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22Recent studies have shown that acoustically distorted sentences can be perceived as either unintelligible or intel-
23ligible depending on whether one has previously been exposed to the undistorted, intelligible versions of the
24sentences. This allows studying processes specifically related to speech intelligibility since any change between
25the responses to the distorted stimuli before and after the presentation of their undistorted counterparts cannot
26be attributed to acoustic variability but, rather, to the successful mapping of sensory information onto memory
27representations. To estimate how the complexity of the message is reflected in speech comprehension, we ap-
28plied this rapid change in perception to behavioral and magnetoencephalography (MEG) experiments using
29vowels, words and sentences. In the experiments, stimuli were initially presented to the subject in a distorted
30form, after which undistorted versions of the stimuli were presented. Finally, the original distorted stimuli
31were presented once more. The resulting increase in intelligibility observed for the second presentation of the
32distorted stimuli depended on the complexity of the stimulus: vowels remained unintelligible (behaviorally
33measured intelligibility 27%) whereas the intelligibility of the words increased from 19% to 45% and that of the
34sentences from31% to 65%. This increase in the intelligibility of the degraded stimuliwas reflected as an enhance-
35ment of activity in the auditory cortex and surrounding areas at early latencies of 130–160 ms. In the same re-
36gions, increasing stimulus complexity attenuated mean currents at latencies of 130–160 ms whereas at
37latencies of 200–270ms themean currents increased. Thesemodulations in cortical activitymay reflect feedback
38from top-downmechanisms enhancing the extraction of information from speech. The behavioral results suggest
39that memory-driven expectancies can have a significant effect on speech comprehension, especially in acousti-
40cally adverse conditions where the bottom-up information is decreased.

41 © 2015 Published by Elsevier Inc.
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44

45

46Q4 Introduction

47 Despite increasing efforts in the study of the neural basis of speech
48 comprehension, the processes related to speech intelligibility, which is
49 reflected as correctly identified speech content and arises out of the suc-
50 cessful matching of bottom-up acoustic information to top-downmem-
51 ory representations, have remained largely unknown. One reason for
52 this is that studies on speech intelligibility have typically either manip-
53 ulated the acoustic structure of the speech signal or masked the speech
54 stimulus using varying levels and types of noise. However, both the pro-
55 cessing of acoustic features of the stimulus and cognitive operations re-
56 lated to the recognition of the content of speech sounds are reflected in

57brain responses, and it is therefore difficult to distinguish their overlap-
58ping contributions from one another.
59Only a limited number of studies have examined the brain mecha-
60nisms related to speech comprehension by manipulating stimulus
61intelligibility without changing the acoustic structure of the stimulus.
62Our recent magnetoencephalography (MEG) study (Tiitinen et al.,
632012) introduced an experimental paradigm where the same set of
64speech stimuli was presented to the subject in a distorted, undistorted,
65and again in a distorted form. The intervening exposure to the undis-
66torted versions of the sentences increased the intelligibility of the
67distorted sentences considerably (i.e. the recognition rate increased
68from 30% to 80%), and this was reflected as stronger activation to the in-
69telligible sentences in the auditory cortex and surrounding areas. A sim-
70ilar approach to control acoustic variability was used by Giraud et al.
71(2004) who measured functional magnetic resonance imaging (fMRI)
72responses to a set of vocoded sentences before and after the subject
73was trained to perceive these sentences correctly in a learning phase
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74 where normal speech and vocoded speechwere paired. Since the left in-
75 ferior frontal gyrus (Broca's area) responded more strongly to noise-
76 vocoded speech after training, the activation in this area was concluded
77 to reflect speech intelligibility. Hannemann et al. (2007) described an
78 electroencephalography (EEG) experiment where the subject first
79 listened to unintelligible, digitally degraded words, after which half of
80 the words were presented in undistorted, intelligible form and, finally,
81 all degraded words were presented again. Those items which had
82 been heard in the non-degraded form in the exposure sequence were
83 more likely to be perceived as intelligible in the consecutive test se-
84 quence. Correct identification of the words was associated with an in-
85 crease in induced gamma-band activity at left temporal electrode sites
86 at around 350 ms. Taken together, these studies suggest that top-
87 down cognitive processes, observable in both behavioral and brain
88 measures, enhance speech comprehension and clearly warrant further
89 exploration.
90 Studies using fMRI have shown how the processing of intelligible
91 speech takes place in multiple cortical areas: activity spreads from the
92 primary auditory cortex at Heschl's gyrus to the areas of the temporal
93 cortex anterior, posterior and inferior to the primary auditory cortex
94 (Davis and Johnsrude, 2003; Friederici et al., 2010; Leff et al., 2008;
95 Möttönen et al., 2006; Okada et al., 2010), as well as to prefrontal,
96 premotor/motor and posterior inferotemporal regions (Leff et al.,
97 2008; Davis and Johnsrude, 2003; Obleser et al., 2008, for a review,
98 see Peelle et al., 2010). Recent studies have reported that the patterns
99 of intelligibility-related brain activity under unfavorable listening con-
100 ditions are not identical to those under favorable listening conditions
101 (Davis and Johnsrude, 2007; Giraud et al., 2004; Hervais-Adelman
102 et al., 2012; Shahin et al., 2009; Wild et al., 2012), promoting the
103 hypothesis for the existence of a separate, possibly attention-related,
104 neural mechanism subserving comprehension of degraded speech
105 (Hervais-Adelman et al., 2012). However, the role of, for example,
106 motor areas (Lotto et al., 2009; Scott et al., 2009) and the auditory cortex
107 in speech intelligibility remain controversial (Giraud et al., 2004; Peelle
108 et al., 2010).
109 In MEG and EEG measurements, auditory stimuli elicit a series of
110 transient responses, themost prominent of which is the auditory N1 re-
111 sponse, measured electrically, and its magnetic counterpart, the N1m
112 (for reviews, see Näätänen and Picton, 1987; May and Tiitinen, 2010).
113 In the case of long-duration stimuli (N300 ms), the transient responses
114 are followed by a sustained response that persists for the duration of the
115 sound. TheN1m response, generated in the auditory cortex and peaking
116 approximately 100 ms after stimulus onset, is sensitive to the acoustic
117 characteristics of speech sounds, such as the fundamental frequency
118 (Mäkelä et al., 2002), intonation (Mäkelä et al., 2004), periodicity
119 (Tiitinen et al., 2005; Yrttiaho et al., 2009) and phonological features
120 (Obleser et al., 2004). The N1m has also been associated with the pro-
121 cess of segregating speech signals from noise contributions (Miettinen
122 et al., 2010, 2011, 2012). Most studies addressing sustained brain activ-
123 ity have used simplified stimuli, such as click trains (Galambos et al.,
124 1981; Gutschalk et al., 2002; Hari et al., 1989), noise signals (Keceli
125 et al., 2012), tones (Huotilainen et al., 1995; Okamoto et al., 2011), or
126 vowels (Eulitz et al., 1995). However, the use of short-duration simpli-
127 fied stimuli may result in an incomplete picture of auditory analysis in
128 the human brain. It is probable that the human brain is optimized for
129 processing complex natural stimuli, such as connected speech (i.e.
130 words and sentences). Therefore, studies geared strictly toward time-
131 locked transient brain responses to brief stimuli lacking in information
132 content should be complemented by investigations focusing on the
133 sustained activity elicited by connected speech. This could potentially
134 reveal how information is integrated over extended time spans, and
135 how complex acoustic streams of sound are translated into meaningful
136 utterances in the human brain.
137 The objective of the current MEG study was to examine the cortical
138 mechanisms underlying speech comprehension under varying levels
139 of speech intelligibility (i.e. using acoustically distorted and undistorted

140stimuli) and complexity (i.e. using vowel sounds, words, and
141sentences). The experimental paradigm introduced in our previous
142study (Tiitinen et al., 2012) was applied in the current study, with the
143subject first presented with distorted stimuli, then with undistorted
144versions of the same set of stimuli, and finally, with the distorted stimuli
145again. Acoustically identical distorted stimuli were expected to be per-
146ceived as either unintelligible or intelligible, depending on whether
147the subject had previously been exposed to the undistorted (intact) ver-
148sions of the stimuli. Our hypothesis was that both this behaviorally ob-
149servable intelligibility effect and variations in stimulus complexity
150should be accompanied by changes in both the dynamics and spread
151of brain activity from the auditory cortex to adjacent cortical areas. By
152exposing the subjects to the undistorted stimuli in the intermediate
153phase of the experiment, the current experimental setup allowsmanip-
154ulation of the intelligibility of the distorted stimuli without introducing
155any acoustic changes to these stimuli. Thus, any difference in brain ac-
156tivity elicited by the first and the second presentations of the distorted
157stimuli cannot be attributed to changes in the acoustic structure but,
158rather, to the processes directly involved with speech intelligibility.
159The overall goal of this study was, therefore, to provide further insight
160into how the top-down cognitive operations triggered by prior informa-
161tion are able to turn even severely distorted acoustic signals into mean-
162ingful cognitive entities by enhancing the extraction of relevant acoustic
163features.

164Methods

165Subjects

166Behavioral and MEG measurements were carried out for two
167separate groups of sixteen healthy volunteers, aged 19–33 years
168(average age 22.4 years, SD 3.7 years; 8 male and 8 female; 15 right-
169handed) in the behavioral measurements and 20–26 years (average
170age 22.7 years, SD 1.6 years; 8 male and 8 female; 15 right-handed) in
171theMEGmeasurements. The use of different sets of subjects was neces-
172sary to avoid possible carry-over effects, whereby the presentation of
173the intact stimuli in the first experiment would renders the distorted
174stimuli intelligible in the second experiment, already at their first pre-
175sentation. All volunteers had normal hearing and provided written in-
176formed consent. The experiments were approved by the Ethical
177Committee of Helsinki University Central Hospital.

178Stimulus material

179Vowels, words, and sentences were constructed using the Bitlips
180TTS synthesizer (http://www.bitlips.fi/). The sentence set consisted of
181192 Finnish sentences, comprising 3 to 7 words (sentence duration:
1821.7–4.6 s; mean 3.1 s; SD 0.6 s). Each sentence started with the vowel
183/a/, /e/, /i/ or /u/. The word set was created by separating the first
184word of each sentence. Thus, the words (0.31–1.40 s in duration,
185mean 0.65 s; SD 0.18) in the word set were acoustically identical to
186the initial words of the sentences. The vowel set included 200-ms in-
187stances of all eight vowels of the Finnish language (/a/, /e/, /i/, /o/, /u/,
188/y/, /ä/, /ö/). The stimuli were recorded at a sampling rate of 44.1 kHz
189with an amplitude resolution of 16 bits.
190In addition to the above undistorted (16-bit) stimuli, the experiment
191utilized their distorted (1-bit) counterparts. The distorted versions of
192the stimuli were produced by first resampling the undistorted stimuli
193at 4.41 kHz using Matlab resample routine. Second, the resampled
194signals were compressed digitally through reduction of the amplitude
195resolution (bit rate) of the signals with the 1-bit uniform scalar quanti-
196fication (USQ)method (see Liikkanen et al., 2007; Gray, 1990). USQ ap-
197proximates each sample of the speech signal waveform to the nearest
198permitted level, the number of these depending on the number of bits
199used in the quantization. For example, using 16-bit USQ, there are a
200total of approx. 65 000 quantization levels which allows precise

2 M. Hakonen et al. / NeuroImage xxx (2015) xxx–xxx

Please cite this article as: Hakonen, M., et al., Previous exposure to intact speech increases intelligibility of its digitally degraded counterpart as a
function of stimulus complexity, NeuroImage (2015), http://dx.doi.org/10.1016/j.neuroimage.2015.10.029

http://www.bitlips.fi/
http://dx.doi.org/10.1016/j.neuroimage.2015.10.029


U
N
C
O

R
R
E
C
T
E
D
 P

R
O

O
F

201 modeling of the original speech waveform. In the case of 1-bit USQ, the
202 number of levels is reduced to two which results in speech being repre-
203 sented by a series of rectangular pulse forms. Because quantization is a
204 non-linear process, the 1-bit USQ process is capable of producing new
205 frequencies which is seen as degradation of the spectral fine structure
206 of speechbynewnoisy harmonics. In addition to this, theUSQ generates
207 quantization noise which is manifested as flattening of the spectral en-
208 velope (Miettinen et al., 2010). In overall, the degraded speech stimuli
209 of the study were flat in terms of the spectral envelope and consisted
210 of the low frequencies of speech (frequencies higher than 2.2 kHz
211 were filtered out in resampling) and new noisy harmonics (generated
212 by 1-bit USQ).
213 The stimuli were delivered as a mono signal to the subject's ears
214 through Sennheiser HD headphones in the behavioral experiment and
215 through a pair of plastic tubes and ear pieces (Etymotic Research Inc.,
216 IL, USA) in the MEG experiment. Sound intensity of the stimuli was set
217 at 70dB SPL. In theMEGexperiment, the intensitywas adjusted bymea-
218 suring it with a sound levelmeter (VellemanDVM805) at the tips of the
219 tubes.

220 Experimental design

221 The study comprised two experiments. First, a behavioral experi-
222 mentwas designed to test the subject's ability to recognize the auditory
223 stimuli. Second, the effects of acoustic distortion and intelligibility of the
224 auditory stimuli on cortical activity was studied in an MEG experiment
225 (Fig. 1)Q5 .
226 The behavioral experiment, carried out in a soundproofed listening
227 booth, consisted of three blocks: one comprising vowels, the second
228 words, and the third sentences. The presentation order of the stimulus
229 blocks was counterbalanced across subjects. During each stimulus
230 block, the subject was first presented with distorted stimuli, then with
231 the undistorted versions of the same set of stimuli, and finally with
232 the distorted stimuli again. The vowel block contained 12 repetitions
233 of eight vowels (/a/, /e/, /i/, /o/, /u/, /y/, /ä/, /ö/) presented in random
234 order (i.e. 96 stimuli in total). At each vowel presentation, the eight al-
235 ternative answers were presented on a computer screen to the subject
236 whose task was to indicate with a mouse click which vowel had been
237 presented or whether the vowel was unintelligible. Vowels which

238were correctly identifiedwere classified as intelligible, those incorrectly
239identified as unintelligible. The set of 192 words and sentences was di-
240vided into four subsets (48 words/sentences per subset) and, similarly,
241the 16 subjects were divided into four subgroups (four subjects per sub-
242group). Each subgroup of the subjects was presented with one of the
243word/sentence subsets. The total set of 48 words/sentences presented
244for each subject was randomized. Following the presentation of each
245word and sentence, the subject used a keypad to type what he/she
246had heard. Correctly identified words were classified as identifiable
247and misidentified words as unintelligible. Intelligibility scores for
248sentences were computed by scoring the stems and suffixes of inflected
249words separately after obvious spelling errors had been corrected.
250In the MEG experiment, the stimuli were presented in a passive (no
251task) recording condition during which the subject was under instruc-
252tion to watch a film without its soundtrack while ignoring the auditory
253stimuli. Given the novelty of the experimental paradigm, the passive re-
254cording condition in MEG was an essential starting point for the inves-
255tigation since it provides brain events uncontaminated by the effects
256of attentional engagement (arousal level, selective and/or sustained at-
257tention, etc.) as well as of planning and the execution of motor re-
258sponses. Similarly as the behavioral experiment, the MEG experiment
259was divided into vowel, word and sentence blocks, in each of which
260the same set of stimuli was presented in a distorted, undistorted,
261and again in a distorted form. The presentation order of the stimulus
262blocks was counterbalanced across subjects. In the vowel block, four
263vowels (/a/, /e/, /i/, /u/) were repeated 120 times in random order.
264These vowels were selected because they are maximally displaced
265from each other in the two-dimensional space spanned by the first
266and the second formant. To keep the duration of the MEG experiment
267bearable to the subjects, a subset of 160 sentences was selected from
268the total set of 192 sentences presented in the behavioral experiment.
269The corresponding starting words of the sentences comprised the stim-
270uli in theword block. The total set of 160words/sentences was present-
271ed in random order to each subject. The offset-to-onset interstimulus
272interval (ISI) in all three blocks was 1 s. The duration of the experiment
273was ~1.75 h.

274MEG data acquisition

275Brain responses were recordedwith a 306-channel whole headMEG
276device (Vectorview 4-D, Neuromag Oy, Finland) in a magnetically
277shielded room with a three-layer μ-metal and aluminum cover (ETS-
278Lindgren Euroshield Oy, Eura, Finland). The sampling rate was set at
2791.2 kHz. Horizontal and vertical eye movements were measured with
280electro-oculography (EOG) using two electrode pairs placed above and
281below the left eye and lateral to the eyes. Before recording, four head-
282position indicator (HPI) coils were used to determine the position of
283the subject's head relative to the MEG sensor array. A 3-D digitizer was
284used to determine the locations of the HPI coils with respect to the
285three anatomical landmarks (the nasion and the bilateral preauricular
286points) that define a head-based coordinate system where the x-axis
287passes through the preauricular points (positive to the right), the
288y-axis passes through the nasion (positive to the front), and the z-axis
289unit vector is the vector cross product of the x and y unit vectors. The
290subject was instructed to remain stationary and to avoid blinking during
291the measurement.

292MEG data preprocessing

293The raw MEG data was manually inspected to exclude gradiometer
294sensors with a low signal-to-noise ratio (SNR). External noise was re-
295moved from the raw data using the temporal extension of Signal-
296Space Separation (tSSS; Taulu and Simola, 2006) as implemented with
297the MaxFilter software (Elekta-Neuromag). For the transient analysis,
298the raw data was band-pass filtered at 2–30 Hz with a 4th order
299Butterworth infinite impulse response (IIR) filter with a length of 10 s.

Fig. 1. Experimental design. The study was divided into behavioral andMEG experiments,
eachofwhich consisted of threeblocks: one comprising vowels, the secondwords, and the
third sentences. In eachof the stimulus blocks, the subjectwas presentedwith acoustically
distorted stimuli, followed by the undistorted versions of the same set of stimuli, after
which the distorted stimuli were presented again. N = number of stimuli.
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300 For the sustained field analysis, the raw data was low-pass filtered at
301 30 Hz, since high-pass filtering abolishes sustained fields (May and
302 Tiitinen, 2010;Mäkinen, 2006). Afterfiltering, the epochswere comput-
303 ed and correctedwith respect to a 100-ms pre-stimulus baseline. For av-
304 eraging the data, the data epochs were time-locked to stimulus onsets
305 using information recorded on the trigger channel. A 500-ms post-
306 stimulus time window was used for averaging transient responses. For
307 the sustained field analysis, the responses elicited by words and
308 sentences were averaged over a 600-ms post-stimulus time window.
309 To exclude the possible contributions caused by transient offset re-
310 sponses, a subset of 112 words exceeding 560 ms in duration was se-
311 lected for the sustained field analysis. For the responses to sentences,
312 the analysis was restricted to the sustained fields elicited by the corre-
313 sponding subset of 112 sentences starting with the words exceeding
314 560 ms. Epochs with magnetic field gradient amplitudes exceeding
315 2000 fT/cm were automatically discarded from both the transient and
316 sustained filed analyses. EOG artifacts were removed from the epochs
317 using fast independent component analysis (Gramfort et al., 2013;
318 Hyvärinen and Oja, 2000). Fitting ICA after filtering and epoching
319 allowed more reliable identification of the components that reflect
320 EOG artifacts since the high-frequency noise and drifts as well as con-
321 taminated epochs were removed before EOG artifact identification.
322 After removing the EOG artifacts, the epochs were averaged. The pre-
323 processing was performed with the MNE software (Gramfort et al.,
324 2013, 2014).

325 Gradiometer analysis

326 For the gradiometer analysis, nine gradiometer pairs centered over
327 the left and right auditory cortices were divided into anterior, medial,
328 and posterior subsets, and an averagewas calculated over the responses
329 from the three gradiometer pairs within each subset. Response ampli-
330 tude was determined as the magnitude of the gradiometer pair vector
331 sum. The latencies and amplitudes of the N1m and P2m responses
332 were estimated from the peak values of the anterior, medial and poste-
333 rior vector summagnitudes. The peak amplitudes of the N1m and P2m
334 responses were identified as the local maximum within the respective
335 time intervals of 110–170 ms and 180–300 ms. Because the onsets
336 and offsets of the vowels were smoothed with a 10-ms Hann window
337 (ramp length 5 ms) whereas for words and sentences a Hann window
338 of 20 ms (ramp length 10 ms) was used, the difference between the
339 lengths of Hann window ramps (5 ms) was added to the latencies of
340 the transient responses elicited by vowels to make them comparable
341 to the latencies of the transient responses elicited by words and
342 sentences.
343 Sustained fields were analyzed by dividing the gradiometer pairs
344 into ten location-based subsets: occipital, parietal, and left and right
345 frontal, temporal, sensorimotor and occipitotemporal subsets. For each
346 subset, the magnitudes of the gradiometer-pair vector sums were aver-
347 aged, and this average was then used to quantify the magnitude of the
348 sustained field as the mean of the response in the 400–560 ms time
349 window.

350 Current distribution estimates

351 To estimate the spatial distribution of cortical activity, depth-
352 weighted minimum-norm estimates (MNEs; Hämäläinen and
353 Ilmoniemi, 1994; Lin et al., 2006a,b)were generatedwith theMNE Soft-
354 ware (Gramfort et al., 2014). Moreover, dynamic statisticalmap (dSPM)
355 estimates (Dale et al., 2000) were generated to provide an indication of
356 the cortical locationswhere theMNE estimates had the highest SNR. For
357 theMNE and the dSPM estimates, noise-covariancematrices were com-
358 puted from the 100-ms pre-stimulus baselines of the data. Forward so-
359 lutions and inverse operators were calculated for each stimulus by
360 employing a single-compartment boundary-element model (BEM)
361 computed using average head and skull surface reconstructions

362provided by the FreeSurfer software. A loose orientation constraint
363was used to control the source orientations (Lin et al., 2006a). The
364MNE and the dSPM estimates were calculated separately for each indi-
365vidual subject, for each type of stimulus (i.e. vowels, words, and
366sentences), and for each condition (i.e. the first and the second presen-
367tations of the distorted stimuli and the presentation of the undistorted
368stimuli). The dSPM estimateswere averaged over a 40-ms timewindow
369centered at the peaks of theN1mand P2mresponses. The peak latencies
370of the N1m and P2m were calculated as the time instants when the
371noise-normalized current estimates reached their maximum values
372within the respective time windows of 110–170 ms and 190–310 ms.
373For visualization purposes, dSPM estimates for the N1m and P2m re-
374sponses were grand-averaged across subjects and conditions. Addition-
375ally, grand-averaged dSPM estimates for the sustained field were
376calculated as mean values in the time range of 400–560 ms.

377Region of interest analysis

378Regions of interest (ROI) were determined by dividing the dSPM ac-
379tivation areas into subregions on the basis of an anatomical parcellation
380following the Desikan–Killiany–Tourville atlas (see Fig. 5; Desikan et al.,
3812006). Activationswere analyzed in the followingbrain areas: the trans-
382verse temporal gyrus (TTG), the superior temporal gyrus (STG), the su-
383perior temporal sulcus (STS), the supramarginal gyrus (SMG), the
384insula, the pars opercularis of the inferior frontal gyrus (POp), and the
385precentral sulcus (PCS). The TTG and STG were combined into the
386same ROI (TTG + STG). Because of the lack of individual structural
387MRI data, the ROIs represent only approximations of the corresponding
388brain areas. The original MNEs without noise normalization were aver-
389aged over the source locations to obtain a time course of current
390strength for each ROI. Themean currents within the ROIswere obtained
391by averaging the time courses of the currents using a 40-ms time win-
392dow centered at the peaks of the N1m and P2m responses. The peak la-
393tencies were calculated as the time instants when the time courses of
394the currents exhibited their maximum values within a 110–170-ms
395time interval for the N1m and a 190–310-ms time interval for the
396P2mresponse. For responses towords and sentences, themean currents
397were averaged over the time interval of 400–560 ms.

398Dipole modeling

399The single equivalent current dipole (ECD) was used to estimate the
400source locations of the N1m and P2m responses. The ECDs were
401modeled separately in eachhemisphere byusing a set of 12 gradiometer
402pairs over each temporal region. A sphericalmodelwas used to estimate
403the conductivity of the head. The ECD analysis was performed with the
404Elekta Neuromag xFit Source Modeling Software.

405Statistical analyses

406The data from the behavioral and MEG measurements were ana-
407lyzed using repeated-measures analysis of variance (ANOVA). Mauchly
408sphericity Q6tests were run, and Greenhouse–Geisser-corrected p values
409and epsilons (ε) were reported when the assumption of sphericity
410was violated. For behavioral data, a 3 × 3 ANOVA was carried out,
411with the within-subject factors of complexity (vowel/word/sentence)
412and condition (degraded & non-intelligible, i.e. 1st distorted; non-
413degraded & intelligible, i.e. undistorted; degraded & intelligible, i.e.
4142nd distorted). In the gradiometer analysis, the transient responses for
415vowels, words and sentences were analyzed in separate 2 × 3 ANOVAs
416(hemisphere × condition). Separate ANOVAs were used because the
417SNR was very low for the responses to words and sentences especially
418in the posterior and anterior channels, and therefore, including all the
419complexity levels in the sameANOVAwould have required the rejection
420of a large number of subjects. To study the interactions between condi-
421tion and complexity as well as the main effect of complexity, an

4 M. Hakonen et al. / NeuroImage xxx (2015) xxx–xxx

Please cite this article as: Hakonen, M., et al., Previous exposure to intact speech increases intelligibility of its digitally degraded counterpart as a
function of stimulus complexity, NeuroImage (2015), http://dx.doi.org/10.1016/j.neuroimage.2015.10.029

http://dx.doi.org/10.1016/j.neuroimage.2015.10.029


U
N
C
O

R
R
E
C
T
E
D
 P

R
O

O
F

422 additional analysis was made for the responses measured from the
423 medial channels by including the transient responses to vowels,
424 words and sentences in the same ANOVA. The mean currents during
425 the transient responses also were investigated in separate 2 × 3
426 ANOVAs (hemisphere × condition) for vowels, words and sentences.
427 This was because the number and shape of the ROIs determined using
428 dynamic statistic map estimates (dSPM) varied between complexity
429 levels. Similarly as in the gradiometer analysis, the interactions between
430 condition and complexity as well as the main effect of complexity were
431 studied by conducting an additional analysis where the responses to
432 vowels, words and sentences were included in the same ANOVA table.
433 This analysis was restricted to a subset of four ROIs (TTG + STG, SMG,
434 STS and insula) that showed the highest SNR for sentences on the
435 basis of the dSPM estimates. These ROIs were selected since they over-
436 lapped with the brain regions that showed the highest SNR also for
437 vowels and words. Sustained fields elicited by words and sentences
438 were included in a corresponding 2 × 2 × 3 ANOVA (complexity ×
439 hemisphere × condition). The effects of intelligibility and speech degra-
440 dation on the cortical activity measures were analyzed by post-hoc
441 (Newman–Keuls) comparisons of the conditions. If the responses to
442 the first and the second presentations of the distorted stimuli were un-
443 equal, the response was assumed to reflect intelligibility. If the re-
444 sponses to the first and the second presentations were equal with
445 each other, but of a differentmagnitude than the response to the undis-
446 torted stimuli, it is likely that these differences reflect sensitivity to the
447 acoustic structure of the stimulus.

448 Results

449 The behaviorally measured intelligibility of the stimuli

450 Intelligibility (defined as the proportion of correct identifications)
451 was 98.6% (±0.5%) for the undistorted vowels, words and sentences.
452 As depicted in Fig. 2, the overall intelligibility was lower for the first
453 presentation of the distorted stimuli than for the second presentation,
454 increasing from 25.7 ± 2.5% to 45.7 ± 2.7% (F(1,21) = 575.7, ε=0.7,
455 p b 0.001). This increase in intelligibility by 20 percentage points for
456 acoustically identical stimuli demonstrates how a single presentation
457 of intact speech material can alter the subject's ability to comprehend
458 distorted speech.
459 The intelligibility of the undistorted stimuli was high for all com-
460 plexity levels: 97.6% (±0.8%) for sentences, 98.8% (±0.5%) for words,
461 and 99.4% (±0.3%) for vowels. The magnitude by which the presenta-
462 tion of the undistorted stimuli increased the intelligibility of the
463 distorted stimuli depended on the complexity level (F(4,60) = 27.1;
464 p b 0.001). This increase was 33.8 percentage points for sentences
465 (from 31.0 ± 4.4% to 64.9 ± 4.6%; p b 0.001), 25.9 percentage points
466 for words (from 19.1 ± 3.9% to 45.1 ± 3.7%; p b 0.001) and, somewhat
467 surprisingly, there was no improvement of vowel intelligibility (from
468 26.8 ± 3.0% to 27.1 ± 2.5%, p=n.s.). Thus, it appears that the complex-
469 ity of the stimuli had a considerable effect on how well the subject was
470 able to comprehend the stimulus, with intelligibility increasing with
471 stimulus complexity.

472 Transient responses

473 Amplitudes
474 As depicted in Fig. 3, all complexity levels elicited prominent N1m
475 and P2m responses in both hemispheres. Fig. 4 shows the peak ampli-
476 tudes, peak latencies, and mean currents for these transient responses.
477 In anterior areas, the N1m amplitude increased from 23.6 ± 3.0 fT/cm
478 as elicited by the undistorted vowels to 30.5 ± 4.8 fT/cm and 33.9 ±
479 5.3 fT/cm as elicited by the first and the second presentations of the
480 distorted vowels, respectively (F(1,16)=11.2, ε=0.6, p b 0.01). This ef-
481 fect of speech distortion was hemispherically asymmetric (F(1,18) =
482 8.3, ε=0.7, p b 0.01), and post-hoc tests revealed that the N1m

483amplitude was stronger for the distorted vowels only in the right hemi-
484sphere (1st distorted: 36.0±5.4 fT/cm, 2nd distorted: 40.4±6.3 fT/cm,
485undistorted: 23.7± 2.9 fT/cm, p b 0.001). Inmedial and posterior areas,
486the distorted and the undistorted vowels elicited N1m amplitudes of
487equal magnitude. The magnitude of the N1m amplitude elicited by
488words showed hemispheric asymmetry (F(2,24) = 3.1, p b 0.07) in
489the anterior channels, where the right-hemispheric amplitude was
490stronger for the second presentation of the distorted words (22.2 ±
4913.1 fT/cm) than for their first presentation (17.8 ± 3.4 fT/cm, p b 0.05)
492as well as for the undistorted words (13.7 ± 1.8 fT/cm, p b 0.001).
493No significant differences were found between the magnitudes of the
494left-hemispheric N1m responses to words. Hemispheric asymmetry
495was also found in the N1m amplitudes in the posterior channels
496(F(2,22) = 6.7, p b 0.01): only the right-hemispheric N1m response
497increased from 10.1 ± 2.0 fT/cm for the undistorted words to
49817.3 ± 2.7 fT/cm for the second presentation of the distorted words
499(p b 0.05). The amplitudes of the N1m responses elicited by sentences
500were of equal magnitude in all cases. In the medial channels, vowels
501(34.8 ± 3.6 fT/cm) elicited 10.6 fT/cm stronger response than words
502(24.2 ± 2.2 fT/cm, p b 0.001) and 13.6 fT/cm stronger response than
503sentences (21.2 ± 1.8 fT/cm, p b 0.001; see Fig. 4). The P2m
504amplitudes were insensitive to intelligibility, speech degradation, and
505complexity.

506Latencies
507The distorted vowels, words, and sentences resulted in N1m and
508P2m responseswhich had a longer peak latency than the responses elic-
509ited by the correspondingundistorted versions of the stimuli. In anterior
510channels, this delaywas 7.2ms for vowels, 9.1ms forwords and 12.0ms
511for sentences (see Table 1 for details). For vowels, the delay was
512hemispherically asymmetric (F(1,19) = 4.5, ε=0.7, p b 0.05): in the

Fig. 2. Behavioral results. At their first presentation, distorted stimuli were difficult to un-
derstand (mean subjective intelligibility rating = 25.7%). After an intervening presenta-
tion of the same stimuli in an undistorted form (98.6%), the intelligibility of the words
and sentences increased considerably (45.7%). Error bars indicate SEM. Significance stars
indicate differences between intelligibilities of speech stimuli in their three presentations
(averages over complexity levels).
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Fig. 3. The transient evoked fields elicited by the distorted and undistorted presentations of vowels, words and sentences. The N1m response was more prominent in anterior andmedial
than in posterior areas. The P2m response was strongest in the anterior and weakest in the posterior areas. In anterior andmedial areas, the N1m amplitude was stronger for vowels than
for words and sentences, whereas the P2m amplitude was stronger for sentences than for vowels. Stimulus degradation lead to an increased amplitude of the right-hemispheric N1m and
to a decreased amplitude of the left-hemispheric N1m. Stimulus degradation delayed theN1mandP2m latencies in anterior andmedial channels. These effectswere stronger for responses
elicited by words and sentences than for those elicited by vowels.

Fig. 4. The effect of speech complexity on the amplitudes, latencies, and mean currents of the N1m and P2m responses. The N1m amplitude was stronger, and its latency was shorter for
vowels than for words and sentences. Also, the N1m latency was longer for words than for sentences. During the P2m time range, the mean currents following vowel presentation were
stronger than those following sentence presentation. In comparison to words and sentences, vowels elicited a P2m response with a shorter latency. The amplitudes and latencies were
analyzed frommedial channels. F and p values describe the main effect of complexity. The mean currents were computed from the ROIs determined separately for the N1m and P2m re-
sponses on the basis of the dSPM activation areas for sentences shown in Fig. 5. Error bars indicate SEM.
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513 left hemisphere, the distorted vowels (1st distorted presentation:
514 146.7 ± 2.7 ms, 2nd distorted presentation: 150.0 ± 2.7 ms) resulted
515 in 10.4 ms longer N1m latencies than the undistorted vowels
516 (138.0 ± 3.7 ms, p b 0.001), whereas in the right hemisphere, this in-
517 crease was only 4.0 ms (undistorted: 141.6 ± 2.5 ms; distorted:
518 144.9 ± 2.0 ms; 146.2 ± 2.0 ms, p b 0.07). In medial channels, speech
519 degradation delayed the N1m responses 6.2 ms for vowels and 7.2 ms
520 for words (see Table 1). In posterior channels, this degradation-related
521 delaying effect was observed only in the case of vowel stimuli where
522 it was 5 ms. The N1m latency for vowels was 5.8 ms shorter (138.6 ±
523 3.3 ms) than that for words (144.4 ± 3.9 ms, p b 0.001) and 9.4 ms
524 shorter than that for sentences (148.0 ± 3.7 ms, p b 0.001; see
525 Fig. 4). TheN1m latencywas 3.6ms shorter forwords than for sentences
526 (p b 0.05).
527 The P2m latencies were delayed even more than the N1m latencies
528 as a result of speech degradation: In the anterior channels, the latencies
529 were prolonged by 13.9 ms for vowels, 43.2 ms for words, and 43.5 ms
530 for sentences. In the medial channels, the corresponding delay was
531 45.4 ms for words and 36.6 ms for sentences. In the posterior channels,
532 the P2m responses to the distortedwords peaked 34.0ms later than the
533 responses elicited by the undistorted words. The P2m latency was
534 38.0 ms shorter for vowels (211.9 ± 7.7 ms) than for words (249.9 ±
535 8.9 ms, p b 0.001), and it was 32.8 ms shorter for vowels than for
536 sentences (244.7±7.8ms, p b 0.001). The differences in the peak laten-
537 cy of the transient responses elicited by words and sentences were not
538 significant.

539 Source locations
540 The source locations of the N1m and P2m responses were modeled
541 with a single ECD at their respective peak latencies in each hemisphere.
542 The average goodness-of-fit values were 90%. There was no difference
543 between the source locations of the N1m responses elicited by the
544 first and the second presentations of the distorted vowels in the anteri-
545 or–posterior direction (mean y = 11.1 ± 2.3 mm). In comparison, the
546 source of the N1m elicited by the undistorted vowels (y = 6.6 ±
547 2.1 mm) was 4.5 mm posterior to the N1m source for the distorted
548 vowels (F(2,24) = 4.2, p b 0.05). In the case of word stimulation, the
549 source of the P2m response to the undistorted stimuli was shifted
550 9.9 mm in the inferior direction compared to the source of the response

551to the distorted counterparts of the stimuli (distorted:mean z=59.2±
5521.9 mm, undistorted: z = 49.3 ± 3.5 mm; F(2,8) = 5.9, p b 0.05). The
553source location of the P2m elicited by vowels was dependent on condi-
554tion (i.e. first distorted, undistorted, second distorted) and hemisphere
555(F(1,9)=6.5, ε=0.6, p b 0.05): In the right hemisphere, the second pre-
556sentation of the distorted vowels elicited a more medial P2m response
557(x = 41.5 ± 4.3 mm) than the undistorted vowels (x = 54.6 ±
5582.1 mm, p b 0.001) and the first presentation of the distorted vowels
559(x = 50.4 ± 1.9 mm, p b 0.05), but this medial shift was not observed
560in the left hemisphere. In general, the source locations of the N1m re-
561sponses for vowels and sentences were more anterior in the right
562(vowels: y = 15.0 ± 2.2 mm; sentences: y = 5.2 ± 1.7 mm) than in
563the left hemisphere (vowels: y = 4.1 ± 2.5 mm, F(1,12) = 15.2,
564p b 0.01; sentences: y = −2.8 ± 2.8 mm, F(1,8) = 9.6, p b 0.05).

565Mean currents
566A number of brain regions exhibited sensitivity to the intelligibility
567of speech during the N1m time range (see Fig. 5). In the left-
568hemispheric TTG + STG, SMG, STS, insula, and PSC, cortical activity in-
569creased from 2.2–4.4 pA/m elicited by the first presentation of the
570distorted vowels to 3.8–7.9 pA/m elicited by the presentation of the un-
571distorted vowels and to 3.0–6.2 pA/m elicited by the second presenta-
572tion of the distorted vowels. A comparable intelligibility effect was
573also found in the right-hemispheric TTG + STG, STS and insula. In
574these brain areas, the second presentation of the distorted vowels
575(4.4–7.9 pA/m) yielded on average 1.4 pA/m stronger currents than
576the first presentation of the same vowels (3.5–6.2 pA/m; see Fig. 5 for
577statistical results). For sentences, the left-hemispheric insula showed
578sensitivity to speech intelligibility, with the unintelligible sentences
579resulting in 1.0 pA/m weaker currents (1st distorted: 3.3 pA/m) than
580the intelligible ones (2nd distorted: 4.3 pA/m, undistorted: 4.1 pA/m).
581In the left-hemispheric POp, speech degradation decreased the mean
582currents from 5.0 pA/m elicited by the presentation of the undistorted
583vowels to 2.3 pA/m and 3.0 pA/m elicited by the first and the second
584presentations of the distorted vowels, respectively. For words, a corre-
585sponding effect was found in the left-hemispheric STS where brain ac-
586tivity decreased from 6.5 pA/m to 4.9 pA/m (1st distorted) and
5874.4 pA/m (2nd distorted) as a result of speech degradation. As illustrat-
588ed in Fig. 4, the mean currents during the N1m time range were on av-
589erage 1.5 pA/m stronger for vowels (5.1–7.3 pA/m) than for words
590(3.3–5.1 pA/m) and sentences (3.7–5.7 pA/m) in the TTG + STG, SMG,
591STS and insula, whereas the responses to words were of equal magni-
592tude to those elicited by sentences.
593During the P2m time range, speech degradation affected cortical ac-
594tivity in the auditory cortex and surrounding areas. In the left hemi-
595sphere, the TTG + STG, SMG, STS and insula showed sensitivity to
596acoustic degradation in that speech degradation decreased the mean
597currents from 4.1–5.0 pA/m to 2.1–3.3 pA/m for vowels and from
5985.0–7.2 pA/m to 3.8–5.3 pA/m for sentences (currents for 1st and 2nd
599distorted presentations averaged). With word stimuli, sensitivity to
600speech degradation was found in the left-hemispheric TTG + STG and
601insula where the mean currents decreased from 4.2–5.9 pA/m to
6023.1–4.7 pA/m. In the right hemisphere, cortical activity decreased from
6033.8–4.1 pA/m to 2.9–3.3 pA/m as a result of vowel degradation in the
604STS and SMG. In the case of words and sentences, the right hemisphere
605showed no sensitivity to speech degradation. As illustrated in Fig. 4, the
606mean currents increased from 2.8–3.8 pA/m to 3.7–5.1 pA/m (on aver-
607age 1.1 pA/m)when responses to vowels were contrasted to those elic-
608ited by sentences in the TTG + STG, SMG, and STS.

609Sustained fields

610Amplitudes
611Themean amplitude of the sustained field was on average 3.7 fT/cm
612stronger for the distorted (16.5–18.6 fT/cm) than for the undistorted
613words (12.9–14.3 fT/cm) in the sensorimotor, occipitotemporal and

t1:1Q1 Table 1
t1:2 The N1m and P2m latencies in three different conditions. Distortion of the stimuli delayed
t1:3 the responses bilaterally. The results for vowels, words and sentences were computed
t1:4 using separate ANOVAs with different number of subjects. The responses for the medial
t1:5 channels were additionally analyzed in the same ANOVA. However, no interaction be-
t1:6 tween complexity and degradationwas found in this analysis. Themain effect of complex-
t1:7 ity is shown in Fig. 4.

t1:8 F df1 df2 p 1st distorted Undistorted 2nd
distorted

t1:9 N1m latency
t1:10 Anterior
t1:11 Vowels 8.3 2 28 b0.01 145.8 ± 2.2 139.8 ± 2.8 148.1 ± 2.2
t1:12 Words 7.2 2 24 b0.01 149.9 ± 2.9 141.4 ± 2.9 151.1 ± 3.7
t1:13 Sentences 9.3 2 14 b0.01 157.8 ± 2.5 144.7 ± 3.3 155.7 ± 3.8
t1:14 Medial
t1:15 Vowels 11.5 2 30 b0.001 137.3 ± 2.8 132.7 ± 2.4 140.5 ± 2.3
t1:16 Words 3.3 2 24 b0.06 146.2 ± 4.1 138.9 ± 2.8 145.9 ± 3.7
t1:17 Posterior 2
t1:18 Vowels 3.6 2 24 b0.05 138.5 ± 2.9 134.9 ± 4.2 141.3 ± 3.0
t1:19
t1:20 P2m latency
t1:21 Anterior
t1:22 Vowels 4.4 2 28 b0.05 230.3 ± 5.6 216.8 ± 5.7 231.0 ± 4.4
t1:23 Words 21.9 2 24 b0.001 263.9 ± 7.1 220.6 ± 5.8 263.7 ± 7.3
t1:24 Sentences 13.7 2 20 b0.001 250.6 ± 9.2 213.4 ± 5.4 263.3 ± 10.0
t1:25 Medial
t1:26 Words 16.4 2 26 b0.001 264.8 ± 10.4 217.4 ± 5.4 261.0 ± 9.7
t1:27 Sentences 5.8 2 20 b0.05 251.5 ± 10.4 220.6 ± 7.4 263.0 ± 12.3
t1:28 Posterior
t1:29 Words 4.2 2 14 b0.05 245.1 ± 11.9 212.9 ± 8.9 248.7 ± 15.7
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Fig. 5. Regions of interest (ROIs) affected by speech degradation and intelligibility during theN1mand P2m time ranges. The results for vowels, words and sentenceswere computed using
separate ANOVAswith different number of subjects. The interactions between condition and complexity as well as themain effect of complexitywere studied by conducting an additional
analysis where the responses to vowels, words and sentences were included in the same ANOVA table. This analysis was restricted to a subset of four ROIs (TTG + STG, SMG, STS and
insula) that showed the highest SNR for sentences on the basis of the dSPM estimates. However, no interaction between complexity and condition was found in this analysis. See Fig. 4
for themain effects of complexity. F and p values describe interactions between condition (i.e. 1st distorted, undistorted, 2nd distorted) and hemisphere. Abbreviations for the ROIs: trans-
verse temporal gyrus and superior temporal gyrus (TTG + STG), superior temporal sulcus (STS), supramarginal gyrus (SMG), pars opercularis of the inferior frontal gyrus (POp) and
precentral sulcus (PCS). Error bars indicate SEM.

8 M. Hakonen et al. / NeuroImage xxx (2015) xxx–xxx

Please cite this article as: Hakonen, M., et al., Previous exposure to intact speech increases intelligibility of its digitally degraded counterpart as a
function of stimulus complexity, NeuroImage (2015), http://dx.doi.org/10.1016/j.neuroimage.2015.10.029

http://dx.doi.org/10.1016/j.neuroimage.2015.10.029


U
N
C
O

R
R
E
C
T
E
D
 P

R
O

O
F

614 parietal areas (see Fig. 6). Further, the mean amplitudes were equally
615 strong for the first and the second presentations of the distorted
616 words. Words elicited on average 2.3 fT/cm stronger sustained fields
617 (10.5–31.2 fT/cm) compared to sentences (9.3–27.9 fT/cm) in all but
618 the frontal area. In the temporal, occipitotemporal and parietal areas,
619 this effect was due to the stronger sustained fields for the distorted
620 words (16.5–32.5 fT/cm) when compared to the sustained field elicited
621 by the distorted sentences (11.8–27.3 fT/cm). In the sensorimotor area,
622 the first presentation of the distorted words resulted in a 3.1 fT/cm
623 stronger sustained field (17.1 fT/cm) compared to that elicited by the
624 first presentation of the distorted sentences (14.0 fT/cm).

625 Mean currents
626 The mean currents during the sustained field for words were sensi-
627 tive to speech degradation in the SMG and STS, with the first and the
628 second presentations of the distorted stimuli resulting in 2.7 pA/m
629 stronger responses (8.5–11.4 pA/m) compared to the responses elicited
630 by the undistorted stimuli (6.2–8.2 pA/m). In the TTG + STG,
631 the distorted words elicited 2.5 pA/m stronger mean current than the
632 undistorted words (7.4 pA/m) only at their second presentation
633 (9.9 pA/m). The results are summarized in Fig. 6.

634 Discussion

635 We studied how speech comprehension is modified by varying the
636 level of intelligibility (i.e. by using acoustically distorted andundistorted
637 stimuli) and stimulus complexity (i.e. by using isolated vowel sounds,
638 words, and sentences). In both the behavioral and MEG experiments,
639 the subject was first presented with a set of the distorted stimuli, then
640 with the undistorted (intact) version of the same set, and finally the
641 set of distorted stimuli was presented once more. We were particularly
642 interested in comparing the responses to the two instances of the
643 distorted stimulus sets which were acoustically identical. While the

644intelligibility of the undistorted stimuli was 99%, the overall intelligibil-
645ity of the distorted speech sounds increased from 26% at the first pre-
646sentation to 46% at the second. Thus, only a single intervening
647exposure to an intact (undistorted) version of the stimulus was suffi-
648cient to render the originally incomprehensible (distorted) speech
649sounds comprehensible to the subjects. Interestingly, we also found
650that intelligibility increased considerably as a function of stimulus com-
651plexity, indicating the importance of both word- and sentence-level in-
652formation to speech comprehension under adverse acoustic conditions.
653Speech intelligibility was reflected in cortical activity already at laten-
654cies of 130–160 ms, suggesting that top-down modulations from
655higher-order cortical areas take place very rapidly. Speech complexity
656correlated with cortical activity at latencies of 200–270 ms.

657Effects of top-down information and stimulus complexity on behaviorally
658measured speech intelligibility

659The distorted stimuli were difficult to understand at their first pre-
660sentation (average intelligibility across the three complexity levels:
66126%), but after an intervening presentation of the same stimuli in the
662undistorted, intelligible form (99%), the comprehensibility of the
663distorted stimuli increased considerably (46%). This result corroborates
664the findings of our recent attempt on this particular issue (Tiitinen et al.,
6652012) and that of Hannemann et al. (2007) who found that hearing
666low-resolution, initially unintelligible nouns in intact form renders
667themmore likely to be perceived as intelligible in a consecutive test se-
668quence. It is unlikely that these perceptual changes resulted from the re-
669peated presentation of the distorted stimuli since there was a gap of
670several minutes (10 min for vowels, 4 min for words, and 11 min for
671sentences) between the distorted presentations. Therefore, it is improb-
672able that the subject could have been drawing on any echoic or short-
673term memory resources in this case. This conclusion is supported by
674the results obtained in the MEG measurements: stimulus repetition

Fig. 6. The effect of stimulus degradation and stimulus complexity on the sustained fields elicited bywords and sentences. Speech degradation increased the amplitudes of sustainedfields
forwords in all but frontal and occipital areas. This degradation-related response enhancementwas evident also in themean currents computed in the ROI analysis. F and p values describe
interactions between condition (i.e. 1st distorted, undistorted, 2nd distorted) and complexity. The sustainedfields are averages over the time range of 400–560ms. Error bars indicate SEM.
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675 within a time window of seconds usually leads to diminished brain re-
676 sponses, that is, to an opposite pattern to the one observed in this
677 study. As also the contaminating effects of acoustic variation in the stim-
678 ulation can be ruled out as an explanation for the performance enhance-
679 ment in these experimental paradigms, it appears that only a single
680 encounterwith the intact stimulus significantly facilitates the identifica-
681 tion of its distorted counterpart, probably by activating (Diamond and
682 Rozin, 1984; Dorfman, 1994; Forster et al., 1990) and/or modifying
683 (Morton, 1979) corresponding preexisting memory representations or
684 by creating new memory traces (for a review, see Bodner and Masson,
685 2014). This kind of effect of a stimulus on the response to a later
686 stimulus is referred to as priming (Tulving and Schacter, 1990), and it
687 has typically been examined in word-stem completion (WSC) tests
688 (Tulving et al., 1982). In WSC tests, the subject is first presented with
689 a list of words, and after a delay (typically from several minutes to
690 several hours) he/she is given word stems that have multiple possible
691 completions. Priming occurs when the subject completes the stem
692 more often according to words that had been presented to him/her
693 earlier than according to words that were not presented previously.
694 Priming effects have been reported for different types of stimuli,
695 including pseudowords (Bowers, 1996), familiar and unfamiliar objects
696 (Diamond, 1990), and visual patterns (Ahissar and Hochstein, 2004;
697 Tallon-Baudry et al., 1997). Our results parallel these findings by sug-
698 gesting that perception relies not only on incoming sensory information
699 but also on facilitativememory-related cognitive processes. Further, this
700 top-down support can produce dramatic and rapid changes to the per-
701 cept when the eliciting stimulus is under extreme forms of distortion
702 and when not enough bottom-up acoustic cues are available to achieve
703 comprehension.
704 The distorted vowels were difficult to understand (27%), both before
705 and after the presentation of their undistorted and intelligible counter-
706 parts. In contrast, the initially challenging words (19%) became consid-
707 erably more comprehensible (45%) following the presentation of the
708 undistorted words. This effect was even more pronounced for the
709 distorted sentences whose intelligibility increased from 31% to 65%.
710 Thus, the comprehension of the distorted speech stimuli appears to be-
711 comeeasier themore complex the signal is. The increase of intelligibility
712 for 48 sentences in this studywas 15 percentage points smaller than the
713 increase achieved with 120 sentences in our previous study (Tiitinen
714 et al., 2012). One possible reason for this is that the sentence set in
715 our previous study was constructed from only seven starting words,
716 three sentence stubs, and four ending words, whereas in the recent
717 study each sentence was unique. Thus, it seems that decreasing the in-
718 formation content of the stimulus set and repeating the same words
719 and sentence stubs increases the priming effect, making the sentences
720 easier to recognize in their distorted form.
721 The current datamerely suggests that the retrieval on bottom-up in-
722 formation from degraded speech is enhanced by memory-driven top-
723 down processes and, at least if low-frequency information is still
724 present in the signal, this effect increases as a function of stimulus com-
725 plexity. However, it remains unclear which particular aspects of com-
726 plexity the increase in intelligibility relies on. A possible explanation
727 would be syntactic (Miller and Isard, 1963), semantic (Boothroyd and
728 Nittrouer, 1988; Bradlow and Alexander, 2007; Kalikow et al., 1977;
729 Obleser et al., 2007; Smiljanic and Sladen, 2013; Valentini-Botinhao
730 and Wester, 2014), and lexical influences (McClelland et al., 2006)
731 that have shown to exert contextual influences over speech decoding
732 and intelligibility. Our observations coupled with these previous ones
733 support many of the current psycholinguistic theories, such as the
734 TRACEmodel (McClelland and Elman, 1986) and the distributed coher-
735 ent model (Marslen-Wilson, 1987), according to which the mapping of
736 sensory input to stored speech representations occurs in a cascading
737 manner as the speech stream evolves, and the number of possible lexi-
738 cal candidates is gradually reduced until recognition is achieved. This is
739 nicely demonstrated in our experiment: speech intelligibility increases
740 as information accumulates when vowels evolve into words, and

741words into sentences. Another aspect of speech complexity that may
742have increased intelligibility is the temporal envelope of speech (i.e.
743the acoustic power at a given time in a given frequency range; Peelle
744and Davis, 2012). This contains cues for speech parsing on both the syl-
745labic and phrasal levels (for reviewers, see Golumbic et al., 2012; Peelle
746and Davis, 2012). These low-frequency fluctuationswere still present in
747the degraded signals of the current study, although distorted by their
748harmonic frequencies. Replacing the signal waveform with rectangular
749pulses in the USQ procedure clearly decreases the envelope information
750but retains distinguishable “bursts” of energy. Since these bursts indi-
751cate distinct syllables (Golumbic et al., 2012), they may have supported
752parsing the signal into syllable-size packages, thereby increasing the in-
753telligibility of words and sentences. Thus, it may be that less top-down
754facilitation was required to render words and sentences intelligible
755compared to vowels and, consequently, the intelligibility increased as
756a function of stimulus complexity after priming.
757The novelty of the experimental paradigm used here also points to
758several issues that would need further clarification. First, the contribu-
759tion of different aspects of speech complexity on intelligibility could
760further be evaluated by studying whether a similar increase in intelligi-
761bility can be achieved with other forms of distorted speech or with syn-
762tactically violated sentences and syntactically correct meaningless
763sentences. Second, it would be interesting to see whether the human
764brain can dynamically tune the perceptual system to optimally process
765degraded speech so that the repetition of distorted stimuli in itself in-
766creases their intelligibility even without the intervening presentation
767of their undistorted counterparts. However, it is unlikely that, in this
768study, perceptual learning occurring during the first presentation of
769the degraded stimuli would have resulted in such a dramatic increase
770in intelligibility at the second presentation of the degraded stimuli.
771This is supported by the results of Hannemann et al. (2007) who
772found increase in the identification accuracy and changes in the related
773brain responses only for distorted stimuli that had also been presented
774in undistorted form, but not for stimuli presented only in distorted form.
775An interesting question also is how the number of stimuli and the delay
776between the distorted and undistorted presentations affect intelligibili-
777ty and behavioral performances. Assuming that the memory system
778probed with the current paradigm has a capacity limitation, increasing
779the number of sentences and/or the intervening interval should at
780some point lead to decreased performance.

781Neural correlates of speech intelligibility

782In the current study, a number of cortical areas exhibited activation
783during the N1m time range that could be associated with speech intel-
784ligibility: the mean currents elicited by the distorted stimuli upon
785their second presentation increased on average 34% as a result of the ex-
786posure to their undistorted counterparts. In the case of vowel stimula-
787tion, these areas included the transverse temporal gyrus (TTG) and
788the superior temporal gyrus (STG; posterior STG in the left hemisphere;
789STG and TTG studied within the same ROI), as well as the superior tem-
790poral sulcus (STS; posterior STS in the left hemisphere), the posterior
791insula, the left-hemispheric anterior supramarginal gyrus (SMG) and
792the left-hemispheric inferior postcentral sulcus (PSC). A corresponding
793effect was absent for words, and it was restricted to the posterior insula
794for sentences. This poverty of effects in the case of words and sentences
795was probably due to these stimuli eliciting overall much weaker re-
796sponses, resulting in a decreased signal-to-noise ratio (SNR) compared
797to the case when vowels were used as stimuli.
798The more prominent N1m responses for the distorted signals upon
799their second presentation suggests that speech processing is guided,
800or at least modified, by auditory long-termmemory representations al-
801ready at very early processing stages, even in conditions where incom-
802ing sounds are processed without attentional demands (given the
803passive recording condition). Tentatively, thismay be explained by a fil-
804tering mechanism wherein the receptive fields of neurons are re-
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805 shaped at hierarchically multiple levels to “filter” certain features from
806 noise (Jääskeläinen et al., 2007). Probably, the enhanced N1m reflects
807 sensitivity to speech sounds, as suggested by studies that have docu-
808 mented a stronger N1m amplitude and/or a shorter N1m latency for
809 speech sounds compared to non-speech sounds (for a review, see
810 Salmelin, 2007). Because an enhancement of the N1(m) has also been
811 reported when, for example, listeners are familiar with speech (Ylinen
812 andHuotilainen, 2007), animal (Kirmse et al., 2009) andmusical instru-
813 ment sounds (Pantev et al., 2001), itmay alternatively be that the stron-
814 ger N1m reflects enhanced processing of behaviorally relevant sounds
815 in general.
816 The robust intelligibility effects observed in the behavioral experi-
817 ment lacked prominent correlates in terms of neuronal activity in time
818 ranges after the N1m. One reason for this might be that the resolution
819 of MEG may not be suitable for measuring intelligibility-related brain
820 activitywhen it spreads from the temporal cortex to other brain regions.
821 Indeed, there is evidence that anterior and frontal brain sources may be
822 too distant to be reliably picked up by MEG sensors, especially, if the
823 subjects lean against the back wall of the measurement helmet
824 (Marinkovic et al., 2004). Given that recent fMRI studies have found
825 strong evidence for cortical activity associatedwith speech intelligibility
826 (for a review, see Peelle et al., 2010), an obvious future extension of this
827 study would be to use a modified version of the current experimental
828 setup in an fMRI experiment.

829 Neural correlates of sound degradation

830 Acoustic degradation increased the right-hemispheric N1m ampli-
831 tude for vowels by 36% on average and delayed bilaterally the latencies
832 of both the N1m (by 6 ms for vowels, 8 ms for words, and 12 ms for
833 sentences) and the P2m response (by 14 ms for vowels and by 40 ms
834 for words and sentences) for all complexity levels. Evidence for cortical
835 activations being sensitive to acoustic features during the N1mand P2m
836 responses was also found in the ROI analysis. During the N1m time
837 range, the mean currents associated with vowel processing were atten-
838 uated 47% by stimulus distortion in the left-hemispheric POp. During
839 the P2m time range, speech degradation decreased left-hemispheric
840 cortical activity, on average, by 41% for vowels and 25% for sentences
841 in the TTG and in posterior parts of the STG (studied within the same
842 ROI), the STS and the insula, as well as in the anterior SMG. For words,
843 speech degradation decreased the mean currents by 25% in the TTG,
844 posterior parts of the STG (studied within the same ROI) and the insula.
845 In the right hemisphere, this attenuation effect was present only for
846 vowels and remained restricted to the STS and the anterior SMG
847 where the mean currents were 20% weaker for the distorted vowels.
848 The right-hemispheric increase of the amplitude of the N1m to the
849 distorted vowels is in line with the results of previous studies using
850 vowels and employing the same distortion method based on amplitude
851 quantization as used here (Liikkanen et al., 2007; Miettinen et al., 2010,
852 2012). These studies suggested that the amplitude increase is related to
853 a generation of new prominent frequency components by the non-
854 linear process utilized in the sound degradation. These additional har-
855 monics possibly activate a larger number of neurons involved in the
856 pitch extraction process. However, in the current study, acoustic degra-
857 dation of words and sentences was not reflected in the N1m and P2m
858 amplitudes, whereas in our previous study (Tiitinen et al., 2012), the
859 amplitudes increased bilaterally for degraded sentences. A possible rea-
860 son for this is that the responses were stronger in our previous study
861 (amplitudes: N1m: 43–64 fT/cm vs. 20–24 fT/cm; P2m: 22–34 fT/cm
862 vs. 17–18 fT/cm), and therefore also the SNR has likely been higher.
863 Probably, the shorter offset-to-onset interstimulus interval (ISI; 1 s vs.
864 4 s) used in this study caused stronger adaptation or tuning of the
865 auditory system to the temporal statistical structure of speech attenuat-
866 ing the responses. These issues are discussed more in the Neural
867 correlates of speech complexity section .Q7 Another reason for differences
868 may be that the stimulus sets were not the same and thus not

869acoustically identical. The frequency range of the distorted stimuli also
870was different in these two studies because in this study the stimuli
871were additionally downsampled before the USQ procedure, and there-
872fore frequencies higher than 2.2 kHz were filtered out to avoid aliasing.
873Thus, the responses to the distorted stimuli may have been weaker be-
874cause smaller number of neurons have been responding to the distorted
875stimuli with narrower frequency band.Moreover, our previous and cur-
876rent studies estimated the amplitudes and mean currents using differ-
877ent gradiometers and ROIs which has likely affected on the results.
878The cortical activity during the sustained field elicited by words
879showed sensitivity to speech degradation in that both the first and the
880second presentations of the distorted stimuli resulted in stronger re-
881sponses compared to the activity elicited by the intact stimuli. In the
882gradiometer analysis, this effect was observed in the occipitotemporal,
883parietal, and sensorimotor areas (on average, 28% strongermean ampli-
884tudes for the distorted words), and in the ROI analysis, it was observed
885in the SMG and STS (on average, 37% stronger mean currents for the
886distortedwords). This increased activity for the distortedwords is in ac-
887cord with our previous study which found the same effect for sentence-
888induced activity in the auditory cortex aswell as in central inferior pari-
889etal and posterior superior temporal areas (Tiitinen et al., 2012).

890Neural correlates of speech complexity

891The N1m amplitudes were on average 54% stronger for vowels than
892for words and sentences. This result was confirmed by ROI analyses in
893the TTG and the posterior STG (studied within the same ROI), as well
894as in the anterior SMG, the posterior STS and the posterior insula,
895where words and sentences elicited, on average, 32% weaker currents
896than vowels. Also, the latency of the N1m seemed to reflect stimulus
897complexity, with vowels resulting in the shortest latency and sentences
898in the longest (with an average delay of 9 ms). In contrast, while the
899P2m amplitude was insensitive to speech complexity, the mean current
900during the P2m time range was, on average, 25% stronger for sentences
901than for vowels in all of the four studied ROIs covering the TTG, the pos-
902terior STG, the inferior SMG and the posterior STS. Also, vowels resulted
903in a peak latency of the P2m which was some 35 ms earlier than that
904associated with words and sentences. Further, the mean amplitude of
905the sustained field was on average 15% stronger when elicited by
906words than when elicited by sentences in temporal, sensorimotor,
907occipitotemporal, occipital, and parietal areas (i.e. in all the studied
908areas but the frontal area).
909Themodulations of the N1m and P2m associatedwith stimulus com-
910plexity tentatively suggest that continuous speech is processed different-
911ly than isolated vowels in the auditory cortex during the first few
912hundredmilliseconds. Specifically, our results point to a possible context
913effect, whereby the response to a vowel sound (be it isolated or the ini-
914tial sound of a word or sentence) seems to be modulated by the com-
915plexity and/or the sound duration of the preceding stimulus material.
916A related finding has been made in a recent EEG study by Lanting et al.
917(2013) who found the N1–P2 response to a probe tone to be reduced
918as a function of the duration of the preceding adapter tone. However, it
919is unclear to what extent this kind of adaptation due to stimulus repeti-
920tion was occurring in the current experiment where the various stimuli
921in the word and sentence sets, while certainly overlapping in spectral
922content, were nonetheless not identical to one another. Moreover, in
923the study by Lanting et al., the amplitude of the P2 response to pure
924tones was shown to decrease with the duration of the adapter whereas
925in our study, the mean currents during the P2m time range were, inter-
926estingly, stronger for vowel presentation than for sentence presentation.
927An alternative explanation could be that the modulations of the N1m
928and P2m reflect inherent tuning of the auditory system to the temporal
929statistical structure of speech. Indeed, there is evidence of a systematic
930relationship between the phase of neural signals and the phase of the
931temporal envelope of speech that might arise from a tendency of neural
932systems to utilize rhythmic regularities of speech to form predictions
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933 about upcoming events (for reviews, see Golumbic et al., 2012; Peelle
934 and Davis, 2012). The divergent characteristics of the N1m and the
935 P2m responses associated with speech complexity may reflect their dif-
936 ferent neural origins and functional significances, a conclusion which is
937 supported by recent EEG studies (Crowley and Colrain, 2004; Lanting
938 et al., 2013; Ross and Tremblay, 2009; Tremblay et al., 2014). The differ-
939 ences between the transient responses elicited by vowels and to those
940 elicited by words and sentences may also to some extent be related to
941 the acoustic structure of the stimuli. The words in the word set were
942 acoustically identical with the initial words of the sentences in the sen-
943 tence set. In contrast, the acoustic structure of the isolated vowels slight-
944 ly deviated from the acoustic structure of the initial vowels of the words
945 and the sentences. First, the isolated vowels were 200 ms in duration
946 whereas the duration of the initial vowels varied (i.e., due to the pres-
947 ence of both single and double vowels). Second, the onsets and offsets
948 of the vowels were smoothed with a shorter (ramp length 5 ms) Hann
949 window than the words and sentences (ramp length 10 ms). However,
950 it is unlikely that this difference in the window length can alone explain
951 the variations of brain activity as a function of stimulus complexity. For
952 example, sentences that were acoustically identical with words also re-
953 sulted in delayed N1m responses and diminished sustained fields com-
954 pared to words.

955 Conclusions

956 The present findings suggest that the human ability to understand
957 speech even under acoustically compromised conditions relies on
958 memory-related top-down processes correlating the degraded auditory
959 information with long-termmemory traces for speech. Already a single
960 exposure to intelligible, undistorted speech stimuli was shown to be
961 sufficient to render their initially unintelligible, acoustically distorted
962 counterparts intelligible, thus reflecting rapid neuroplasticity. Our
963 results demonstrate that this increase in intelligibility depends on the
964 complexity of the speech stimulus: the more complex the stimulus,
965 the easier it is to recognize. This result is in linewith the currentmodels
966 of speech perception suggesting that smaller linguistic units are
967 encoded as part of a longer temporal unit, and intelligibility is achieved
968 by integrating information over time. At the neural level, speech intelli-
969 gibility was reflected by increased brain activity in the auditory cortex
970 and surrounding areas for distorted speech stimuli after the exposure
971 to their intact counterparts at latencies of 130–160 ms. Thus, top-
972 down information would seem to modify the processing of speech sig-
973 nals already at very early cortical stages of speech comprehension.
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