLRO������������±���

�����%DNNHU�$��.LUZDQ�&%��0LOOHU�0��6WDUN�&(/���������3DWWHUQ�
VHSDUDWLRQ� LQ� WKH� KXPDQ� KLSSRFDPSDO� &$�� DQG� GHQWDWH�
J\UXV��6FLHQFH��������������±��

�����(DVWRQ� $&�� /RXUGXVDP\� $�� /RWK� (�� 7RUUR� 5�� *LHVH�
.3�� .RUQKXEHU� -�� GH� 4XHUYDLQ� '-�� 3DSDVVRWLURSRXORV�
$�� )HUQDQGHV� &�� 0XOOHU� &3�� 6FKXPDQQ� *�� &$0.�$�
SRO\PRUSKLVPV� SUHGLFW� ZRUNLQJ� PHPRU\� SHUIRUPDQFH� LQ�
KXPDQV��0RO�3V\FKLDWU\����������������

�����6LQGUHX�&%��6FKHLQHU�=6��6WRUP�'5��������&D���VWLPXODWHG�
DGHQ\O\O� F\FODVHV� UHJXODWH� (5.�GHSHQGHQW� DFWLYDWLRQ� RI�
06.��GXULQJ�IHDU�FRQGLWLRQLQJ��1HXURQ������������±���

�����6LOYD�$-��.RJDQ�-+��)UDQNODQG�3:��.LGD�6��������&5(%�
DQG�PHPRU\��$QQX�5HY�1HXURVFL������������±���

�����6FKOLFKWLQJ�0/��3UHVWRQ�$5��0HPRU\� UHDFWLYDWLRQ�GXULQJ�
UHVW�VXSSRUWV�XSFRPLQJ�OHDUQLQJ�RI�UHODWHG�FRQWHQW��31$6�
������������������

�����3UHVWRQ�$5��(LFKHQEDXP�+��,QWHUSOD\�RI�KLSSRFDPSXV�DQG�
SUHIURQWDO�FRUWH[�LQ�PHPRU\��&XUU�%LRO�����������5������

�����0F*DXJK�-/���������0HPRU\±$�&HQWXU\�2I�&RQVROLGDWLRQ��
6FLHQFH������������������

�����9DQ�2UPHU�(%��6OHHS�DQG�UHWHQWLRQ��3V\FKRORJLFDO�%XOOHWLQ�
���������������

�����3OLKDO�:��%RUQ�-��(IIHFWV�RI�HDUO\�DQG�ODWH�QRFWXUQDO�VOHHS�
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��

RQ�GHFODUDWLYH�DQG�SURFHGXUDO�PHPRU\���-�&RJQLW�1HXURVFL�
����������±����

�����6WLFNJROG� 5�� +REVRQ� -$�� )RVVH� 5�� )RVVH� 0�� 6OHHS��
OHDUQLQJ��DQG�GUHDPV��RIÀLQH�PHPRU\�UHSURFHVVLQJ��6FLHQFH�
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