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12 Abstract: Recent evidence suggests the existence of shared neural resources for rhythm processing
13 in language and music. Such overlaps could be the basis of the facilitating effect of regular musical
14 rhythm on spoken word processing previously reported for typical children and adults, as well as
15 adults with Parkinson’s disease and children with developmental language disorders. The present
16 study builds upon these previous findings by examining whether musical rhythmic priming also
17 influences visual word processing, and the extent to which such cross-modal priming effect of
18 rhythm is related to individual differences in musical aptitude and reading skills. EEG was
19 recorded while participants listened to a rhythmic tone prime, followed by a visual target word with
20 a stress pattern that either matched or mismatched the rhythmic structure of the auditory prime.
21 Participants were also administered standardized assessments of musical aptitude and reading
22 achievement. ERPs elicited by target words with a mismatching stress pattern showed an
23 increased fronto-central negativity. Additionally, the size of the negative effect correlated with
24 individual differences in musical rhythm aptitude and reading comprehension skills. Results
25 support the existence of shared neurocognitive resources for linguistic and musical rhythm
26 processing, and have important implications for the use of rhythm-based activities for reading
27 interventions.

28 Keywords: implicit prosody; rhythm sensitivity; event related potentials; reading achievement;
29 musical aptitude

30

31 1. Introduction

32 Music and language are complex cognitive abilities that are universal across human cultures.
33 Both involve the combination of small sound units (e.g., phonemes for speech, and notes for music)
34 which in turn, allow us to generate an unlimited number of utterances or melodies, in accordance
35  with specific linguistic or musical grammatical rules (e.g., [1]). Of specific interest for the present
36  study is the notion of rhythm. In music, thythm is marked by the periodic succession of acoustic
37  elements as they unfold over time, and some of these elements may be perceived as stronger than
38  others. Meter is defined as the abstract hierarchical organization of these recurring strong and

39  weak elements that emerge from rhythm. It is this metrical structure that allows listeners to form
40  predictions and anticipations, and in turn dance or clap their hands to the beat of the music [2].

41 Similarly, in speech, the pattern of stressed (i.e., strong), and unstressed (i.e., weak) syllables
42 occurring at the lexical level contributes to the metrical structure of an utterance. There is

43 increasing support for the existence of rhythmic regularities in speech, despite the apparent lack of
44 physical periodicity of the stressed syllables when compared to the rhythmic structure of music
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45  (e.g. [3]). During speech production, rhythmic adjustments, such as stress shifts, may take place
46  to avoid stress on adjacent syllables, and these stress shifts may give rise to a more regular

47  alternating pattern of stressed and unstressed syllables [4]. For example, “thirteen” is normally
48  stressed on the second syllable, but the stress can shift to the first syllable when followed by a word
49  with initial stress (e.g., “thirteen people”). These rhythmic adjustments may play a role in speech
50  perception, as suggested by findings showing that sentences with stress shifts are perceived as

51  more natural than sentences with stress clashes, despite that words with shifted stress deviate from
52 their default metrical structure [5].

53 In music, the Dynamic Attending Theory (DAT) provides a framework in which auditory

54 rhythms are thought to create hierarchical expectancies for the signal as it unfolds over time [6,7].
55 According to the DAT, distinct neural oscillations entrain to the multiple hierarchical levels of the
56  metrical structure of the auditory signal, and strong metrical positions act as attentional attractors,
57  thus making acoustic events occurring at these strong positions easier to process. Similarly,

58 listeners do not pay equal attention to all parts of the speech stream, and speech rhythm may

59  influence which moments are hierarchically attended to in the speech signal. For instance, detection
60  of a target phoneme was found to be faster if it was embedded in a rhythmically regular sequence
61  of words (i.e., regular time interval between successive stressed syllables), thus suggesting that

62  speech rhythm cues, such as stressed syllables, guide listeners’ attention to specific portions of the
63  speechsignal [8]. Further evidence suggests that predictions regarding speech rhythm and meter
64  may be crucial for language acquisition [9], speech segmentation [10], word recognition [11], and
65  syntactic parsing [12].

66 Given the structural similarities between music and language, a large body of literature has
67  documented which neuro-cognitive systems may be shared between language and music (e.g.,

68  [3,13,14]), and converging evidence support the idea that musical and linguistic rhythm perception
69  skills partially overlap [15-17]. In line with these findings, several EEG studies revealed a priming
70 effect of musical rhythm on spoken language processing. For instance, listeners showed a more
71 robust neural marker of beat tracking and better comprehension when stressed syllables aligned
72 with strong musical beats in sung sentences [18]. Likewise, EEG findings demonstrated that

73  spoken words were more easily processed when they followed musical primes with a metrical

74 structure that matched the word metrical structure [19]. A follow-up study using a similar design
75  showed this benefit of musical rhythm on speech processing may be mediated by cross-domain

76  neural phase entrainment [20].

77 The purpose of the present study was to shed further light on the effect of musical priming on
78  language processing (e.g., [18-20]). The first specific aim was to examine whether such cross-

79  domain rhythmic priming effect is also present when target words are visually presented. To this
80  end, participants were presented with rhythmic auditory prime sequences (either a repeating

81  pattern of long-short or short-long tone pairs), followed by a visual target word with a stress

82 pattern that either matched, or mismatched, the temporal structure of the prime (See figure 1).

&3 Based on previous literature (e.g., [16,19,21]), we predicted that words that do not match the

84  temporal structure of the rhythmic prime would elicit an increased centro-frontal negativity.
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Figure 1. Rhythmic cross-modal priming experimental paradigm. The auditory prime (long-short.
or short-long sequence) is followed by a target visual word with a stress pattern that either match,
or mismatch the prime (Note: stressed syllable is underlined).
86 A second aim of the study was to determine whether such rhythmic priming effect would be

87  related to musical aptitude. Musical aptitude has been associated with enhanced perception of
88  speech cues that are important correlates of rhythm. For instance, individuals with formal musical
89  training better detect violations of word pitch contours [22,23] and syllabic durations (e.g., [24])
90  than non-musicians. In addition, electrophysiological evidence shows that the size of a negative
91  ERP component elicited by spoken words with an unexpected stress pattern correlates with
92 individual differences in musical rhythm abilities [16]. Thus, in the present study, we expected the
93 amplitude of the negativity elicited by the cross-modal priming effect to correlate with individual
94 scores on a musical aptitude test, if the relationship between musical aptitude and speech rhythm
95  sensitivity transfers to the visual domain.
96 Finally, the third study aim was to test whether the cross-modal priming effect present in the
97  ERPs correlated with individual differences in reading achievement. Mounting evidence suggests
98  alink between sensitivity to auditory rhythm skills (both linguistic and musical) and reading
99  abilities (e.g. [25-28]). As such, we collected individuals’ scores on a college readiness reading

100 achievement test to examine whether the cross-modal ERP effect correlated with individual

101  differences in reading comprehension skills.

102 2. Materials and Methods

103 2.1 Participants

104 Eighteen college freshman students took part in the experiment (14 females, mean age =
105  19.5, age range: 18-22). All were right-handed, native English speakers with less than two years of
106  formal musical training. None of the participants were enrolled in a Music major. The study was
107  approved by the Institutional Review Board at Middle Tennessee State University, and written
108  consent was obtained from the participants prior to the start of the experiment.

109
110 2.2 Standardized Measures
111 The Advanced Measures of Music Audiation (AMMA; [29]) was used to assess participants’

112 musical aptitude. The AMMA has been used previously to measure the correlation between
113 musical aptitude and index of brain activities (e.g., [16,30-32]). This measure was nationally
114  standardized with a normed sample of 5,336 U.S. students and offers percentile ranked norms for
115  both music and non-music majors. Participants were presented with 30 pairs of melodies and asked
116  to determine whether the two melodies of each pair were the same, tonally different, or rhythmically
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117  different. The AMMA provides separate scores for rhythmic and tonal abilities. For non-Music
118  majors, reliability scores are 0.80 for the tonal score and 0.81 for the rhythm score [29].

119 The reading scores on the American College Testing (ACT) were used to examine the
120 relationship between reading comprehension and speech rhythm sensitivity. The ACT reading
121 section is a standardized achievement test that comprises short passages from four categories (prose
122 fiction, social science, humanities, and natural science) and 40 multiple-choice questions that test the
123 reader’s comprehension of the passages. Scores range between 1 and 36.

124
125 2.3 EEG Cross-Modal Priming Paradigm
126 Prime sequences consisted of a rhythmic tone pattern of either a long-short or short-long

127 structure repeated three times. The tones consisted of a 500 Hz sine wave with a 10 ms rise/fall, and
128  aduration of either 200 ms (long) or 100 ms (short). Inlong-short sequences, the long tone and short
129 tone were separated by a silence of 100 ms, and each of the three successive long-short tone pairs was
130 followed by a silence of 200 ms. In short-long sequences, the short tone and long tone were
131  separated by a silence of 50 ms, and each of the three successive short-long tone pairs was followed
132 by asilence of 250 ms.

133 Visual targets were composed of 140 English real-word bisyllabic nouns and 140 pseudowords,
134 which were all selected from the database of the English Lexicon Project [33]. Pseudowords were
135  matched to the real words in terms of syllable count and word length and were used only for the
136  purpose of the lexical decision task. Half of the real words (N = 70) had a trochaic stress pattern (i.e.,
137 stressed on the first syllable, for example, “basket”). The other half consisted of fillers with an
138  iambic stress pattern (i.e., stressed on the second syllable, for example, “guitar”).

139 Short-long and long-short prime sequences were combined with the visual target words to create
140  two experimental conditions in which the stress pattern of the target word either matched or
141  mismatched the rhythm of the auditory prime.

142 We choose to analyze only the ERPs elicited by trochaic words for several reasons. First,
143 trochaic words comprise the predominant stress pattern in English (85-90% of spoken English words
144 according to [34]), and consequently, participants will likely be familiar with their pronunciation.
145  Second, because stressed syllables correspond to word onset in trochaic words, this introduces fewer
146  temporal jitters than for iambic words when computing ERPs across trials. This scenario is
147 particularly problematic for iambic words during silent reading, because there is no direct way to
148  measure when participants read the second syllable. Third, participants were recruited from a
149 university located in the southeastern region of the United States, and either originated from this
150  area, or have been living in the area for several years. It is well documented that the Southern
151  American English dialect tends to place stress on the first syllable of many iambic words despite that
152 these types of words are stressed on the second syllable in standard American English (e.g., [35] ).
153 As such, rhythmic expectations are less clear to predict for iambic words.

154
155 2.4 Procedure
156 Participants’ musical aptitude was first measured using the AMMA [29]. Following

157  administration of the AMMA test, participants were seated in a soundproofed and electrically
158  shielded room. Auditory prime sequences were presented through headphones, and target stimuli
159  were visually presented on a computer screen placed at approximately 3 feet in front of the
160  participant. Stimulus presentation was controlled using the software E-prime 2.0 Professional with
161  Network Timing Protocol (Psychology software tools, Inc., Pittsburgh, PA). Participants were
162 presented with 5 blocks of 56 stimuli. The trials were randomized within each block, and the order
163 of the blocks was counterbalanced across participants. Each trial was introduced by a fixation cross
164 displayed at the center of a computer screen that remained until 2 seconds after the onset of the visual
165  targetword. Participants were asked to read the target word and to press one button if they thought
166 it was a real English word, or another button if they thought it was a nonword. The entire
167  experimental session lasted 1.5 hours.

168
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169 2.5 EEG Acquisition and Preprocessing

170 EEG was recorded continuously from 128 Ag/AgCL electrodes embedded in sponges in a
171 Hydrocel Geodesic Sensor Net (EGI, Eugene, OR) placed on the scalp, connected to a NetAmps 300
172 amplifier, and using a MacPro computer. Electrode impedances were kept below 50 kOhm. Data
173 was referenced online to Cz and re-referenced offline to the averaged mastoids. In order to detect
174  the blinks and vertical eye movements, the vertical and horizontal electrooculograms (EOG) were
175  also recorded. The EEG and EOG were digitized at a sampling rate of 500Hz. EEG preprocessing
176  was carried out with NetStation Viewer and Waveform tools. The EEG was first filtered with a
177  bandpass of 0.1to 30 Hz. Data time-locked to the onset of trochaic target words was then segmented
178  into epochs of 1100 ms, starting with a 100 ms prior to the word onset and continuing 1000 ms post-
179 word-onset. Trials containing movements, ocular artifacts, or amplifier saturation were discarded.
180  ERPs were computed separately for each participant and each condition by averaging together the
181  artifact-free EEG segments relative to a 100 ms pre-baseline.

182
183 2.6 Data Analysis
184 Statistical analyses were performed using MATLAB and the FieldTrip open source toolbox [36].

185 A planned comparison between the ERPs elicited by mismatching trochaic words and matching
186  trochaic words was performed using a cluster-based permutation approach. This non-parametric
187  data-driven approach does not require the specification of any latency range or region of interest a
188  priori, while also offering a solution to the problem of multiple comparisons (see [37]).

189 To relate the ERP results to the behavioral measures (i.e, musical aptitude and reading
190  comprehension), an index of sensitivity to speech rhythm cues was first calculated from the ERPs
191  using the mean of the significant amplitude differences between ERPs elicited by matching and
192 mismatching trochaic words at each channels, and time points belonging to the resulting clusters (see
193 [16,38] for similar approaches). Pearson correlations were then tested between the ERP cluster sum
194  difference and the participants’ scores on the AMMA and ACT reading section, respectively.

195 3. Results

196  3.1. Metrical Expectancy

197 Overall, participants performed well on the lexical decision task, as suggested by the mean
198  accuracy rate (M =98.82%, SD = .85). A paired samples t-test was computed to compare accuracy
199 rates for real target words in the matching (M = 99.83%, SD = 0.70), and mismatching (M = 99.42 %,
200  SD=1.40) rthythm conditions. No statistically significant differences were found between the two
201 conditions, t(35) = 1.54, p = .13, two-tailed.

202 Analyses of the ERP data revealed that target trochaic words that mismatched the rhythmic
203  prime elicited a significantly larger negativity from 300 to 708 ms over a centro-frontal cluster of
204 electrodes (p < 0.001, See Figure 2).
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Figure 2. Rhythmic priming ERP effect. Grand-average ERPs recorded for matching (purple), and
mismatching (green) trochaic target words, averaged for the significant group of channels in the cluster. The
latency range of the significant clusters is indicated in blue. (Note: Negative amplitude values are plotted
upward. The topographic map shows the mean differences in scalp amplitudes in the latency range of the
significant clusters. Electrodes belonging to the cluster are indicated with a black dot.)

206 1.1. Brain-Behavior Correlations

207 A statistically significant strong correlation was found between the size of the negative effect
208  elicited by mismatching trochaic words and the AMMA rhythm scores (r = .74, p <.001), suggesting
209  that the higher the musical rhythm aptitude, the larger the negativity elicited in response to

210 mismatching trochaic words (see Figure 3, left panel). By contrast, the correlation between the
211  negativity and the tonal score was not statistically significant (r = .30, p =.23). The maximum

212 Cook’s distance for the reported correlations indicated no undue influence of any data point on the
213 fitted model (i.e., max Cook’s d < .5).

214 A statistically significant moderate correlation was found between the size of the negative

215 effect elicited by mismatching trochaic words and ACT reading scores (r = 0.6, p = 0.009), suggesting
216  that the higher the reading achievement, the larger the negativity elicited in response to

217  mismatching trochaic words (see Figure 3, right panel). The maximum Cook’s distance for the
218  reported correlation indicated no undue influence of any data point on the fitted model (i.e., max
219  Cook’sd < .5).

220
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Figure 3. Brain-behavior correlations. Correlation between speech rhythm sensitivity (as indexed by the
222 negative ERP cluster mean for mismatching words) and musical rhythm aptitude (left panel), or reading
comprehension (right panel). The solid line represents a linear fit.
223
224 4. Discussion
225 The current study aimed to examine the cross-modal priming effect of musical rhythm on

226  written word processing and investigate whether such effect would relate to individual differences
227  inmusical aptitude and reading comprehension. As hypothesized, trochaic target words that did
228  not match the rhythmic structure of the auditory prime were associated with an increased

229  negativity over the centro-frontal part of the scalp. This finding is in line with previous ERP

230  studies on speech rthythm and meter [11,16,21,24,39-42]. It has been generally proposed that this
231  negative effect either reflects an increased N400 [11,40], or a domain-general rule-based error-

232 detection mechanism [16,21,24,42—44]. The fact that similar negative effects have been reported in
233 response to metric deviations in tone sequences (e.g., [45,46]) further supports the latter

234 interpretation.

235 While the aforementioned studies were conducted either in the linguistic or musical domain,
236  the negative effect observed for mismatching target word was generated by musical prime

237  sequence in the present experiment. Cason and Schén (2012; [19]) previously reported a cross-

238  domain priming effect of music on speech processing, which was reflected by a similar increased
239 negativity when the metrical structure of the spoken target word did not match the rhythmic

240  structure of the musical prime. Several other findings have since shown that temporal

241  expectancies generated by rhythmically regular musical primes can facilitate spoken language

242 processing in typical adults (e.g., [20,47]), and children [48,49], as well as adults with Parkinson’s
243 disease [50], children with cochlear implants [51], and children with language disorders [52]. This
244 Dbeneficial effect may stem from the regular rhythmic structure of the musical prime, which

245  provides temporally predictable cues to which internal neural oscillators can anchor [20]. The
246  present findings support and extend this line of research by showing this negativity is elicited even
247  when the target words were visually presented, thus suggesting that musical rhythm can not only
248  induce metrical expectations across distinct cognitive domains, but also across different sensory
249  modalities [53]. These findings also provide additional evidence in favor of the view that

250  rhythm/meter processing relies on overlapping neural systems in language and music [15,17,18].
251 We further investigated whether this cross-modal priming effect was related to individual
252 differences in musical aptitude. Interestingly, our results showed a significant correlation between
253  the size of the brain response elicited by unexpected stress patterns and the AMMA rhythm

254 subscore, but not the tonal subscore. This is in line with previous ERP studies showing that adult
255  musicians performed better than non-musicians at detecting words pronounced with an incorrect
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256  stress pattern [24]. In addition, this enhanced sensitivity to speech meter was associated with

257  larger electrophysiological responses to incorrectly pronounced words, which was interpreted as
258  reflecting more efficient early auditory processing of the temporal properties of speech.

259 Robust associations have also been found between musical rhythm skills and speech prosody
260  perception, even after controlling for years of music education [15]. Noteworthy for the present
261  experiment, individual differences in brain sensitivity to speech rhythm variations can be explained
262 by variance in musical rhythm aptitude in individuals with less than two years of musical training.
263  For instance, in a recent experiment [16], participants’ musical aptitude was assessed using the
264  same standardized measure of musical abilities (i.e, AMMA) as in the present study. Participants
265  listened to sequences consisting of four bisyllabic words for which the stress pattern of the final
266  word either matched or mismatched the stress pattern of the preceding words. Words with a

267  mismatching stress pattern elicited an increased negative ERP component with the same scalp

268  distribution and latency as the one found in the current data. More importantly, participants’

269  musical rhythm aptitude significantly correlated with the size of the negative effect. Thus, in light
270  of the aforementioned literature, the present results confirm and extend previous data suggesting a
271  possible transfer of learning between the musical and linguistic domains (See [54] for a review).
272 While our present study was correlational (and conducted with non-musicians), data from recent
273 longitudinal studies using randomized control trials indeed showed promising results of rhythm-
274  based intervention for the development of language skills in children with reading disorders [55],
275  and typical peers [56].

276 Adding to the growing literature showing a relationship between sensitivity to speech rhythm
277  and reading skills, our results revealed a significant positive correlation between the scores on the
278  ACT reading subtest and the size of the negative ERP effect elicited by mismatching stress patterns.
279  Previous studies have mainly focused on typically developing young readers using several novel
280  speech rhythm tasks in conjunction with standardized measures of reading abilities, and results
281  consistently showed a correlation between performances on the speech rhythm tasks and

282  individual differences in word reading skills (e.g., [57-60]). It has been proposed that early

283  sensitivity to speech rhythm cues may contribute to the development of phonological

284  representations [25]. However, sensitivity to speech rhythm cues still explains unique variance in
285  word reading skills after controlling for phonological processing skills (e.g., [61]), thus suggesting
286  thatit also makes a significant contribution to reading development independently of phonological
287  awareness.

288 More directly related to the present study, research with older readers and adults suggests that
289  knowledge of the prosodic structure of words continues to play a role in skilled reading. For

290  instance, visual word recognition is facilitated when primed by word fragments with a matching
291  stress pattern [62,63]. Two other studies conducted on typical adults focused on lexical stress

292 perception in isolated multisyllabic words [64,65], and found a significant relationship with reading
293 comprehension. Likewise, adult struggling readers usually show lower performance than their
294  typical peers on tasks measuring perception of word stress patterns or auditory rhythms [66—69]
295  (but see [68,70]).

296 Finally, the fact that we found a “metrical” negativity to visual targets, despite that

297  participants were not allowed to sound out the words, further supports theories proposing that
298  information about the metrical structure of a word is part of its lexical representation and

299  automatically retrieved during silent reading [71,72]. Taken together, these results provide

300  compelling evidence that the role of rhythm skills in reading comprehension persists in adult

301  skilled readers.

302 One potential limitation of the current research is the use of ACT reading scores, which may
303  not be fully representative of the participants’ reading skills. In particular, phonemic awareness,
304  decoding, and fluency, which are components known to greatly contribute to reading

305  comprehension [73], cannot be teased apart in the ACT reading subsets. Future research using a
306  more comprehensive battery of language and reading assessments would thus allow to more fully
307  understand which reading components are more closely related to speech rhythm perception skills.
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308 5. Conclusions

309 The present data confirm and extend previous studies showing facilitating effects of regular
310  musical rhythm on spoken language processing (e.g., [19,47,51]), by demonstrating this is also the
311  case for written language processing. We propose that this cross-modal effect of rhythm is mediated
312 by the automatic retrieval of the word metrical structure (i.e., implicit prosody) during silent reading.
313 Finally, because we found that the negativity associated with this cross-modal priming effect of
314  rhythm correlated with individual differences in musical aptitude and reading achievement, this
315  further supports the potential clinical and education implications of using rhythm-based intervention
316  for populations with language or learning disabilities.
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