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■ Our surrounding auditory environment has a dramatic influ-

ence on the development of basic auditory and cognitive skills,
but little is known about how it influences the recovery of these
skills after neural damage. Here, we studied the long-term effects
of daily music and speech listening on auditory sensory memory
after middle cerebral artery (MCA) stroke. In the acute recovery
phase, 60 patients who had middle cerebral artery stroke were
randomly assigned to a music listening group, an audio book listening group, or a control group. Auditory sensory memory, as
indexed by the magnetic MMN (MMNm) response to changes
in sound frequency and duration, was measured 1 week (baseline), 3 months, and 6 months after the stroke with whole-head
magnetoencephalography recordings. Fifty-four patients com-

INTRODUCTION
Our everyday acoustic environment is filled with sounds
coming from multiple sources and containing overlapping
acoustic properties. For the brain, making sense of this
chaotic environment is a highly complex task requiring encoding, storing, and monitoring vast amounts of auditory
information. Auditory sensory (echoic) memory is an accurate memory representation of the auditory environment
that lasts for several seconds and represents one of the
first steps in gating incoming auditory information to the
memory system (Cowan, 1988). It is vital for speech comprehension and working memory tasks where relevant auditory information needs to be accessed over a period of
a few seconds ( Jääskeläinen, Ahveninen, Belliveau, Raij, &
Sams, 2007). Functioning of the auditory sensory memory is
indexed by a change-specific ERP component called MMN
(Kujala, Tervaniemi, & Schröger, 2007; Näätänen, Paavilainen,
Rinne, & Alho, 2007). MMN is an early response to a violation of an auditory regularity, such as an infrequent change
in the acoustical feature of a repetitive sound, typically
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pleted the study. Results showed that the amplitude of the frequency MMNm increased significantly more in both music and
audio book groups than in the control group during the 6-month
poststroke period. In contrast, the duration MMNm amplitude increased more in the audio book group than in the other groups.
Moreover, changes in the frequency MMNm amplitude correlated significantly with the behavioral improvement of verbal
memory and focused attention induced by music listening. These
findings demonstrate that merely listening to music and speech
after neural damage can induce long-term plastic changes in early
sensory processing, which, in turn, may facilitate the recovery of
higher cognitive functions. The neural mechanisms potentially
underlying this effect are discussed. ■

peaking about 100–200 msec from the onset of the violation. MMN is elicited even when the subject is not attending
to the stimuli (Näätänen, 1991; Alho, Sams, Paavilainen,
Reinikainen, & Näätänen, 1989), corresponds well to behavioral sound discrimination accuracy (Novitski, Tervaniemi,
Huotilainen, & Näätänen, 2004; Amenedo & Escera, 2000;
Jaramillo, Paavilainen, & Näätänen, 2000; Tiitinen, May,
Reinikainen, & Näätänen, 1994), and has good test–retest
reliability (Tervaniemi et al., 1999, 2005). Thus, it is well
suited for studying early auditory processing in clinical patient groups such as stroke patients (e.g., Ilvonen et al.,
2003; Csépe, Osman-Sági, Molnár, & Gósy, 2001; Deouell,
Bentin, & Soroker, 2000).
Environmental stimuli play an important role in shaping
our brain. Evidence from animal studies indicates that an
enriched environment can induce plastic changes ranging
from biochemical parameters to dendritic arborization,
gliogenesis, neurogenesis, and improved learning (van
Praag, Kempermann, & Gage, 2000). In the auditory domain, frequent exposure to complex sounds, such as
music, not only increases evoked potentials (Engineer
et al., 2004) and gating (Percaccio et al., 2005) in the auditory cortex (AC) but can also enhance learning, memory,
and neuronal plasticity in the animal brain (Angelucci,
Fiore, et al., 2007; Angelucci, Ricci, Padua, Sabino, &
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Abstract

METHODS
Subjects and Procedure
Subjects (n = 60) were stroke patients recruited between
March 2004 and May 2006 from the Department of Neurology of the Helsinki University Central Hospital (HUCH).
All subjects had been admitted to the hospital for treatment of an acute ischemic MCA stroke in the left or right
temporal, frontal, parietal, or subcortical brain regions.
The following additional inclusion criteria were also used:
no prior neurological or psychiatric disease; no drug or alcohol abuse; no hearing deficit; right-handed; ≤75 years
old; Finnish speaking; and able to cooperate. The patients
were randomly assigned to one of three groups (n = 20 in
each): a music group, an audio book group, or a control
group. Randomization was performed with a random
number generator by a researcher not involved in the patient enrollment. The study was approved by the HUCH
Ethics Committee, and all patients signed an informed

consent. All patients received standard treatment for
stroke in terms of medical care and rehabilitation. All
patients underwent an MEG measurement and neuropsychological testing 1 week (baseline), 3 months, and
6 months after the stroke. In addition, the stroke diagnosis
and the location and size of the lesion were evaluated from
magnetic resonance images (MRI) taken within 2 weeks of
stroke onset and 6 months poststroke with the 1.5-T Siemens
Vision scanner of the HUCH Department of Radiology (for
details, see Särkämö et al., 2008).
Of the 60 subjects originally recruited into the study,
55 completed the study up to the 3-month follow-up and
54 up to the 6-month follow-up (for group sample sizes,
see Table 1). As reported previously (Särkämö et al.,
2008, see Tables 1 and 2), there were no statistically significant differences between the music, the audio book, and
the control groups in demographical variables (age, gender, education level, music/radio listening or reading prior
to stroke), clinical variables (time from stroke; motor deficit severity; presence of aphasia or visual neglect; lesion
laterality, location, and overall size; antidepressant medication), mood, or performance on neuropsychological tests
at baseline.
Interventions
As soon as possible after hospitalization (3–21 days; mean =
8.6 days), all patients were contacted by a music therapist
who interviewed them about their prestroke leisure activities and hobbies, such as music listening and reading, and
informed them about the group allocation. In the music
group, the therapist provided the patients with portable
CD players and CDs of their own favorite music in any musical genre. Similarly, the therapist provided the audio
book group with portable cassette players and narrated
audio books on cassette selected by the patients from a
collection of the Finnish Celia library for the visually impaired (http://www.celia.fi). The control group was not
given any listening material. Patients in the music and
audio book groups were trained in using the players and
were instructed to listen to the material by themselves daily
(minimum 1 hour per day) for the following 2 months while
Table 1. Group Sample Sizes at Follow-ups
LHD

RHD

Total

Group

3m

6m

3m

6m

3m

6m

Music

10

9

9

9

19

18

Audio book

8

8

11

11

19

19

Control

8

8

9

9

17

17

26

25

29

29

55

54

Total

Dropouts were due to a false diagnosis (1), new stroke (1), dementia
(1), refusal (2), and death (1). LHD = left hemisphere damage; RHD =
right hemisphere damage; 3 m = 3-month poststroke stage; 6 m =
6-month poststroke stage.

Särkämö et al.

2717

Downloaded from http://direct.mit.edu/jocn/article-pdf/22/12/2716/1770730/jocn.2009.21376.pdf by guest on 22 June 2021

Tonali, 2007; Nichols et al., 2007; Xu, Cai, Xu, Zhang, &
Sun, 2007; Chikahisa et al., 2006; Kim et al., 2006). Similarly, multimodal sensory stimulation, which includes also
sound stimuli, has been shown to reduce lesion volume
and to improve cognitive and motor recovery after brain
injury in rats (Maegele, Lippert-Gruener, Ester-Bode,
Garbe, et al., 2005; Maegele, Lippert-Gruener, Ester-Bode,
Sauerland, et al., 2005). Collectively, this evidence from animal studies indicates that an enriched sound environment
may enhance brain plasticity at multiple levels, influencing
both auditory functions and more general learning and
memory mechanisms. In humans, the potential therapeutic effect of complex auditory stimuli, such as music and
speech, on recovery from neural damage has, however,
been largely unexplored.
Previously, we performed a single-blind, randomized,
and controlled study to test whether daily music and audio
book listening during the early recovery phase after middle cerebral artery (MCA) stroke could improve cognitive
recovery and mood. Using an extensive neuropsychological test battery and mood questionnaires, we found that
music listening improved verbal memory and focused attention recovery more than audio book listening or nonlistening and also prevented depressed and confused mood
more than non-listening (Särkämö et al., 2008). The aim of
the present magnetoencephalographic (MEG) study was
to extend this research into the auditory domain by testing
whether music and audio book listening could also influence auditory sensory memory, as indexed by the magnetic MMN (MMNm) response. Moreover, because the
patient sample was the same as in our previous behavioral
study, we were also interested in finding out whether there
is a relationship between the changes in MMNm and the
improved cognitive recovery induced by music, suggesting that enhancement of early sensory processing might
facilitate the recovery of higher cognitive functions.

Table 2. MMNm Amplitudes (nAm) 1 Week Poststroke
Music Group
Deviant

Hemisphere

Frequency

Duration

Audio Book Group

Control Group

LHD (n = 10)

RHD (n = 9)

LHD (n = 8)

RHD (n = 11)

LHD (n = 8)

RHD (n = 9)

Left

2.6 (1.3)

3.7 (2.1)

2.0 (0.9)

2.9 (2.5)

2.9 (2.4)

2.3 (1.0)

Right

2.5 (1.2)

1.8 (1.0)

2.7 (2.0)

3.5 (2.8)

3.5 (2.2)

2.4 (1.3)

Left

6.1 (3.6)

6.2 (4.7)

4.2 (3.2)

5.9 (3.8)

5.0 (2.9)

5.7 (3.4)

Right

8.5 (5.1)

5.3 (3.2)

8.1 (5.8)

5.1 (4.6)

6.5 (2.2)

5.9 (3.9)

Data shown as mean (SD).

MEG Measurements
MEG was recorded in a magnetically shielded room
(Euroshield Ltd., Eura, Finland) at the BioMag laboratory
(HUCH) with a 306-channel whole-head magnetometer
(Elekta Neuromag Oy, Helsinki, Finland), which has 102
three-sensor units, each comprising two gradiometers
and a magnetometer. The position of the subjectʼs head
relative to the sensors was determined by measuring the
magnetic field produced by four marker coils attached to
the scalp (Ahlfors & Ilmoniemi, 1989). The locations of
the coils in relation to cardinal points on the head were
determined with a 3-D digitizer (Polhemus Navigation
Sciences, Colchester, VT ).
2718
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During the experiment, the subjects were lying in a bed
with their head inside a helmet-shaped instrument and
were instructed to avoid any unnecessary movements, to
ignore the sound stimuli, and to focus on watching a silent DVD (without subtitles) projected to the ceiling.
The subjects were presented with harmonically rich tones
that were delivered binaurally through plastic tubes and
earplugs at the intensity of approximately 80 dB sound
pressure level with a fixed 300-msec SOA (BrainStim software). The stimulus sequence consisted of standard tones
( p = .8; 500-, 1000-, and 1500-Hz frequency components;
75-msec duration, including 5-msec rise and fall times) and
deviant tones, which had either higher frequency ( p = .1;
575, 1150- and 1725-Hz frequency components) or shorter
duration ( p = .1; 25-msec duration). The tones were presented in random order, except that each deviant tone was
preceded by at least two standard tones. To control for
exogenous effects on the MMN, we also included two control blocks (referred to hereafter as control standards;
Kujala et al., 2007). In those, only the higher frequency
and the shorter duration tones, which served as deviants
in the oddball blocks, were presented at 100% probability.
On-line averaging of the MEG epochs (sampling rate
602 Hz, band-pass filtering 0.1–95 Hz) for the standard
and deviant stimuli started 150 msec before and ended
350 msec after stimulus presentation. Epochs with MEG
or EOG (recorded with electrodes placed above and below
the left eye and lateral to the eyes) deflections exceeding
3000 fT/cm or 150 μV, respectively, were discarded from
averaging. Recording was continued until approximately
100 accepted artifact-free trials for each deviant type were
collected, which took about 10–15 min.

MEG Data Analysis
Data processing was performed blind to the group allocation of the patient. For data visualization, the averaged responses to the standard and deviant tones were first
digitally filtered (band-pass 1–20 Hz) and baselinecorrected (time interval −50 to 0 msec before stimulus
onset) and then, to adjust for head position variability between the measurement sessions, spatially corrected using
the MaxFilter™ software (Elekta Neuromag, Helsinki,
Finland). MMNm responses to changes in frequency and
Volume 22, Number 12
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still in the hospital or at home. During this time, the music
therapist kept close weekly contact with the patients to encourage listening and to provide more material and practical aid. After that, the patients could continue listening to
the material on their own. Patient participation was verified
from listening diaries, which the music and audio book
groups kept during the intervention period, and from questionnaires on leisure activities, including music and audio
book listening, which all patients filled after the intervention period and at the 6-month follow-up. In addition, emotional responses and preference to music and speech
material were assessed by the therapist before the intervention using a short listening experiment (for details, see
Särkämö et al., 2008).
As reported previously (Särkämö et al., 2008), results of
the short listening experiment showed that the emotional
response to and preference for music and speech material
were comparable between the music and the audio book
groups at baseline. Furthermore, the three groups received similar amounts of rehabilitation (physical therapy,
occupational therapy, speech therapy, and neuropsychological rehabilitation) in public health care during the
6-month follow-up period (see Table 3 of Särkämö et al.,
2008). In contrast, results of the leisure activity questionnaires showed that the music group listened to music
tapes more than the audio book and control groups,
whereas the audio book group listened to audio books
more than the music and control groups during the
6-month follow-up period. These results attest that the
study protocol worked well.

ware, which allows you to select the range of patches by
hand that you want to include in the ROI. This procedure
was carefully performed in the same way each time, and
the analyses were done by a single person (author T.S.)
who was blinded to the group allocation of the patients.
Naturally, the selection of the ROI was always guided by
the knowledge where the MMN response is typically generated in the normal brain (Molholm, Martinez, Ritter,
Javitt, & Foxe, 2005; Opitz, Rinne, Mecklinger, von Cramon,
& Schröger, 2002; Rinne, Alho, Ilmoniemi, Virtanen, &
Näätänen, 2000; Levänen, Ahonen, Hari, McEvoy, & Sams,
1996; Alho, 1995; Giard, Perrin, Pernier, & Bouchet, 1990).
Thus, the ROIs that we used were primarily located in the
temporal lobe, extending in some cases also frontally or
parietally. MMNm latency was determined from the peak
of the response. MMNm amplitude was determined as
the mean amplitude within a 50-msec time window centered at the peak of the response.
Neuropsychological Testing
An extensive neuropsychological testing battery was used
to evaluate cognitive recovery of the patients during the
6-month follow-up period (for details, see Särkämö et al.,
2008). For the purpose of the present analyses, we included
data from the verbal memory and focused attention domains
because they were the only cognitive domains where significant improvement induced by the intervention was observed
(Särkämö et al., 2008). Verbal memory was assessed using
the story recall and word list learning tasks, and focused
attention was assessed using the mental subtraction and
Stroop subtests from the CogniSpeed© software.
Statistical Analyses
For the baseline (1 week poststroke) MMNm data, onetailed t tests were conducted to determine whether the
MMNm mean amplitudes differed significantly from zero.
Group differences in baseline MMNm amplitudes and latencies were analyzed using two-way ANOVAs with Group
(music, audio book, and control) and Lesion Laterality (left
and right) as factors. Because the MMNm source was modeled separately for each hemisphere, separate ANOVAs
were performed for left and right hemisphere MMNm responses. Changes in the MMNm amplitudes and latencies
during recovery were analyzed using mixed-model
ANOVAs with Time (1 week, 3 months, and 6 months) as
a within-subjects factor and Group and Lesion Laterality as
the between-subjects factors. The Greenhouse–Geisser
epsilon was used to correct for sphericity. Significant differences across measurement sessions for the three groups
were analyzed using tests of simple main effects with
Bonferroni correction for multiple comparisons. In addition, post hoc tests (least significant difference [LSD])
were performed on change scores from the baseline to
the 3-month stage and from the baseline to the 6-month
stage. Also, the relationship between MMNm recovery
Särkämö et al.
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duration (referred to hereafter as frequency MMNm and
duration MMNm, respectively) were determined by subtracting the averaged responses to the control standard
tones from the averaged responses to the deviant tones.
By this arrangement, the subtraction procedure involves
two acoustically identical sounds, which have been presented in different contexts (as standards and as deviants).
Therefore, any difference in the brain activity they elicit
can be attributed to memory-based processing and not
to exogenous processes (see Kujala et al., 2007).
Source modeling of the MMNm responses was performed from the subtraction curves by using the minimum
current estimation (MCE) method (Elekta Neuromag,
Finland), which is based on minimum L1-norm estimates
(Uutela, Hämäläinen, & Somersalo, 1999). MCE can be
used without explicit information about the source location and can represent several local or distributed sources.
In contrast, equivalent current dipole (ECD) models are
guided by an a priori assumption that the signals measured
in MEG are generated by a small number of focal sources
that are known. Although this assumption may hold true
for basic auditory responses in the normal brain, it may not
be the case in a patient sample like ours where the majority
(73%) of patients had cerebral damage extending to the temporal lobe. When first analyzing the baseline data, we found
that the traditional ECD analysis was not able to reliably model the relatively small responses. Although spatially less accurate than the ECD, we found that the MCE could provide an
overall measure of the strength of the MMNm response in
both damaged and healthy hemispheres at different stages
of recovery. Thus, we calculated the MCEs separately
for each individual subject at each measurement session
(1 week, 3 months, and 6 months poststroke). Averaged
responses were first preprocessed by filtering with a 20-Hz
low-pass digital filter and applying a prestimulus baseline
(50 msec before stimulus onset) and a detrend baseline
(300–350 msec from the stimulus onset) to eliminate the effects of noise. A spherical head model was used in calculating
MCE solutions, which were then projected onto an averaged brain surface. The origin of this model was determined
individually for each subject on the basis of a 3-D set of
T1-weighted anatomical MRIs by fitting a sphere to the
curvature of the outer surface of the brain.
After calculating the MCE, we identified the source of
the MMNm in each hemisphere by selecting an ROI that
produced the strongest response that was within the time
window of 100–300 msec from tone onset and followed
the vertical (“downward”) dipolar orientation typical
of the MMNm (Alho, 1995). However, we found that using
the same ROI for each patient did not work because of the
variability in lesion locations and individual recovery patterns of the MMNm. Our solution to this dilemma was to
choose the ROI individually for each patient at each measurement sessions so that it always produced the highest
amplitude response within the hemisphere (for a case example, see Figure 1A). The selection of the ROI was done
using the graphical interface of the Neuromag MCE soft-

and cognitive recovery was studied using Pearson and
Spearman (for nonparametric variables) correlation coefficients (one-tailed). All statistical analyses were performed
using SPSS (version 15.0). The level of statistical significance was set at p < .05.

RESULTS
MMNm Responses at the 1-Week Poststroke Stage
At the 1-week poststroke (baseline) stage, both frequency
and duration deviants elicited MMNm responses that
2720

Journal of Cognitive Neuroscience

Downloaded from http://direct.mit.edu/jocn/article-pdf/22/12/2716/1770730/jocn.2009.21376.pdf by guest on 22 June 2021

Figure 1. Frequency MMNm
at different stages of stroke
recovery. (A) A case example
illustrating the typical recovery
of the frequency MMNm.
Changes in the strength of the
MMNm in the left and right
hemispheres are shown with
subtraction curves from
individual MEG channels over
the temporal lobes and with
source modeling performed
using the MCE method. MRI
images show the location of
the lesion (white area) as well
as the center (triangles) and
the extent (ellipsoids) of the
ROI used in the MCE analysis at
the 1-week (black), 3-month
(red), and 6-month (blue)
poststroke stage. (B) Group
results of the amplitude of the
frequency MMNm source in the
left and right hemispheres.
Data (mean ± SEM ) are shown
separately for LHD and RHD
patients. *p < .05, **p < .01,
***p < .005 Time main effect
in a mixed-model ANOVA.
MG = Music group;
AG = Audio book group;
CG = Control group.

peaked around 150 msec. Across all patients, the MMNn
mean amplitudes (Table 1) differed significantly from
zero in both ipsilesional and contralesional hemispheres,
t(10) = 10.3–11.5, p < .0001, but were generally smaller in
the lesioned hemisphere. Two-way ANOVAs with Group
(music, audio book, and control) and Lesion Laterality
(left and right) as factors showed no significant main effects of Group, F(2, 49) = 0.03–1.08, p = .31–.97, or Lesion
Laterality, F(1, 49) = 0.02–3.62, p = .06–.88, or significant
Group × Lesion Laterality interactions, F(2, 49) = 0.11–
2.55, p = .09–.9, for the frequency MMNm or duration
Volume 22, Number 12

MMNm amplitudes or latencies. This confirms that the music, the audio book, and the control groups were comparable in MMNm parameters before the intervention.
Change in the Frequency MMNm during Recovery

Change in the Duration MMNm during Recovery
For the duration MMNm amplitude (Figure 2), there
were no significant main effects of Time or Time × Group
interactions. However, a significant Time × Group ×
Lesion Laterality interaction was observed in the right
hemisphere, F(4, 96) = 5.79, p = .0003. No significant
effects were observed for the latency of the duration MMN.
Separate mixed-model ANOVAs for the left-hemispheredamaged (LHD) and the right-hemisphere-damaged
(RHD) patients revealed a significant Time × Group interaction for the right hemisphere duration MMNm amplitude only in RHD patients, F(4, 52) = 4.16, p = .005.
Within the RHD patients, the Time main effect was significant in the audio book group, F(2, 20) = 6.71, p = .006, but
not in the music, F(2, 16) = 2.60, p = .11, and control, F(2,
16) = 1.18, p = .33, groups. Post hoc (Bonferroni) tests
indicated that the MMNm amplitude increment in the
audio book group was significant from the 1-week to the
6-month stage ( p = .033). Also, post hoc (LSD) tests of
the change scores confirmed that within the RHD patients,
the right hemisphere duration MMNm amplitude increased
significantly more in the audio book group than in the
control group ( p = .006) and also marginally more in

Figure 2. Group results of the duration MMNm amplitude at different
stages of stroke recovery. Data (mean ± SEM ) are shown separately
for LHD and RHD patients. *p < .05, **p < .01, ***p < .005 Time
main effect in a mixed-model ANOVA.

the audio book group than in the music group ( p =
.054) during the 6-month recovery period. Thus, audio
book listening during recovery selectively enhanced auditory sensory memory in the duration domain but only in
RHD patients.

Correspondence between Cognitive
and Sensory Recovery
To determine if the enhancement of the MMNm was related to the improved cognitive recovery induced by the
intervention, we performed correlation analyses of the
change scores of the MMNm amplitudes and neuropsychological tests from the 1-week to the 6-month stage. Because our previous findings (Särkämö et al., 2008) showed
that the recovery of verbal memory and focused attention
was better in the music group than in the audio book or
control groups, we included only tests measuring these
two domains in the correlation analyses. Similarly, only
changes in the right hemisphere frequency MMNm amplitude were included because they were found to be
greater in the music group than that in the control group.
Although we also observed increased duration MMNm amplitudes in the audio book group, we did not correlate
them to cognitive measures because the audio book and
the control groups did not differ in their cognitive recovery
(Särkämö et al., 2008).
Across all patients (n = 54), the increment of the right
hemisphere frequency MMNm correlated significantly
with improved performance on the delayed story recall (Pearson r = .35, p = .005) and mental subtraction
(Spearman r = .51, p = .0002) tasks. To test if these relationships were due to the intervention, we performed the
same correlation analyses separately for the music (n = 18),
audio book (n = 19), and control groups (n = 17). As
illustrated in Figure 3, the increased MMNm responses
correlated with the recovery of immediate story recall in
Särkämö et al.
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For the amplitude of the frequency MMNm (Figure 1), a
mixed-model ANOVA with Time (1 week, 3 months, and
6 months), Group, and Lesion Laterality as factors showed
significant main effects of Time in both the left, F(2, 96) =
4.26, p = .017, and the right hemisphere, F(2, 96) = 9.22,
p = .0002, and a significant Time × Group interaction in
the right hemisphere, F(4, 96) = 2.72, p = .034. No significant main or interaction effects were observed for the latency of the frequency MMNm. Separate within-group
analyses for the right hemisphere frequency MMNm amplitude showed that the main effect of time was significant
in the music, F(2, 34) = 5.81, p = .007, and audio book,
F(1.4, 25.2) = 8.74, p = .003, groups but not in the control
group, F(2, 32) = 0.25, p = .78. Post hoc (Bonferroni) tests
indicated that the MMNm amplitude increased significantly from the 1-week to the 6-month stage in both music ( p = .008) and audio book ( p = .027) groups. Also
post hoc tests (LSD) of the change scores verified that
the right hemisphere frequency MMNm amplitude increased significantly more in the music group ( p = .047)
and in the audio book group ( p = .049) than in the control
group during the 6-month recovery period but the music
and the audio book did not differ from each other ( p = .96).
Thus, both music and audio book listening enhanced auditory sensory memory in the frequency domain during
recovery.

DISCUSSION
According to the present findings, daily music or audio
book listening after an MCA stroke can improve auditory
sensory memory, as indexed by changes in the MMNm response measured with MEG during the 6-month poststroke

period. Specifically, both patients who listened to music
and patients who listened to audio books showed greater
enhancement of the frequency MMNm amplitude in the
right hemisphere as compared with patients who received
no listening material. Because the music, the audio book,
and the control groups were comparable before the intervention with respect to clinical and demographical variables
(Särkämö et al., 2008) and MMNm parameters and they all
also received equal amounts of other rehabilitation during
the follow-up period (Särkämö et al., 2008), the enhancement of the MMNm can be reliably attributed to frequent
exposure to music and audio books.
But what does the enhancement of the MMN response
mean? Evidence from recent studies of healthy normal
subjects and various clinical patient groups suggests that
there is a robust relationship between early sensory processing and cognitive and psychosocial functioning (Light,
Swerdlow, & Braff, 2007; Light & Braff, 2005). The MMN
has been shown to correlate with behavioral performance
on tasks of working memory, verbal learning, and executive
performance in schizophrenia (Toyomaki et al., 2008; Kiang
et al., 2007; Kawabuko et al., 2006; Baldeweg, Klugman,
Gruzelier, & Hirsch, 2004), alcoholism (Ahveninen et al.,

Figure 3. Correlations between the recovery of the right-hemisphere frequency MMNm, verbal memory, and focused attention during the 6-month
poststroke period. Scatterplots of the change scores (6-month poststroke score minus 1-week poststroke score) are shown for the music group
(n = 18, circles), the audio book group (n = 19, squares), and the control group (n = 17, diamonds) and for the LHD (filled) and RHD (unfilled)
patients. Interpolation lines are shown only for Pearson correlation coefficients.
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the audio book group (Pearson r = .41, p = .043) and with
the recovery of delayed story recall and mental subtraction
both in the music group (Pearson r = .46, p = .027 and
Spearman r = .61, p = .011, respectively) and in the audio
book group (Pearson r = .50, p = .015 and Spearman
r = .49, p = .021, respectively). In contrast, no significant
positive correlations were observed between these tests
and the MMNm in the control group (r = −.11 to .37,
p = .12–.41). In fact, there was one significant negative
correlation between changes in MMNm and word list learning in the control group (Pearson r = −.60, p = .006). Thus,
these results suggest that the enhancement of the frequency MMNm response is related to the recovery of memory and attention and that this relationship is mediated by
music and audio book listening.

from developmental animal studies also suggests that an
enriched acoustic environment, in which the animal is
frequently exposed to complex sounds, can improve both
auditory cortical functions (Percaccio et al., 2005; Engineer
et al., 2004) and nonauditory learning and memory
(Angelucci, Fiore, et al., 2007; Chikahisa et al., 2006; Kim
et al., 2006). Crucially, it can also increase neurogenesis
and neurotrophin production in the brain (Angelucci,
Fiore, et al., 2007; Angelucci, Ricci, et al., 2007; Chikahisa
et al., 2006; Kim et al., 2006), both of which are important
plasticity mechanisms also for stroke recovery in humans
(Schäbitz et al., 2007; Jin et al., 2006). Furthermore, because
listening to music (Flores-Gutiérrez et al., 2007; Brown,
Martinez, & Parsons, 2004; Janata, Tillmann, & Bharucha,
2002; Blood, Zatorre, Bermudez, & Evans, 1999) and narrated stories (Lindenberg & Scheef, 2007; Schmithorst,
Holland, & Plante, 2006; Tzourio-Mazoyer, Josse, Crivello,
& Mazoyer, 2004; Papathanassiou et al., 2000; Mazoyer
et al., 1993) activates a widespread network of temporal,
prefrontal, premotor, and parietal cortical areas that are
mainly supplied by the MCA, regular listening after an
MCA stroke could also promote recovery by stimulating
the peri-infarct and contralesional regions. These regions
typically show increased plasticity and susceptibility to environmental influence in the early recovery stage (Kreisel,
Bäzner, & Hennerici, 2006).
Another potential mechanism that could account for the
facilitating effect of music and speech on auditory sensory
memory is enhanced glutamatergic neurotransmission.
Glutamate is the primary excitatory amino transmitter in
the cortex that plays a critical role in learning and the initiation of long-term memory formation through its action at
N-methyl-D-aspartate (NMDA) receptors (Cotman, Monaghan,
& Ganong, 1988). Drug studies have demonstrated that
NMDA antagonists have a strong influence on MMN generation in mice (Ehrlichman, Maxwell, Majumdar, & Siegel,
2008), rats (Tikhonravov et al., 2008), monkeys ( Javitt,
Steinschneider, Schroeder, & Arezzo, 1996), and healthy
human subjects (Korostenskaja, Nikulin, Kičić, Nikulina,
& Kähkönen, 2007; Umbricht, Koller, Vollenweider, &
Schmid, 2002; Kreitschmann-Andremahr et al., 2001). Similarly, conditions like Alzheimerʼs disease, stroke, and
schizophrenia that are known to decrease the MMN
(Turetsky et al., 2007; Ilvonen et al., 2003; Pekkonen,
2000) are also accompanied by dysfunctions in the NMDA
receptor system. Interestingly, animal studies have recently shown that an enriched sound environment can enhance glutamate expression and receptor function in the
AC and the anterior cingulate (Nichols et al., 2007; Xu
et al., 2007), whereas auditory deprivation can decrease
NMDA receptor expression levels in the AC (Bi et al.,
2006). Because changes in glutamate transmission also
parallel the recovery from brain infarction (Centonze
et al., 2007; Keyvani & Schallert, 2002), glutamate may thus
be a crucial neural factor linking auditory stimulation,
changes in MMNm and memory, and stroke recovery observed in the present study.
Särkämö et al.
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1999), and multiple sclerosis (Santos et al., 2006) and on
speech production and comprehension in children (Mikkola
et al., 2007; Jansson-Verkasalo et al., 2004; Kujala et al., 2001)
and in aphasic patients (Pettigrew et al., 2005). Using a
longitudinal design, Ilvonen et al. (2003) also have shown
that changes in MMN correlate with the recovery of speech
comprehension in aphasic stroke patients. As a potential
mechanism underlying the relationship between MMN
and cognition, Light et al. (2007) have proposed that efficiency at early sensory processing, indexed by the MMN,
could free up cognitive resources for the successful encoding, retrieval, and discrimination of task-relevant information, which, in turn, could facilitate adaptive cognitive and
social functioning.
Given this close coupling of the MMNm and cognition, we
sought to determine if the enhancement of the frequency
MMNm was related to the improved recovery of verbal
memory and focused attention that we had observed in
the music group previously (Särkämö et al., 2008). We
found that the increment of the right hemisphere frequency MMNm correlated with behavioral improvement
in the story recall and mental subtraction tasks. The reason
why the MMN correlated with these tasks but not other
tasks of verbal memory and focused attention (word list
learning and delayed recall, Stroop) might be that story
recall and mental subtraction place heavier demands on
speech comprehension and working memory, which
are both closely related to auditory sensory memory
( Jääskeläinen et al., 2007). Notably, these positive correlations were observed both in the music group and in the
audio book groups but not in the control group, suggesting that the link observed between changes in the MMNm,
memory, and attention was mediated by an enriched auditory environment. Thus, it is possible that enhanced auditory sensory memory may be one potential mechanism
that could account for the positive effect of music on cognitive recovery. However, because both music and audio
book listening increased the MMNm and correlated with
cognitive recovery whereas only music listening actually
improved cognitive recovery (Särkämö et al., 2008), it is
plausible that also other more music-specific mechanisms,
such as improved arousal and mood, may underlie the better cognitive recovery induced by music. But what could
be the neural basis for the effect of music and speech on
auditory sensory memory?
One potential explanation is that frequent exposure
to complex auditory stimuli, such as music and speech,
could enhance the molecular and structural plasticity that
normally takes place in the recovering brain. Animal studies have demonstrated that an enriched recovery environment can improve motor and cognitive recovery and
induce many plastic changes, such as decreased infarct
volume and increased neurogenesis (Nithianantharajah
& Hannan, 2006; Johansson, 2004), especially if it contains
also multimodal sensory stimuli (Maegele, LippertGruener, Ester-Bode, Garbe, et al., 2005; Maegele, LippertGruener, Ester-Bode, Sauerland, et al., 2005). Evidence
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Interestingly, significant effects of listening on both
frequency MMNm and duration MMNm were observed
only in the right hemisphere. Because listening to music (Flores-Gutiérrez et al., 2007; Brown et al., 2004;
Janata et al., 2002; Blood et al., 1999) and narrated stories
(Lindenberg & Scheef, 2007; Schmithorst et al., 2006;
Tzourio-Mazoyer et al., 2004; Papathanassiou et al., 2000;
Mazoyer et al., 1993) activates the brain mostly bilaterally,
this is not likely due to differences in the stimulation of the
left and right hemispheres. Instead, it may be related to the
general observation that the MMN (or MMNm) response
to tones is typically stronger on the right hemisphere than
on the left hemisphere (Levänen et al., 1996; Paavilainen,
Alho, Reinikainen, Sams, & Näätänen, 1991; Giard et al.,
1990). There is also some evidence from functional neuroimaging (PET and fMRI) studies indicating that both duration and frequency discrimination may activate the
right hemisphere more than the left (Nenadic et al.,
2003; Griffiths, Johnsrude, Dean, & Green, 1999), especially when the stimuli are relatively easy to discriminate
(Reiterer et al., 2005) like the ones we used in the present
study (see Tervaniemi et al., 1999, 2005). Coupled with the
fact that the lesions of our patients were, on the average,
slightly larger in the right than that in the left hemisphere,
this could explain why significant listening-induced plasticity effects on the MMNm were seen only in the right hemisphere. Furthermore, we found that audio book listening
enhanced the right hemisphere duration MMNm in RHD
patients but not in LHD patients. This may be due to the
fact that the majority (69%) of LHD patients in the present
study had at least minor aphasia. Because aphasic patients
typically have difficulties in the comprehension of complex speech and also show diminished MMNm responses
especially to duration changes (Pettigrew et al., 2005;
Ilvonen et al., 2003), it is possible that they did not benefit
from the stimulation provided by the audio books like the
RHD patients, at least with regards to low-level temporal
auditory processing.
In conclusion, the results of the present study demonstrate, to our knowledge for the first time, that frequent
listening to music and audio books after neural damage
can enhance auditory sensory memory, as indexed by
changes in MMNm amplitude. Moreover, this enhanced
recovery of early sensory processing may be one crucial
neural mechanism underlying the positive effect of music on cognitive recovery (Särkämö et al., 2008). Clinically,
the results encourage the use of music in neurological
rehabilitation.
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In addition to these structural plasticity mechanisms,
also top–down mechanisms could play a role in mediating
the effect of music and audio book listening on auditory
sensory memory. Neuroimaging studies have shown that
the sources of the MMN to tones are mostly located bilaterally in the superior temporal gyrus and in the right frontal and parietal areas (Molholm et al., 2005; Opitz et al.,
2002; Rinne et al., 2000; Levänen et al., 1996). The sources
in the temporal areas might be involved in largely automatic processing of the changes on the acoustic properties
of the sound, whereas the sources on the frontal and parietal areas might reflect the switching of attention and thus
be more sensitive to attentional effects (Restuccia, Della
Marca, Marra, Rubino, & Valeriani, 2005). Consistent with
this, enhanced attention due to auditory training (Atienza,
Cantero, & Dominguez-Marin, 2002) or nonauditory mental training, such as concentrative meditation (Srinivasan &
Baijal, 2007), can increase the amplitude of the MMN. In
principle, it is thus possible that in the present study the
MMN could have been facilitated by concurrent recovery
of cognitive functions, especially attention. However, only
music listening was found to improve cognitive recovery
(Särkämö et al., 2008), whereas the MMN was enhanced
by both music and audio book listening. Moreover, the
beneficial effect of music on cognitive recovery could be
partly mediated by the affective dopaminergic system,
which, however, does not seem to play a significant role
in MMN generation (Garrido, Kilner, Stephan, & Friston,
2009). In addition, we recorded the MMNm in an entirely
passive task using MEG, which does not detect frontal
sources very well (Rinne et al., 2000). These facts suggest
that the observed correlation between increased MMNm
amplitude and cognitive recovery could be driven more
by bottom–up than top–down factors.
In addition to the effect of music and audio books on the
frequency MMNm, the audio book listeners also showed
larger gains in the duration MMNm in the damaged right
hemisphere than the other patient groups. However,
because there were no differences between the audio
book and the control groups in their cognitive recovery
(Särkämö et al., 2008), it seems that the effect of audio
book listening is limited to low-level temporal auditory
processing and may be language specific. Previous EEG
and MEG studies have shown that speakers of “quantity
languages” (e.g., Finnish, Japanese), where the duration
of phonemes is crucial for semantic speech perception,
have larger MMN responses to small duration differences
both in nonspeech (Tervaniemi et al., 2006) and in speech
sounds (Menning, Imaizumi, Zwitserlood, & Pantev, 2002)
than speakers of nonquantity languages (e.g., German).
Moreover, active training with temporally modified
speech can enhance speech discrimination ability in
healthy language learners (Menning et al., 2002) as well
as in language-learning impaired children (e.g., Tallal &
Gaab, 2006). Thus, it is possible that regular exposure to
the temporal acoustic cues that are embedded in speech
could lead to language-dependent plasticity also after stroke.
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