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РЕФЕРАТ 

С начала 2020 года силами участников научного коллектива были решены 

следующие задачи: 

1. проведен ряд исследовательских работ (см. подробное описание ниже); 

2. получено официальное уведомление об одобрении проекта от Этического 

комитета СПбГУ № 02-187 от 13.01.2020;  

3. произведена полная переработка интернет-сайта лаборатории: 

http://cogneuro.spbu.ru; 

4. ведется работа по организации традиционной Четвертой Международной 

научной конференции «Нейробиология языка и течи» (4th International Neurobiology of 

Speech and Language Conference), которая проводится каждый год силами сотрудников 

лаборатории и состоится 13–14 ноября 2020;  

5. проводится обработка и анализ собранного экспериментального материала; 

6. на разных этапах опубликования находятся несколько статей с индексацией в 

системах Web of Science и Scopus:  

Aleksandrov A. A., Memetova K. S., Stankevich L. N., Knyazeva V. M., Shtyrov Y. 

Referent’s Lexical Frequency Predicts Mismatch Negativity Responses to New Words 

Following Semantic Training // Journal of psycholinguistic research, 2020, 49(2), pp. 187–198. 

DOI: 10.1007/s10936-019-09678-3 

Shcherbakova O., Myachykov A., Martín-Luengo B., Shtyrov Y. (2020) Editorial: Brain-

Behaviour Interfaces in Linguistic Communication. Front. Hum. Neurosci. 14:324. doi: 

10.3389/fnhum.2020.00324 

Kurmakaeva D., Blagovechtchenski E., Gnedykh D., Mkrtychian N., Kostromina S.,  

Shtyrov Y. Acquisition of concrete and abstract words is modulated by tDCS of Wernicke’s area 

// Scientific report. 

Е. А. Андрющенко, Ю. Р. Гольштейн, О. В. Щербакова. Полнота понимания 

многозначных текстов у лиц с различным уровнем эмоционального интеллекта и theory of 

mind // Вопросы психологии. 

Е. Н. Блинова, О. В. Щербакова. Когнитивные механизмы понимания вербальных и 

иконических текстов // Психологических журнал.  

7. получен престижный международный грант по проекту Erasmus+ «Integrated 

Track in Brain and Cognitive Sciences» («Интегрированный трек в области мозга и 

когнитивных наук») (договор от 14.01.2020 № 2019-2017 / 001-001 (справочный номер 

проекта 610458-EPP-1-2019-1-FR-EPPKA2-CBHE-JP)), а также поданы заявки по проектам 

РФФИ «Нейрокогнитивные механизмы мультисенсорной интеграции вербальной и 

http://cogneuro.spbu.ru/
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невербальной информации» и «Эмоциональный интеллект в организации 

целенаправленного поведения: от эмоций и мета-эмоций к структуре деятельности» и 

грант Президента Российской Федерации для государственной поддержки молодых 

российских ученых – кандидатов наук «Обучение в движении: участие моторной коры в 

мгновенном семантическом научении новым словам». 

8. проводятся регулярные семинары, обслуживание лабораторных помещений и 

прочая деятельность, необходимая для полномасштабной научной работы.  

В связи с ситуацией пандемии COVID-19 и поздним поступлением средств проекта 

из бюджета (июнь 2020 г.) проведение исследований было крайне затруднено. 

Лаборатория поведенческой нейродинамики как структурное подразделение СПбГУ было 

полностью закрыто для доступа сотрудников лаборатории в период с марта по июль 2020 

года. Ситуация со сбором эмпирических данных усугублялась также отсутствием средств 

индивидуальной защиты и оборудования для обеззараживания помещений. Закупка столь 

необходимых расходных материалов была осуществлена контрактной службой СПбГУ 

после поступления средств и проведения всех процедур к концу лета. Таким образом, 

лаборатория смогла начать сбор данных только в августе при выполнении следующих 

санитарно-гигиенических мер безопасности в целях противодействия распространению 

новой коронавирусной инфекции (COVID-19), в соответствии с рекомендациями 

Роспотребнадзора: 

- обеспечены условия для гигиенической обработки рук с применением 

антисептических средств и средств для мытья рук при входе в лабораторию 

поведенческой нейродинамики; 

- испытуемые обеспечены запасом одноразовых масок на все время участия в 

исследовании; персонал – масками одноразовыми или многоразовыми, перчатками, 

дезинфицирующими салфетками;  

- организована ежедневная влажная уборка помещений; 

- обработка помещений происходит с применением дезинфицирующих средств 

всех контактных поверхностей в местах общего пользования (дверных ручек, 

выключателей, микрофонов, поверхностей столов, экранов и т.д.) после каждого 

испытуемого и по окончании процесса; 

- после каждого испытуемого осуществляется санитарная обработка используемого 

в рамках исследования оборудования (шапочек, электродов, экранов, мониторов и т.д.); 

- используется оборудование для обеззараживания воздуха, разрешенное для 

применения в присутствии людей;  

- не допускаются в лабораторию лица с признаками инфекционных заболеваний 
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(повышенная температура, кашель, насморк). 

Таким образом, сбор данных всех запланированных на 2020 год исследований 

осуществлялся только в периоды с января по февраль и с августа по октябрь 2020 г. 

Несмотря на все указанные причины, затруднявшие нормальную работу лаборатории, 

основная часть запланированных работ к настоящему моменту успешно выполнена; есть 

основания полагать, что в случае сохранения текущей эпидемиологической обстановки и 

отсутствия дополнительных ограничительных мер все исследовательские работы будут 

завершены к концу отчетного периода.  

Исследовательские работы, выполненные на момент сдачи отчета 23 октября 

По направлению исследований, связанных с изучением механизмов усвоения 

конкретной и абстрактной семантики, были продолжены эксперименты, направленные 

на прояснение влияния стимуляции на процессы семантического научения, а также роли 

речевых зон мозга в усвоении конкретных и абстрактных понятий. Было проведено 

исследование, включающее в себя катодную и анодную ТЭС (1,5 mA, 15 мин) 

правополушарного гомолога зоны Вернике и анодной ТЭС зоны Брока с участием 24-х 

взрослых испытуемых от 18 до 35 лет в каждой группе. Парадигма исследования осталась 

прежней, что позволило осуществить сопоставление ранее полученных результатов с 

новыми. Сравнительный анализ данных был проведен с использованием 

непараметрического критерия Манна-Уитни с поправкой на множественные сравнения 

Хохберга. На данный момент продолжается сбор данных. 

С целью различения механизмов имплицитного и эксплицитного научения были  

продолжены эксперименты, направленные на прояснение влияния стимуляции на 

процессы семантического научения. Существуют две стратегии научения новым словам: 

имплицитная и эксплицитная. Первая стратегия подразумевает использование явной 

инструкции, указывающей на новый объект; вторая включает в себя научение на основе 

контекста. Имплицитная стратегия научения играет ключевую роль в освоении новых 

слов в детстве [1], и целый ряд исследователей предполагают, что имплицитное научение 

является более эффективным [2, 3]. Другие исследователи сообщают о преимуществах 

использования для взрослых эксплицитного способа научения и указывают на частично 

различающиеся мозговые субстраты двух стратегий [4]. Тем самым подразумевается, что 

упомянутые типы научения могут иметь разную динамику и механизмы. Однако это 

мнение оспаривается [5]. Было проведено исследование, включающее в себя катодную и 

анодную ТЭС (1,5 mA, 15 мин) правополушарных гомологов зоны Вернике и Брока с 

участием 32-х взрослых испытуемых от 18 до 35 лет в каждой группе. Парадигма 

исследования осталась прежней, что позволило осуществить сопоставление ранее 
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полученных результатов с новыми. На данный момент продолжается сбор данных. 

Tакже реализован алгоритм обработки данных с акцентом на поиске взаимосвязей 

между поведенческими и электрофизиологическими показателями. Этот алгоритм был 

применен к анализу данных эксперимента, в котором испытуемые-носители русского 

языка (N=36) научались названиям неизвестных им объектов. Регистрировались 

вызванные потенциалы (ВП) мозга, возникающие в ответ на звучание этих названий до и 

после научения. Эффективность научения оценивалась с помощью задачи установления 

семантического соответствия, в которой испытуемому предлагалось выбрать из четырех 

изображений объектов то, которое соответствовало звучащему названию.  

Как выяснилось, испытуемые научались названиям новых объектов с 

использованием обеих стратегий научения. В обоих случаях точность ответов превысила 

уровень случайного угадывания. Причем использование эксплицитной стратегии 

оказалось более эффективным, чем использование имплицитной. 

Анализ ЭЭГ-данных выявил три пика активности ВП: негативный пик во 

временном окне 176-216 мс и два позитивных пика – 260-300 мс и 544-584 мс. Амплитуда 

данных пиков менялась после обучения по сравнению с ВП, записанными до обучения. 

Основной результат настоящего исследования состоял в обнаружении взаимосвязи 

величины ВП на выявленных пиках и точности ответов испытуемых с использованием 

имплицитной и эксплицитной стратегий научения: точность научения с использованием 

имплицитной стратегии коррелировала с изменением амплитуды ВП на первом, 

негативном, пике, а точность научения с использованием эксплицитной стратегии – с 

изменением амплитуды ВП на втором, позитивном, пике. 

Полученные данные свидетельствуют в пользу различия мозговых механизмов 

имплицитного и эксплицитного научения, подтверждая идею о том, что имплицитное 

научение соответствует более ранним этапам когнитивной переработки стимула. 

Обнаруженные временные параметры говорят о том, что эксплицитное научение, по всей 

видимости, связано с процессами внимания и системой когнитивного контроля, 

находящими свое отражение в вызванном потенциале Р300, тогда как более ранняя 

активация при использовании имплицитной стратегии научения предполагает 

автоматическую обработку слухового сигнала, которая не подвержена прямому влиянию 

внимания и отражается в ранней активации лексических следов памяти. 

С целью выявления влияния артикуляции на интеграцию новых словоформ в 

лексикон была произведена модернизация существующей исследовательской парадигмы 

по усвоению семантики новых словоформ. Во время обучающего блока испытуемым 

(N=43) акустически предъявлялись не известные ранее словоформы в эксплицитном и 
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имплицитном контекстах с последующим предъявлением новых изображений; всего 

использовалось 8 новых словоформ, 4 из которых соответствовали новым предметам и 4 – 

новым животным. После предъявления некоторых из словоформ участникам 

эксперимента необходимо было вокализовать предъявленную ранее словоформу. Для 

проверки успешности усвоения семантических свойств новых словоформ и их интеграции 

в лексикон был создан программный код (NBS Presentation) визуального предъявления 

словоформ в парадигме семантического надпорогового прайминга. Участнику 

эксперимента последовательно предъявлялись слова: в роли прайма – соответствующие 

животным, предметам или абстрактным понятиям, а в роли целей – словоформы, 

предъявляемые ранее в обучающем блоке. Во время прохождения задания необходимо 

было как можно быстрее дать ответ (посредством нажатия клавиши «да» или «нет» на 

устройстве ввода (Cedrus RB-740)) на вопрос о том, относятся слова к одной категории 

или относятся к разным. Задание сопровождалось записью электрической активности 

коры головного мозга при помощи усилителя Brain Products Actichamp со 128-ю 

отведениями. 

Другое исследование было посвящено подверждению лексико-семантического 

характера вызванных потенциалов, полученных в пассивной парадигме в ответ на слова, 

прошедшие эксплицитное научение. Лексические ВП (вызванные потенциалы), 

полученные в парадигме oddball, были предложены как показатель формирования новых 

репрезентаций в мозге в процессе обучения: с увеличением опыта взаимодействия с 

новыми лексемами амплитуда ВП растет, что интерпретируется как маркер создания и 

активации нового следа памяти. Предыдущие исследования научения с использованием 

этого подхода в основном использовали бессмысленные новые словоформы, поэтому 

оставалось неясным, отражает ли увеличенная амплитуда просто большее знакомство с 

новым стимулом или она действительно является отражением полностью 

сформированного лексико-семантического следа памяти. Здесь мы использовали 

парадигму oddball для измерения ответов негативности рассогласования (НР/MMN), 

возникающей в ответ на новые словоформы до и после семантического обучения, в ходе 

которого они были асссоциированы со знакомыми словами высокой или низкой частоты 

встречаемости. После обучения амплитуда НР в ответ на новые слова была значительно 

увеличена. Кроме того, эти изменения зависели от частоты референта, с которым новые 

элементы стали ассоциироваться: а именно, амплитуда стала больше, а латентность 

меньше для стимула, которому было присвоено высокочастотное значение. Несмотря на 

то, что объем обучения был одинаковым для обоих типов стимулов, низкочастотный 

стимул не привел к подобным значимым изменениям. Наши результаты показывают, что 
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новая словоформа становится связанной с существующей семантической репрезентацией, 

которая затем автоматически активируется полностью, когда соответствующий стимул 

присутствует на входе. Это указывает на то, что связанная с обучением динамика ВП, 

проявляющаяся в виде увеличения амплитуды после обучения, вероятно, отражает 

формирование и активацию полных лексико-семантических контуров памяти для слов. 

По направлению исследований, связанных с изучением процесса овладения 

новыми словоформами и освоения семантики новых словоформ в раннем возрасте, 

провeдена разработка дизайна, подробных протоколов и стимульного материала 

эксперимента. С этой целью изменен и дополнен протокол созданной нами и успешно 

использованной ранее обучающей парадигмы «fast mapping», внесены необходимые 

изменения в процедуру тренинговой (ознакомительной) сессии и введен дополнительный 

контроль для отслеживания поведенческой реакции ребенка в обучающей сессии. Также 

внесены необходимые изменения в процедуру и стимульный материал поведенческих 

тестов: теста на запоминание новых словоформ (теста на узнавание усвоенных словоформ 

среди других стимулов (в т.ч. новых, контрольных и конкурентов) и теста на освоение 

семантики новых словоформ (теста семантического соответствия «слово – картинка»)). 

Начаты пилотные эксперименты. 

Наконец, было полностью закончены два масштабных проекта, связанные с 

изучением различий между имплицитным и эксплицитным типами научения, связей 

между поведенческими и нейрофизиологическими коррелятами успешности научения и 

природой ответов ранних автоматических слуховых ВП, отражающих лексико-

семантические следы памяти. Их результаты представлены подробно ниже и описаны на 

английском языке в связи с необходимостью их опубликования в международных 

рефереруемых академических журналах, а также представлением годового отчета по 

проекту на английском языке. 
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1. Introduction 

Language defines our personalities and provides elaborated cognitive framework for 

integration of our mental processes, individual behavior, and socio-economic activities. Yet, 

despite numerous studies, language remains one of the most poorly understood neurocognitive 

functions – not least because this communication system is unparalleled in its complexity and 

has no suitable experimental models outside the human species [6 – 8]. This complexity includes 

our extremely large capacity of language learning, allowing us to build vocabularies of tens of 

thousands of words. Although language learning is crucial for individual and social well-being, 

cognitive and neural underpinnings of this process remain largely unknown. 

It is believed that word learning is realised via at least two partially overlapping but 

functionally distinct mechanisms [9]. One of them, often called explicit encoding (EE), uses 

explicit direct instruction (e.g., “this is *nonie”) and is associated with repetitive presentations 

occurring during practice sessions. On the contrary, the so-called fast mapping (FM) involves 

contextually-driven implicit inference or deduction, usually based on exclusion (“there is a cup 

and a *nonie on the table – give me the nonie”). FM learning plays a key role in acquiring new 

words and their semantics in the process of natural language learning in children but also takes 

place at the older age [1], [10]. While EE is believed to be underpinned by networks transferring 

novel information between hippocampus and neocortex, FM appears to chiefly depend on the 

immediate formation of neocortical circuits [11], [4]. Most studies to date have focused on either 

one or the other learning strategy, with only a handful of reports comparing the two directly [12], 

[4]; none of these have used transcranial stimulation techniques to assess causally the relative 

input of different language cortices into these two mechanisms. Since both learning types are 

important in natural language acquisition and word learning, the present experiment included, in 

a counterbalanced fashion, both EE and FM conditions, which were maximally balanced for 

various psycholinguistic and physical variables, whilst providing sufficiently engaging and 

variable audio-visual input to promote learning. 

Our first study was devoted to the problem of distinguishing the mechanisms of implicit 

and explicit learning. All participants were native Russian speakers who learned novel words 

either in implicit or explicit condition. We registered ERPs (evoked potentials) of the brain, 

which appeared in response to the sound of these names before and after learning, and 

investigated putative links between learning-related neurophysiological brain dynamics and 

behavioural indices of learning success. 

In our second study, we tackled the nature of early automatic lexical ERPs. They have 

been suggested to be an index of the formation of new word representations in the brain in the 

learning process: with increased exposure to new lexemes, the ERP amplitude grows, which is 
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interpreted as a signature of a new memory-trace build-up and activation. However, previous 

research has not established to what degree they reflect mere familiarity with the stimulus or 

whether they indeed show activity of the complete lexico-semantic memory trace. This was 

addressed here by linking novel word forms with pre-existing lexico-semantic unit of different 

familiarity and comparing ERPs elicited by the items pre- and post-learning. 

 

2. Efficiency of novel word acquisition in explicit and implicit learning reflected in 

different ERP components: Correlations between behavioural and neurophysiological data 

2.1 Introduction 

Сapacity for rapid learning of language appears to be underpinned by two main learning 

systems: explicit encoding (EE) and fast mapping (FM) [13]-[16]. The first system uses explicit 

instruction, such as pointing to some new object and explaining what it is; the second system 

involves contextual learning when a person has to use deduction to infer the new meaning 

(similar to in the mechanism that is largely used during childhood) [17]-[19].  

Fast mapping (FM) plays a key role in acquiring new words in the process of language 

learning in childhood [1], [20]. For a long time, it had been believed that only children can fast 

map. Recent studies in healthy young adults confirmed that learning through FM may accelerate 

the rapid integration of newly learned items into cortical memory networks [21]. FM is a 

cognitive mechanism whereby, under conditions of experimentally created ambiguity, one can 

infer the meaning of a new word using the principle of mutual exclusivity. In experimental 

situations, these conditions of implicit context are usually modelled, when a subject 

independently finds a correspondence between the spoken word and one of the displayed visual 

objects. Novel object is presented alongside with an object which name is known. According to 

some reports, a single exposure is enough to learn new words using FM [22]-[24], [10]. 

Explicit encoding (EE) is usually associated with repetitive presentations during practice 

sessions. In a typical explicit encoding trial, a novel object is presented in an explicit context  

which includes a clear indication of the correspondence between the new spoken word to 

visually presented object. In real life situations, the distinction between the two learning systems 

may be blurred, because EE and FM may operate simultaneously depending on the context and 

the learning environment. Furthermore, they can recruit separate neuroanatomical substrates 

[11].  

Such overall paradigm differences may influence both neural and cognitive data obtained 

for the two learning systems. Some research groups show differences between FM and other 

types of learning [11], [21], [25] and other groups do not find them [26]-[28]. Some researchers 

report no advantages o FM and/or differential learning outcomes of the two learning systems and 
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even rise a question whether FM actually exists [26], [5].  Most of the above studies, in fact, 

show better recognition rates after EE, which is typically beneficial for adults, compared to FM, 

and is known to be a hippocampal-dependent process [12], [21], [4], [11].  

The first study which showed that novel associations developed using FM could be 

independent of the hippocampus was done by Sharon et al. (2011) with amnesic patients [11]. In 

the following studies Merhav et al. and Atir-Sharon et al. emphasized that FM as a key 

neurocognitive mechanism enabling rapid neocortical plasticity to create novel semantic 

representations, largely supported by the temporal lobe without or with minimal hippocampal 

involvement [4], [12]. The authors concluded that associative semantic learning through FM 

could be supported by the anterior temporal lobe (ATL) as a critical hub enabling direct 

neocortical learning, bypassing the hippocampus and consolidation stage [4]. This finding, 

together with a similar study [12], suggests that an ATL-related network is responsible for 

associations learned through FM. These studies, therefore, propose a hippocampally independent 

route of FM, without slower consolidation stage. 

The results of the hippocampally independent FM learning contradict the generally 

accepted idea of Complementary Learning Systems (CLS) [29]-[30]. According to CLS, an 

encounter with an unfamiliar word forms a new distinct representation in memory that is initially 

dependent on hippocampal mechanisms [28]. Over time, reactivation of this representation 

enables it to become gradually integrated with existing vocabulary knowledge in the neocortex, 

decreasing hippocampal dependence [31].  

Also, neuronal mechanisms of different learning systems could be described by two types 

of processing: bottom-up (data-based) processing and top-down (knowledge-based) processing. 

The TRACE model of the linguistic function [32] claims that both types of processing involved 

in speech perception proceed in a series of steps. Following this, bottom-up processing such as 

acoustic processing of incoming signal and generalization of speech features happens first, 

whereas top-down processing such as recognition based on knowledge of phonemes, semantics, 

or syntax takes effect at a later stage of perception [33]. Bottom-up processes could be linked to 

FM and top-down ones to EE. 

FM may be associated with earlier processing stages rather than EE. But most studies 

about the difference between FM and EE use behavioural methods or fMRI, which could not be 

fast enough to detect the psychophysiological dynamics that may also distinguish these types of 

learning. These techniques do not have the necessary resolution to evaluate the fast activation of 

neurons, which are known to occur in the millisecond range; this is especially important for 

language, a function that relies on temporally dynamics processing of information rapidly 

unfolding over time [34]-[36]. 
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Notably, the most typical learning paradigms of FM and EE in experiments discussed 

earlier pose two methodological problems. First, the behavioural routines typically used to 

contrast the EE and FM learning regimes differ in more than one dimension. Second, while these 

two conditions inevitably frame the task in cognitively different manners, it is further 

exacerbated by the way the instruction is typically offered in such experiments. 

For example, in a study conducted by a group of scientists led by Atir-Sharon, subjects 

were presented with novel and familiar target trials (either FM or EE trials) [12]. In an implicit 

condition, the subject was asked: "Does the chayote have leaves?". It was assumed that when the 

subject saw 2 objects in front of him, of which one was familiar and the other was not, the test 

subject, seeing the “chayote” for the first time, would be able to isolate it from familiar objects 

through inference. In an explicit condition, the subject was pointed to the object and asked to 

remember it, for example, "Try to remember the tenrek". Using fMRI. the authors of this study 

obtained differences between the two types of learning, but they could not clearly answer the 

question whether these differences are due to the activations of different learning networks, or 

are more related to procedural features, including physical stimulus properties, attention load, 

pragmatic differences. For instance, in the FM condition the subject was asked a question and 

was presented two images of objects simultaneously, but in EE there was no question and only 

one image of the object. 

A similar design was used in a study which examined how FM affects the time-course of 

novel word integration in comparison with EE using a semantic decision task [37]. In the FM 

condition participants were presented with two images of unfamiliar animals together with the 

well-known ones and asked a question that referred to the new animal by name (e.g., “are the 

antennae of the torato pointing up?”). In the EE condition, participants were presented with one 

unfamiliar animal and their names and were asked to memorize the novel names without any 

question (e.g., “remember the torato”). The semantic decision task showed that FM, but not EE 

led to slower responses to related existing words (so-called “lexical competitors”, e.g., “tomato”) 

10 min later, suggesting that fast mapping supported swift lexical integration [37]. Moreover, a 

second experiment suggested that it was the presentation of the already known item during 

learning that allowed for the rapid integration effect. Direct comparisons of visual vs. auditory 

mode of acquisition (the latter being the “native” modality of language), learning in vs. outside 

context, with vs. without semantic reference, perceptually only vs. with articulation etc. would 

be important to disentangle all of these factors. 

Thus, we could note a typical design of such studies [12], [21], [4] which in the FM 

procedure involves the task of associating the target’s label referred to a visual aspect of the 

target with the question (“Is there a noni?”). Image of the target ("noni") is introduced in along 



16 

 

with one or more already-known items and has a meaning that becomes apparent through 

inference. The EE condition, however, usually presents only one image of the target in 

combination with naming or request ("This is noni", “Try to remember the noni”). Such design 

implies a lack of basic visual balancing between the two conditions, which puts differential load 

already at the level of initial visual processing of the stimuli. Already at this stage, the process of 

FM and EE indicates differences in attention and executive control which play an important role 

in learning. Furthermore, the statement of tasks, Naming, Question and Request constitute 

different speech acts [38] that put different demands on the cognitive system and are known to be 

underpinned by overlapping yet distinct brain networks [39]-[40]. It may not be possible to fully 

balance the two regimes without removing intrinsic distinctions between them; yet, it seems 

highly important to minimize the effects of such confounding factors as visual features, attention, 

cognitive load and contextual framing, to disentangle their mechanisms with more certainty. 

To be sure that the detected effects are not confounded by these physical, procedural, 

attentional and pragmatic factors, we set ourselves the task of creating a paradigm in which the 

conditions for implicit and explicit learning are as similar as possible in terms of the presentation 

of stimuli, in memory load, in the form of distractors used, etc. 

To better understand the neural processes that underlie the different types of learning, EE 

and FM, we recorded passive auditory event-related potentials (ERPs), because it can catch the 

most rapid changes in brain activity. Our paradigm was similar to Atir-Sharon study, but at the 

same time, we considered the diversity in FM or EE trials and equalized them. We trained our 

subjects names of new animals and objects; a lot of attention was paid to the development of 

stimulus materials. 

A separate research question for this work was the relationship between 

electrophysiological learning measures and behavioural outcomes. According to the literature 

data about behavioural measures of learning words and the degree of neural plasticity [41]-[44], 

we decided to check the presence of such a relationship for EE and FM while using EEG. The 

current study allows examining the relationship between the behavioural outcomes of learning 

new words using EE and FM strategies and neural response dynamics. This assumption will be 

confirmed by different neurophysiological activation patterns for EE and FM learning types. If 

EE and FM do not differ then they should have the same neurophysiological mechanism, and the 

relationship between the effectiveness of learning new words using the same strategy and the 

amplitude of the evoked response will be the same. Previous results regarding correlations 

between brain activity and behaviour in the learning of novel words look have suggested clear 

links between ERP indices and learning outcomes. For instance, Kimppa and colleagues (2016) 

show the results of EEG studies devoted to identifying factors predicting individual differences 
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in the efficiency of rapid formation of cortical memory circuits for novel words [45]. Other 

researchers using individual approaches to proficiency in the second language also conducted 

successful  correlation analyses between behavioural test and cortical activation [46]-[47]. As far 

as we know, no previous studies linked behavioural outcomes of learning new words using EE 

and FM strategies and neural response dynamics recoded using EEG in a similar way.  

 

2.2 Materials and Methods 

2.2.1 Participants  

36 volunteers (24 females; 18 to 31 years old) took part in the study. All participants 

were monolingual native Russian speakers, right-handed, had normal or corrected to normal 

vision, and no history of neurologic or psychiatric disorders or drug abuse. They gave an 

informed consent approved by the SPbU Ethical Committee and were remunerated for their 

time. 

 

2.2.2 Stimuli  

We created a stimulus set which included 40 word forms, 20 of which were real nouns of 

the subjects’ native language and the other 20 – novel forms, matched with the real words over 

several parameters and highly similar to them phonologically.  To create the stimuli, we first 

selected 20 real Russian words which (1) were frequent nouns with commonly known meanings, 

(2) phonologically, had tri-phonemic consonant-vowel-consonant (CVC) structure, and (3) 

orthographically, were written in three letters.  The resulting list of words included highly 

recognizable items (e.g., taz (таз - bowl), lev (лев - lion), nozh (нож – knife), lev (лев - lion) 

etc). We then composed novel triphones by recombining the onsets and offsets of these real 

words (e.g., fozh (фож), tev (чев) etc.).  

That implies that, on average, both familiar words and new word forms included the same 

combinations of phonemes, controlling for purely acoustic differences between the stimulus 

types. All items were grouped into lists of five for further counterbalancing across conditions 

(see below). These quintets were balanced for diphone frequencies (separately for the first two 

and the last two phonemes), and, within the word sets, for the lexical frequency and familiarity. 

We used expert evaluations and psycholinguistic database (Russian National Corpus, 

http://www.ruscorpora.ru/) to estimate stimuli’s properties. 

All auditory stimuli (novel and familiar word forms, as well as contextual questions) 

were digitally recorded using a female native speaker of Russian. Their length and volume were 

balanced across conditions using the Adobe Audition 1.5 software (Adobe Systems, San Jose, 

CA).   
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2.2.2. Visual stimuli 

To compose visual stimuli corresponding to the spoken word forms, we used images of 

20 familiar and 20 novel objects. Table 1. presents the examples of graphical materials used for 

visual stimuli. For control familiar items, images of 10 real-life animal and 10 real-life objects 

implied by our stimuli were used (e.g, dog, lion, bowl, knife, etc.). As novel items to be learned, 

we used images of animals or inanimate objects not known to our typical experimental 

participants. As inanimate novel objects, we used images of ancient or rare tools or musical 

instruments, whereas novel animals were e.g. deep-sea or other rare creatures. Expert evaluation 

before the experiment established that all familiar stimuli were recognisable, and that novel 

stimuli were not.  There was an equal number of animate and inanimate objects in familiar and 

novel stimulus sets. 

We chose 10 different unique photos for each object, such that each token was presented 

only once to each subject in the learning block. All images were converted to monochrome, 

average by luminance (black and white pixel balance) were performed, irrelevant graphic noise 

was eliminated.  The stimuli were centered and reduced to a single size (400x400 pixels). 

Selected images with applying noise contamination, scaling, rotation, and overlapping were used 

to making filler images without clearly identifiable content to counterbalance the EE condition 

visually against the FM one. T-tests revealed no significant differences between any of the 

composed groups of images (all ps > 0.7). 

 

 

 

Table 1. Examples of graphical materials used for visual stimuli 

Real-life animal Novel animal Distractor 
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Real-life object Novel object Distractor 

  

 

 

 

2.2.3 Learning paradigm 

We used an active semantic learning paradigm which included two conditions, aimed at 

acquiring new words either implicitly (FM condition) or explicitly (EE condition). Each 

condition included a picture of a target stimulus presented along with another image and was 

accompanied by an auditorily presented question related to the picture. Under the FM condition, 

we created a context for the subject to find a correspondence between the target word in spoken 

questions and the displayed visual stimulus. We used questions like “Is XXX made of paper?” or 

“Does XXX have ears?”, whereas images of a familiar object (e.g. a bird or a football) and an 

unfamiliar novel one appeared on the screen. Thus, in the FM condition (50% of trials), the 

participant was to infer the target object by excluding the other (familiar) object presented 

simultaneously with the target one. Under the EE condition (50% of trials), the learner’s goal 

was to become explicitly familiarised with the target object and the spoken word. To this end, it 

was to create a context in which there is a clear indication of the correspondence of the acoustic 

image to the presented visual object, e.g.: “Take a look at XXX. Will you remember it?” or 

“Here is XXX. Have you had a good look?” In the EE condition, instead of a familiar competitor 

object side-by-side with the target one, a blurred image was presented, matched in overall size 

and luminance with the meaningful images, to make it visually balanced against the FM task.  

We counterbalanced the novel word forms such that, during the experimental procedure 

performed with different participants, each novel triphone acted in different roles: as the novel 

animal in EE or FM conditions, a novel inanimate object in EE or FM conditions, or a control 

untrained pseudoword. Similarly, familiar words were also presented in either EE or FM control 

conditions equiprobably. Contextual questions for both conditions were composed such that each 

trial had a unique combination of word form/picture/question. The number of words in these 

sentences was matched between EE and FM conditions.  
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Each item was used 10 times in the learning block, but the particular image (e.g. viewing 

angle) and the auditory phrase varied from trial to trial. Different stimulus types and learning 

settings were pseudorandomly mixed in one training block, which was broken into 3 subblocks, 

with short breaks between them to reduce fatigue. 

In the learning session (Figure 1), FM and EE trials for both familiar and novel items 

were mixed randomly. Each trial started with a fixation cross on a computer screen accompanied 

by a spoken question in the FM condition (e.g. “Does XXX have pointy ears?”) or by a direct 

naming in the EE trials (e.g. “This is XXX in front of you”). Then, two images, one of them 

being the target, were displayed for 3 seconds. In the FM condition, images of novel and familiar 

objects were presented side-by-side such that the subject had to infer which of the two the 

question referred to. In the EE condition, one of the images was a blurred filler stimulus such 

that the introduced object could be identified unambiguously; the blurred filler was used to make 

the two conditions visually similar and was never repeated. The EE condition also included a 

question (e.g. “Will you manage to remember it?”), which appeared during the image 

presentation but, unlike FM, did not imply any feature inference. The left/right presentation of 

the target stimulus was balanced across all stimulus types; each trial was graphically unique. 

Finally, the screen with response options (yes/no) appeared for both conditions; the response was 

given by the left index finger using a response pad (Cedrus). The learning session was broken 

into 3 subblocks, which were interleaved with passive presentation (audio only, no contextual 

training) of matched control pseudowords. 

 
 Figure 1. Example of the semantic word-picture matching task trial 

 

 



21 

 

2.2.4 Passive listening and EEG recording 

Throughout the experiment, the participants were seated in a comfortable chair inside a 

soundproof and electrically shielded room. To evaluate learning-related changes in the brain’s 

responses to novel items, we recorded EEG during a passive listening task, which was performed 

before and after semantic training. All familiar and novel word forms, as well as an equal 

number of similar filler items, were presented in the process of passive listening to each 

participant ten times. Audio stimuli were presented with a floating interval (1100-1200 ms onset-

to-onset). Participants were instructed to focus on watching a cartoon without sound, inscriptions 

and subtitles, and to ignore the audio stream.  EEG was recorded using ActiChamp 128-channel 

active EEG system (BrainProducts GmbH, Germany) and PyCorder recording software (Brain 

Products) with 0.016–1000 Hz frequency band and 5 kHz sampling rate, with FP1 as a reference 

channel. The electrodes were placed in a cap according to the extended 10-20 system (M1 

montage; EasyCap GmbH, Herrsching, Germany). 

 

2.2.5 Behavioural assessment 

After these main training procedures, we assessed the quality of novel word acquisition 

using the semantic word-picture matching task which was implemented as a forced choice 

between four alternatives. Here, the target auditory stimulus was presented simultaneously with 

four pictures presented earlier in the learning block (in a 2x2 format), only one of which 

corresponded semantically to the spoken sound. The task was to select the correct picture using 

coded response keys. Each item was only presented once as a correct choice but could be used as 

a foil in other trials. 

 

2.2.6 Statistical analysis 

Analyses were run with the SPSS statistical program. Behavioral outcomes were analysed 

using Chi-square test and Student's t-test. Multiple linear regression (MLR) and Spearman 

correlation (across subjects) were used to compare behavioral outcomes of learning new words 

(the accuracy of the semantic word-picture matching task) in two different regimes and neural 

response dynamics recorded using EEG. To compensate for the multiple statistical estimations of 

the correlations in different EEG channels, we used cluster statistics (Maris and Oostenveld, 

2007). 

 



22 

 

2.3 Results 

2.3.1 Behavior outcomes 

In both FM and EE conditions, the accuracy in semantic word-picture matching task 

significantly (p <0.001) exceeded the level of chance. The accuracy was significantly higher for 

EE (78%) than FM (69%), t = 2.99; df = 35, p = 0.005. Thus, according to behavioral data, EE 

learning type was more effective in learning new words. 

 

2.3.2 The ERP responses to novel spoken word-forms 

All stimuli elicited pronounced auditory event-related potentials in the passive listening 

blocks run before and after the learning session (Figure 2). To objectively quantify the overall 

response pattern, we computed an average ERP across all stimuli, conditions, volunteers, and 

subjected this to global field power (GFP) transformation thus reducing the entire dataset to a 

single timecourse (Figure 3). This GFP showed two most prominent peaks with maxima at 200 

and 280 ms. Having thus obtained unbiased estimation of the overall neural activity, we 

subjected amplitude data from 40 ms wide window around these peaks to statistical analysis, the 

results of which are reported below separately for each peak.  
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Figure 2. a. Average ERP for novel learned words in EE and FM paradigms for Cz 

electrode with marked time intervals of interest. b-c. Topograms of mean ERP for two marked 

intervals of interest for b – EE and c – FM paradigms. 

 

 

Figure 3. GFP for ERP in all conditions. Note time intervals of interest -176-216 ms and 

260-300 ms. 
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Figure 4. Differences between ERP amplitudes for novel learned words in EE and FM 

paradigms 

2.3.3 Regression analysis of behavioural learning outcomes and ERP amplitudes 

Мultiple linear regression revealed significant associations between the accuracy of the 

semantic word-picture matching task and ERP response dynamics. Behavioural outcomes 

(accuracy and reaction time) were performed as dependent variables and different ERP 

amplitudes obtained by post- vs pre-learning subtraction of the ERPs from two intervals (176-

216 and 260-300) as an independent variable. 44% of behavioural accuracy variance could be 

accounted for by the linear combination of the difference ERP amplitudes (F (3, 36) = 8.75; p < 

0.001), with no significant findings for reaction times (Figure 5.). 

A similar analysis was then applied separately to the accuracy scores of the task in EE 

and FM learning conditions. 

In FM learning condition, multiple linear regression model for predicted task accuracy 

explained 16% of the variance, and it included only difference ERP amplitudes obtained by 

subtracting the ERPs response data for the first window (176-216 ms). The FP implicit learning 

strategy use was reflected in a decrease in ERP activity in the 176-216 ms time window (F (1, 

35) = 6.53; p = 0.015). 

In the EE learning condition, linear regression revealed that differences in ERP 

amplitudes (obtained by post- vs pre-learning subtraction of the ERPs) for the second window 
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interval (216-300 ms) showed significant contributions as predictors of accuracy in recognizing 

new words. ERP amplitude changes explained 11% of the variance (F (1,35) = 4.4; p < 0.043). 

Difference amplitudes at first time window interval were significantly correlated with 

accuracy in the tasks FM learned (r = 0.401, p = 0.015). In contrast, in the EE learning the 

correlation between ERP amplitudes at second time window interval and accuracy was negative 

(r = - 0.339, p = 0.043). 

 

Figure 5. Рegression model for predicted accuracy in (A) the FM learning task by the 

ERP amplitude modulation for the first windows (176-216 ms); (B) the EE learning task by the 

ERP modulation for the second windows (260-300 ms) 
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2.4 Discussion 

The research presented here is the first attempt to compare behavioural outcomes of 

learning new words using EE and FM strategies and neural response dynamics using EEG. In 

our experiment unlike many previous studies, the conditions for EE and FM tasks were matched 

for their basic physical (auditory, visual) features. They were also matched for overall 

presentation and resulting cognitive load, always requiring the subject to focus on the image 

and answering a question afterwards, requiring attention in each case.  

The analysis of behavioural data shows that both FM and EE study conditions, the 

accuracy of recognizes new words exceeded the level of random guessing. This implies that 

both learning conditions lead to successful performance, which is apparent immediately after 

testing, even without the overnight consolidation stage.  However, the accuracy was better after 

EE compared to FM [12], [21], [4], [11]. 

To address the neural activation elicited by the news words, we recorded passive 

auditory event-related potentials (ERPs) elicited by the novel items. Passive (i.e., not requiring 

subject’s attention of stimulus oriented tasks) paradigms are known as a reliable tool to assess 

the status of stimuli in the long-term lexical storage: the amplitude of early (<200 ms) passive 

ERP responses to spoken words is enhanced in comparison with acoustically matched 

pseudowords, and this enhancement is believed to be a neural signature of an automatic word-

specific memory trace activation underpinned by robust connections in lexical memory circuits 

[48]. This approach has been repeatedly used to address the lexico-semantic stimulus properties 

and the dynamic processes of word memory trace build-up in the brain). In conjunction with the 

above carefully balanced experimental design enabling our subjects to learn new words using 

two different strategies, we recorded ERPs to these items immediately before and after a short 

learning session, and compared the resulting ERP dynamics between the recordings and 

between the learning regimes. Thereby reported ERPs showed clear connection with the 

behavioural outcomes of the learning. The earlier peak was linked to FM accuracy, suggesting 

that FM is a faster, automatized bottom-up process, and the corresponding ERP reflect 

automatic activation of the newly formed memory traces. EE condition, in turn, significantly 

correlated with the later response peak, which may be linked to attention allocation and active 

cognitive control strategies involved in adhering to direct instructions. 
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3. Referent lexical frequency affects novel word MMN responses 

3.1 Introduction 

Understanding neurocognitive mechanisms supporting the use of language as a 

communication tool is a key question in language sciences. How are language elements such as 

words or morphemes represented in the human brain? When and in what order do these 

representations activate? Can these activations be quantified objectively? Unlike neural 

substrates of other key functions, such as motor control or visual processing, even the very 

nature of linguistic representations in the brain remains unclear.  

Considering that spoken language is highly dynamic, rapidly unfolding in time, it has 

been suggested that the most adequate neuroscientific methods for tracking its comprehension 

are temporally-precise electrophysiological approaches, such as electroencephalography (EEG) 

and event-related potentials (ERPs). The most well-known electrophysiological indices of 

information processing related to individual words have been argued to be in the range of 350-

400 ms [49]-[50]. These ERPs (e.g., N350, N400) are thought to be related to the lexical and 

semantic access, i.e., the mapping of perceived words onto long-term memory representations, 

resulting in the access of the word form (a sort of “entry” in the brain’s mental lexicon) and 

ultimately the semantic information (i.e., meaning) it carries.  

More recently, however, a growing body of studies has suggested that the first stage of 

lexical processing commences already at ~30-170 ms and takes place in a largely automatic, 

attention-independent fashion [51]. These latter studies have predominantly used the mismatch 

negativity response (MMN) [52], an ERP component elicited by auditory changes in an 

unattended monotonous string of sounds (the so-called passive oddball paradigm). This 

component, in addition to reflecting neural processes of auditory change detection, shows a 

specific amplitude enhancement for familiar meaningful word stimuli over meaningless 

materials [53], [54] – an enhancement thought to reflect automatic activation of long-term 

memory circuits for words in the brain. Such high speed and automaticity are attributed to the 

robustness of distributed neuronal networks that act as neural word memory traces in the brain 

[35]. This phenomenon is most often measured using MMN difference responses, although 

sometimes the oddball (“deviant”) response is used as such (see also Jacobsen et al., 2004, for a 

discussion of related effects for repetitive “standard” stimuli) [53]. 

Crucially, these early responses appear to reflect some psycholinguistic properties of 

stimulus words, most importantly the frequency of word use: the higher the surface form’s  

frequency of the use is, the larger the amplitude of the word-elicited response [55], [15]. This 

pattern supports the account of word memory traces as interconnected neuronal circuits, and 

suggests that speed and magnitude of their activation are determined by their internal connection 
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strength, which, in turn, is determined by the everyday language use. Moreover, the response 

magnitude for previously unfamiliar novel words (“pseudo words”) increases after exposure to 

them, presumably reflecting formation of new word memory traces and their activation [51], 

[56]. The amplitude increase with exposure is predominantly underpinned by left-lateralised 

perisylvian cortices [15], which further supports the linguistic nature of the formed 

representations. Moreover, the learning-related dynamics is specific, at least in adult listeners, to 

phonologically native stimuli and is even modified by individual learning experience [45], [57]. 

These latter learning studies, however, have mostly used novel word forms without any 

particular meaning assigned to them, leaving it unclear whether the brain responses at hand index 

merely the familiarity with the surface form, or reflect the activation of the entire memory 

circuit, i.e. a more complete lexico-semantic representation. We have addressed this question in 

the current study. To this end, we trained our participants with novel word forms which were 

semantically associated with either a low- or a high-frequency meaning, and measured the MMN 

responses to these items before and after training. A previously familiar word served as a control. 

To avoid physical/acoustic confounds, we analysed the so-called identity MMN [48], calculated 

as a difference wave between responses to the same sounds presented as a deviant or standard 

stimulus in different recording blocks. If the oddball responses merely reflect the familiarity with 

the new word form, then we expected to see, after an equal amount of exposure, a similar degree 

of amplitude change for both novel word forms. If, however, the new surface forms become 

linked to the existing semantic representation and the MMN reflects the activation of this lexico-

semantic memory circuit, we would expect it to reflect the stimulus psycholinguistic properties, 

namely, the frequency as the variable of choice. In this latter case, the MMN size would change 

differentially, depending on the frequency of the original familiar item: the higher the frequency 

is, the larger the amplitude becomes.  

 

3.2 Materials and Methods 

3.2.1 Participants 

Ten healthy native speakers of Russian (age 23–28; 4 males) with normal hearing and no 

history of neurological, psychiatric or language disorders participated in the experiment. All 

participants were right-handed, as assessed by the Edinburgh Handedness Inventory (Oldfield, 

1971). All participants gave their written informed consent prior to the study. All procedures 

were approved by the local research ethics committee. 
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3.2.2 Auditory stimulation and training 

All stimuli were acoustically and phonetically similar triphones (consonant-vowel-

consonant, CVC) and differed only in the last phoneme. Two of them were previously unfamiliar 

spoken novel word forms (i.e. phonologically and phonactically legal, but meaningless pseudo 

words): [t͡ ɕˈæm] and [t͡ ɕˈæʂ]. A further control stimulus was a known word [t͡ ɕˈæs] (час - hour). 

The stimulus duration in all cases was 429 ms. The divergence point (DP), when stimuli could be 

identified as different, was at 245 ms after the stimulus onset when the final consonant (/ʂ/m/s/) 

started. The stimuli were absolutely identical prior to DP, which was achieved by cross-splicing 

the same onset [t͡ ɕˈæ] with 3 different offsets (/ʂ/m/s/; see Figure 6) that were recorded using a 

native male speaker of Russian and processed using Praat software (v.6.0.04, P. Boersma and D. 

Weenink, 2015). Thus, the stimulus properties (amplitude, duration, intensity, spectral 

characteristics) were maximally matched in order to reduce any purely acoustic effects on the 

MMN; even though cross-splicing can affect the quality of speech sounds (Steinberg et al., 

2012), it is a highly efficient approach to control for stimulus acoustic confounds.  
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Figure 6. Waveforms and spectrograms of experimental stimuli. Note that the stimuli 

were maximally matched for the acoustic properties. Familiar word and novel word forms were 

identical up to the divergence point (DP, marked with a vertical dotted line) at 245 ms, which 

ERPs were time-locked to for analysis. 
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To enable the assessment of training effects on brain responses, the experiment was 

conducted in three stages: 1) ERP recording before the training; 2) training period; 3) ERP 

recording after the training. In the ERP recording sessions, a passive oddball paradigm with one 

standard and two deviant stimuli was used. To avoid the contribution of differences in stimulus-

specific neural refractoriness to the MMN, we recorded responses to the same sounds used as 

both standard and deviant stimuli in different blocks.  To this end, in three recording blocks, each 

of the three sounds served as the standard stimulus (P=85%), while the other two were used as 

deviants (P=7.5% each). The interstimulus interval (ISI, offset-to-onset) was 500 ms, jittered 

randomly within a 50 ms window. In each condition 1334 stimuli were presented in a pseudo-

randomised order. The total duration of the EEG recording session was approximately 75 

minutes. During the recording, the participants were instructed to stay relaxed and to focus on 

watching a silent video, while paying no attention to the auditory stimuli, in line with previous 

language MMN studies.  

During training, the participants listened to an audio recording in which the previously 

meaningless word forms were assigned meaning of two real words differing in frequency of use. 

Each pseudo word was repeated 45 times per session in a language lessons-like sentence context 

(e.g., “The word … means … in one of the Southern Asian languages”, followed by examples); 

two sessions per day were held for 7 days. To assign meaning to the novel experimental word 

forms, we used two phonologically similar Russian words with different frequencies of use: 

[ɡˈot] (год - year; frequency 1954.1 ipm) and [ɡʲˈit] (гид - guide; 15 ipm; frequency data 

according to Russian National Corpus: www.ruscorpora.ru). The pseudo word [t͡ ɕˈæm] was 

assigned the high-frequency meaning, and [t͡ ɕˈæʂ] - the low-frequency word one. Before the 

second ERP recording, participants were asked to listen to the audio again and then write at least 

10 sentences they remembered from it. 

  

3.2.3 EEG recording 

For recording the EEG data in order to investigate the impact of articulatory program 

development on the acquisition of the semantic properties of new word forms, the previously 

reported experimental paradigm has been modified in the following way. 

1. First passive listening task block. Two types of word forms were auditorily presented: 

real words and pseudowords that did not differ in terms of their main psycholinguistic 

characteristics (length, bigram frequency) were included in the experiment. The stimuli belonged 

to one of the three subgroups: real words, pseudowords, which later participated in the active 

learning block (target), pseudowords, which did not participate in the semantization procedure in 

the learning block (control). Each word form was presented to each participant ten times in 
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pseudo random order during passive listening. Auditory stimuli were presented with a SOA of 1 

sec jittered within +/-100 ms. During passive listening, a cartoon was played on the computer 

screen.  

2. Active learning block. The block was changed at the level of the program code of the 

NBS Presentation environment and at the level of typing of auditory stimuli in the target words 

lists. Participants were auditory presented with two types of trials – explicit encoding type and 

fast mapping type. During the auditory presentation of the first part of the question, a fixation 

cross was presented in the center (0;0) of the screen. The exposure time was equal to the length 

of the phrase introducing the target stimulus. After the end of the phrase, the target word was 

auditorily presented (t = 2 sec after target word onset), accompanied by sending two triggers 

(corresponding to the specific word form and type of presented stimulus) to the EEG-recording 

computer. Then two images appeared on the screen: in case of an explicit type of trial, the target 

image appeared alongside with a distractor image, whereas in case of an implicit type the image 

was presented alongside with a well-known image of some familiar animal or object; both of the 

images were displayed for 3 seconds. Next, in case of an explicit type of training, a question was 

presented in order to create an interrogative context similar to the implicit context using 

questions. After presenting visual stimuli and the second part of the question, only in the explicit 

context of training, a microphone icon appeared for the stimuli determined by the algorithm, 

which meant that the subject had to repeat the target word that had been heard earlier in the 

learning session. After that, in front of the subject on a computer screen a prompting answer 

appeared (“Yes” or “No”). At this moment, it was necessary to press a button on a response pad 

to enter the answer to the question. There was a 5-sec timeout for the button press, after which a 

new sequence began. Subsequently, the procedure was repeated until each of the stimulus words 

was presented ten times in random order. 

3. Second passive listening task block. The procedure was identical with the first block of 

passive exposure to auditory stimuli. The main difference was the addition of another control 

group consisting of pseudowords which were not previously used in the experiment. 

 

3.2.4 EEG analysis 

Continuous data were filtered offline using a 0.5-40 Hz digital IIR bandpass filter, and 

epoched from 100 ms before to 650 ms after the stimulus onset. The baseline was corrected 

using a 100-ms pre-stimulus interval. Epochs with EEG or EOG signals exceeding 100 μV were 

discarded.  

MMN was calculated as the difference wave between the ERPs for the same stimulus 

presented as a deviant and standard in different blocks. The MMN peaked between 110-230 ms 
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and the average amplitude over this interval was submitted to statistical analysis. Mean 

amplitudes from the time intervals were analysed using a 3-way repeated-measures ANOVA 

(implemented in SPSS v. 21, IBM Corporation, New York, USA) with factors Stimulus (2 

levels: familiar vs. novel words), Session (2 levels: before vs. after training), and Electrode (6 

levels: all electrode locations); significant interactions were followed up by post-hoc tests. For 

latency analysis, peak latencies were extracted from MMN waveforms at Fz (where response 

amplitudes were maximal) for each stimulus before and after training and compared using a 1-

way ANOVA (2-level Session factor: before vs. after training). It is worth noting that we 

focussed on the learning-related changes for each of the trained items, since that allows direct 

contrast between the same (physically identical) stimuli presented as either unfamiliar or newly 

acquired words, ruling out any confounds of purely physical (acoustic/phonological) differences 

between the stimuli. 

 

3.2.2 Results 

The recordings were carried out successfully, and all stimuli elicited mismatch responses 

confirmed by significant deviant-standard amplitude differences (all p-values<0.02 in pairwise t-

tests). Figure 7 shows the MMN before and after training. ANOVA for the MMN amplitudes 

showed significant main effects of (1) Session, related to a post-training amplitude increase (F 

(1,9) = 6.24, p = 0.037), (2) Stimulus, linked with higher overall responses to familiar words (F 

(2,18) = 11.60, p = 0.006) and (3) Electrode (responses were maximal at Fz; F (5,45) = 6.84, p = 

0.043) factors. Most importantly, ANOVA also indicated a significant interaction of Session X 

Stimulus (F (1,9) = 9.02, p = 0.017), which was due to a significant post- vs. pre-training 

amplitude increase for novel words assigned high-frequency meaning (F (1,9) = 9.02, p = 0.049), 

but not for previously familiar words or low-frequency novel ones. Although an increase in the 

MMN amplitude for the novel word with the low-frequency assigned meaning could also be 

visually observed, it did not reach full statistical significance (F(1,9) = 4.42; р = 0.065). No 

significant training effects were found either in the MMNs prior to DP or in the standard ERPs, 

confirming that the effect was carried by the infrequent deviant stimuli, as suggested in previous 

studies. 
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Figure 7. The influence of semantic training on the MMN: grand averaged responses (Fz) 

in response to novel word form assigned high- (top) or low-frequency meaning (middle) and 

control familiar word (bottom). Dashed line marks the divergence point, which the ERPs were 

time-locked to (with stimulus waveforms overlaid for illustration purposes). Differences in 

MMN amplitude between the EEG sessions are highlighted in grey. Bar graphs on the right 

depict window-mean MMN amplitudes before and after training. Inset on the lower right 

illustrates relative amplitude change (%) after training. Error bars: standard errors of mean 

 

In addition to the increased amplitude of the MMN response to the pseudo word assigned 

high-frequency meaning, its peak latency significantly decreased from 187 ms to 167 ms 
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(F(1,9)=29.90; р = 0.0009). No similar latency changes were observed in response to the low-

frequency assigned form or to the control word. 

 

3.2.3 Discussion 

This study aimed at a better understanding of the mechanisms underpinning lexical 

mismatch negativity responses, particularly the nature of the representation activation they 

reflect as the outcome of exposure to novel word forms. To this end, we trained our healthy 

volunteers with new lexemes. These were phonotactically legal and phonologically native (i.e., 

fully conforming to the participants’ native phonology) previously unknown word forms, which, 

in the process of semantic training, were associated with either a low- or a high-frequency 

meaning. MMN responses, an established index of word memory trace activity, were recorded 

for these items before and after the training. We calculated the identity MMN (also known as 

“true MMN”) as the response to the same items, presented as either standard or deviant stimuli in 

different oddball sequences [58], [48]. The physical properties of the stimuli (amplitude, 

duration, intensity and spectral characteristics) were maximally matched. While no significant 

differences occurred in ERPs recorded in response to standard stimuli before and after training, 

the mismatch negativity response to the novel previously familiar items changed with training. 

Moreover, this change was differentially modulated by the properties of the newly assigned 

semantic reference. 

The result showed a significant change in the MMN to the word form with the assigned 

meaning of a high-frequency native word. This reached the level of the MMN observed in 

response to a familiar word. On average, assigning a low-frequency item to one of the new word 

forms also seemed to change its respective response amplitude, but this change did not reach 

statistical significance. This difference between the two semantic associations was also reflected 

in a significant interaction between the factors of Session and Stimulus. Notably, the MMN for a 

familiar word did not change between sessions either, showing a stable pattern of activity. 

What could be the reason for this change? Previous MMN research suggested that MMN 

responses, in addition to reflecting short-term memory processes, may also index pre-existing 

long-term memory traces, which exhibit stronger MMNs than unfamiliar stimuli [59]. This 

notion has been made in relation to both phonological (phonemes, CV syllables) and lexical 

(familiarity, frequency) properties of stimuli [52], [60], [54], [58], [61]-[62]. It could thus be the 

increased familiarity with the stimulus that led to an enhanced response following training. 

Indeed, previous investigations [15], [63], [45], [57], [56] using meaningless novel word forms 

suggested that even mere repetitive exposure to such items leads to an ERP enhancement. 

However, while the familiarity account could explain the overall change in amplitude, it 
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cannot alone explain the differential dynamics for the three types of stimuli used here. Whereas 

the previously known control word did not change its MMN amplitude, responses to the two 

novel items changed differently, with the most profound response increase observed only for the 

word form assigned a high-frequency meaning. Moreover, the MMN peak latency in response to 

the pseudo word with the assigned high-frequency meaning was reduced after the semantisation, 

in line with previous investigations showing faster oddball responses to higher-frequency words 

which likely indicates faster “ignition” of the corresponding memory traces. For a pseudo word 

with the assigned low-frequency meaning, the MMN amplitude after the training did increase 

slightly but this increase did not reach the level of significance. Thus, it appears that the critical 

role in the differential change of the observed responses was played by the frequency of the 

semantic representation they were linked to. 

Previous investigations using MMN responses to words acquired in passive designs 

similar to that used here have suggested that MMN was sensitive to stimulus’s semantics, even 

for non-linguistic sounds [64]-[65]. For instance, MMN responses to action-related words (kick, 

pick) exhibited response topography that was clearly suggestive of motor cortex contribution to 

these responses, in line with the embodied account of language representations [66]-[67]. These 

were, however, obtained for pre-existing familiar words, whereas what we show here is the 

build-up of new links between the surface word form and its meaning.  

This interpretation of the observed pattern is corroborated by previous results [68] which 

showed that the semantic reinforcement played an important role in the acquisition of new 

phonological representations during training and repeated presentation of previously unknown 

words. In that study, previously unfamiliar pseudo words were presented with or without 

consistent visual context. This led to an MMN amplitude increase only for pseudo words 

presented in the consistent visual semantic context associated with them. These results were 

considered to reflect neural plasticity caused by the integration of a new word into the mental 

lexicon. In other words, new phonological forms, which passed from the episodic memory into 

the mental lexicon, were learned after multiple repetitions with semantic reinforcement. More 

strikingly, even a single exposure to new items in a rigorous semantic learning set-up using a 

fast-mapping paradigm was shown to lead to measurable ERP changes as a results of learning 

[9], [10]. However, neither of these previous studies modulated finer properties of stimuli, such 

as the frequency of everyday use of the underlying semantic representations, as implemented 

here. Furthermore, their effect was short-lived and was absent already after a 24-hour delay. The 

latter is in contrast with the current study; this difference is likely related to the more rigorous 

learning regime used here (a number of training sessions as opposed to just one), although this 

factor needs to be scrutinised in further studies that could vary the amount of training and the 
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time between the last training session and the ERP recording. 

Although we showed a clear amplitude dynamics that appears to be related to learning, 

the limited scalp coverage in the present study has prevented us from investigating any 

topographic changes in the underlying brain activity. Future studies are therefore necessary that 

could address the cortical generators of learning-related ERP dynamics in more detail and 

attempt to link them with semantic properties. For instance, they could make use of specific 

predictions of embodied account of language representations (such as involvement of modality-

specific cortices to represent somatosensory information) and use high-density EEG or MEG to 

trace changes in cortical topographies when words related to different modalities are acquired.  

This will require larger samples than the admittedly low number used here (although that per se 

does not undermine the significance of the results obtained), in order to reliably trace small 

semantically-related subcomponents of brain activity.  

The present study employed the same surface form-meaning association consistently 

across all subjects. Although, given the careful control over stimulus acoustic parameters, it is 

highly unlikely that this has played a critical role in the current outcome, future studies should 

fully rotate the stimuli across the subject group, ensuring that the same novel word form 

becomes linked to different semantics in a counterbalanced fashion. Also, we only used two 

novel words here. Whereas novel words indeed do not frequently enter the lexicon of adult 

speakers, at the active stage of language acquisition in childhood word learning is much more 

intense, with dozens of novel items acquired weekly [69]. A similarly intense active word 

acquisition may take place in adults when learning a foreign language, or mastering new 

terminology in the native one. To make the design more ecological, we therefore suggest that 

future studies could make use of larger groups of novel words with varied semantic properties. 

The above limitations of the current design may have contributed to signal variability 

between the conditions, which is possibly reflected in visual divergence of ERP signals even 

before the DP, potentially explained by drifts in the relatively long response epochs that included 

pre-stimulus baseline and the entire stimulus. One alternative would be to use a pre-DP baseline, 

which (as can be inferred from the plots) would in fact highlight the effects found here, but 

would occur during auditory stimulation; in this first investigation of this kind, we therefore 

opted for a more conventional baseline during the acoustically quiet prestimulus period.  Had the 

recognition point fallen on an unvoiced stop-consonant (p/t/k in Russian), a typical pre-stop 

closure time would then allow for a relatively quiet pre-DP baseline, but it is virtually impossible 

to find a set of matched stimuli with this phonology as most of such CVC combinations exist as 

real words/morphemes. Potentially, however, such sets may be found in other languages. 

Finally, and importantly, these results may to a degree inform the debate on the nature of 
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native and second language (L1, L2) lexicon storage [70], [71], where opposing views have 

either linked L1 and L2 surface forms to the same underlying semantic representation directly or 

suggested that L2 surface forms are first connected to L1 forms via a sort of translation route, 

before being able to activate the underlying semantics [80]. Although the current data are limited 

by the number of tokens used, the lack of latency differences between the activation for the 

previously familiar and the newly learnt surface forms allows us to cautiously suggest the direct 

connection, rather than surface-level translation, between the new surface form and its 

underlying semantic content. As above, future studies with larger stimulus groups and bigger 

participant samples are needed that could scrutinise the latencies of L1 vs. L2 activations in a 

more comprehensive manner.  

To conclude, we report a neurophysiological word learning effect, visible as an 

enhancement of the brain responses to novel words with semantic training, and manifesting a 

high degree of neural plasticity of the adult brain. The MMN responses elicited by novel words 

do not only reflect familiarity with spoken materials, but appear to index activation of full long-

term lexico-semantic representations formed in the process of learning. This includes 

associations with stronger or weaker neural connections in corresponding memory circuits, this 

strength being dependent on their normal daily use. Future studies are needed to scrutinise 

semantic properties of these novel representations in a more refined spatio-temporally resolved 

fashion and more ecologically valid designs. 
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4. General discussion  

Our previous studies indicated potentially different underpinnings of the two putative 

learning mechanisms: whereas both types of learning led to fast ERP changes that could be 

interpreted in the light of previous literature as rapid memory-circuit formation (expressed 

mostly at early ERP latencies of 80-130 and 150-200 ms), these dynamics were not the same. 

That is, although both learning conditions led to improvements in behavioural performance and 

to ERP changes, when analyzing ERP amplitudes, we registered statistical interactions between 

novelty and learning type in the earliest analysis window, and a triple interaction between 

novelty, exposure and learning type in the second interval. The former seemed to be driven by 

stronger positivity for novel explicit but not fast-mapping items. The latter is even more 

interesting: while both EE and FM conditions for novel words lead to a negativity increase, the 

same is also true for familiar FM condition, whereas the opposite is the case for the EE one. 

Here, we continued to explore the putative differences between the explicit and implicit learning 

modes and the nature of the ERP indices reflecting learning and memory trace formation. 

In our first study, we compared behavioural outcomes of learning new words using EE 

and FM strategies and neural response dynamics using EEG. The analysis of behavioural data 

showed that both FM and EE study conditions, the accuracy of recognizes new words exceeded 

the level of random guessing. This implies that both learning conditions lead to successful 

performance, which is apparent immediately after testing, even without the overnight 

consolidation stage. We recorded ERPs to these items immediately before and after the learning 

session, and linked the resulting ERP dynamics (quantified as post- vs pre-learning difference 

between ERP amplitudes) and behavioural outcomes for the two learning regimes. The reported 

ERP hanges showed clear connection with the behavioural outcomes of the learning. The earlier 

peak was linked to FM accuracy, suggesting that FM is a faster, automatized bottom-up process, 

and the corresponding ERP reflect automatic activation of the newly formed memory traces. EE 

condition, in turn, significantly correlated with the later response peak, which may be linked to 

attention allocation and active cognitive control strategies involved in adhering to direct 

instructions. 

In our second study, lexical ERPs obtained in an oddball paradigm were suggested to be  

index of the formation of new word representations in the brain in the learning process: with 

increased exposure to new lexemes, the ERP amplitude grows, which is interpreted as a 

signature of a new memory-trace build-up and activation. Previous learning studies using this 

approach have mostly used meaningless novel word forms; it therefore remains uncertain 

whether the increased amplitude simply reflects increased familiarity with the new stimulus or is 

indeed a reflection of a complete word representation. Here, we used the oddball paradigm to 
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measure the mismatch negativity (MMN) responses to novel word forms before and after 

semantic training, during which they were associated with familiar words of either high or low 

frequency of occurrence. Following training, the amplitude of the MMN to novel words was 

significantly enhanced. Furthermore, these changes were dependent on the frequency of the 

reference which novel items became associated with: namely, the MMN amplitude became 

greater and the latency shorter for the item which was assigned the high-frequency meaning. 

Even though the amount of training was the same for both types of items, the low-frequency 

stimulus did not achieve similar significant changes. Our results suggest that the new surface 

form becomes linked to the existing representation, which then automatically activates in full 

when the respective stimulus is present at the input. This finding indicates that the learning-

related MMN dynamics, manifest as a response increase after learning, likely reflects the 

formation and activation of a complete lexicosemantic memory circuits for words. 

In sum, we report objective neurophysiological indices of word learning and memory 

trace formation which are manifested as early changes of passive ERP dynamics that can be 

specifically linked to the individual lexico-semantic representations as well as who different 

patterns depending on the learning regime employed during the word acquisition. Our future 

studies are aimed at detailing further the nature of these neurophysiological phenomena (e.g., 

exploring these dynamics in different frequency bands) and neuromodulatory experiments using 

stimulation techniques (such as tDCS, TMS) to address causality in these processes. 
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