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The purpose of this study was to assess the temporal processing and speech perception abilities in older adults who were practicing
meditation for more than five years. Participants were comprised of three groups, 30 young adults (“YA”) in the age range of 20–30
years, 30 older adults in the age range of 50–65 years who practiced meditation for a period of five years or more (effective meditators
“EM”), and 51 age matched older adults who did not have any experience of meditation (non-meditators “NM”). Temporal
processing was evaluated using gap detection in noise, duration discrimination, modulation detection, and backward masking
and duration pattern tests. Speech perception was measured in presence of a four-talker babble at −5 dB signal to noise ratio and
with the vocoded stimuli. Results revealed that EM group performed significantly better than NM group in all psychophysical and
speech perception tasks except in gap detection task. In the gap detection task, two groups did not differ significantly. Furthermore,
EM group showed significantly better modulation detection thresholds compared to YA. Results of the study demonstrate that the
practice of meditation not only offsets the decline in temporal and speech processing abilities due to aging process but also improves
the ability to perceive the modulations compared to young adults.

1. Introduction
Auditory temporal processing is the perception of sound or
of the alteration of sound within a restricted or defined time
domain [1]. Speech stimuli and other background sounds are
dynamic in terms of both amplitude and frequency. Perception of this variation in amplitude and frequency is crucial
to understand speech in quiet and more so in background
noise [2]. Psychophysical evidence indicates deterioration
in a broad spectrum of auditory abilities as a result of
chronological aging [3]. Thus, the deterioration in temporal
processing may also be expected with the aging. Evidence for
deterioration of temporal processing with age predominantly
comes from studies on gap detection. Investigators have
shown increased gap detection thresholds in elderly population [4–7]. Some investigators have used simple tonal or noise
signals and reported age-related difficulties in detection of

gap [6, 8], whereas others have used more complex stimuli
or increased task demands and shown more pronounced
differences between younger and older listeners [9]. Additionally, older individuals are also shown to have difficulties
with auditory sequencing tasks that require discrimination or
recognition of temporal order of the stimulus within a serial
pattern [10–13].
Supporting evidence for the decline in temporal processing with the age also comes from speech perception studies
using complex and acoustically degraded speech stimulus. It
has been reported that older listeners experience increased
difficulty in understanding speech in noise (e.g., [14, 15]).
Presence of noise reduces the temporal variation of the
waveform by filling the valleys of the amplitude spectrum.
These amplitude variations in the temporal envelope of the
speech signal and periodicity have been shown to convey
important information about syllable and phrase boundaries,
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voicing, and consonant identification [16, 17]. Degradation of
temporal envelope may distort the speech signal and consequently reduce the speech understanding. Peripheral hearing
loss and cognitive decline which accompany aging will induce
additional difficulties in understanding speech. Furthermore,
it has also been suggested that older listeners are more
susceptible to the irrelevant or distractive stimuli because of
age-related changes in cognitive functioning, especially the
working memory capacity. Working memory is important for
auditory perceptions of both speech and nonspeech stimuli
[18]. Speech recognition decline associated with peripheral
hearing loss can be rehabilitated with amplification devices
that provide audibility of signals. Speech recognition declines
associated with poor temporal processing or poor cognitive
mechanism may not necessarily be helped by amplification.
Meditation practices have various health benefits including possibility of preserving cognition and preventing brain
aging. It has been shown that both the short-term and longterm meditation improves the attentional resources [19, 20].
Slagter et al. [19] reported that three months of intensive meditation training resulted in improvement in executive attentional network, as measured by attentional blink test. Tang et
al. [20] reported that even short-term meditation training for
5 days significantly improved the attention and reduced the
stress. Furthermore, meditation is also reported to improve
the other cognitive faculties such as working memory capacities and some executive functions. Physiologically it has
been shown that meditation affects the lipid profiles and
lowers the oxidative stress. This can reduce the age-related
neurodegeneration [21]. Neurophysiological lines evidence
suggest that meditation may potentially strengthen neuronal
circuits and enhance cognitive and/or sensory reserve capacity. Evidence to this claim comes from electroencephalogram
(EEG)/evoked potential (for review see [22]), structural [23],
and functional neuroimaging studies [24]. EEG studies have
demonstrated increase in alpha and theta power and decrease
in over all frequency distribution in some individuals when
meditating compared with the baseline EEG (for review see
[25]). Lazar et al. [23] reported increased thickness in cortical
areas associated with attention, introspection, and sensory
processing in meditation participants compared to those in
the matched controls. Increased thicknesses in the prefrontal
cortical areas were most pronounced in older participants
practicing meditation, suggesting that meditation might offset the age-related cortical thinning. Baron-Short et al. [26]
reported increased activation in brain regions associated with
attention such as dorsal lateral prefrontal cortex and anterior
cingulate cortex during meditation. Srinivasan and Baijal
[27] reported larger amplitudes of auditory evoked mismatch
negativity in individuals who practiced meditation compared
to those in the control group.
We hypothesized that, as suggested by behavioral and
physiological studies, if meditation results in reorganization
of neuronal circuitry and improves cognitive abilities such
as selective and executive attention and working memory
then this beneficial effect should be reflected in the auditory domain too. In this study, we evaluated the speech
recognition and temporal processing abilities of older adult
individuals who were practicing meditation for more than
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Table 1: Mean and standard deviations of MMSE scores.
Group
Young adults
Effective meditators
Nonmeditators

Mean
29.4
29.5
29.3

Standard deviation
0.81
0.76
0.86

five years. Results were compared with matched older adults
group and with young adults.

2. Method
2.1. Participants. A total of 111 participants participated in this
research. The participants were comprised of three groups,
30 young adults (hereafter called “YA”) in the age range
of 20–30 years (mean age: 20.2 years, 15 males), 30 older
adults in the age range of 50–65 years (mean age: 56.88
years, 20 males) who practiced meditation for a period of five
years or more (hereafter called “EM” (effective meditators)),
and 51 age matched older adults (mean age: 57.9 years,
40 males) who did not have any experience of meditation
(hear after called “NM” (nonmeditators)). All the members
of EM group had learnt the meditation from a qualified
teacher and were practicing “Sahaj Marg Meditation” (a raja
yoga system of spiritual training based on heart centered
system of meditation). All of them were practicing meditation
for at least two hours a day for a period of five years.
Participants in all the three groups had hearing thresholds
within 15 dB HL in the octave frequencies between 250 Hz
and 8 kHz. None of the participants reported any otologic
or neurological problems. All the participants were native
speakers of Kannada, a Dravidian language. Mini-Mental
Status Examination (MMSE) was administered on all the
participants to rule out any gross cognitive deficits. Table 1
shows the mean and standard deviation of MMSE scores.
MMSE scores were within normal limits for all three groups.
ANOVA did not show any significant effect on MMSE scores
(𝐹(2, 108) = 0.12, 𝑃 > 0.05). Table 2 shows the details of the
meditation practice by the EM group.
2.2. Stimulus and Procedure
2.2.1. Psychophysical Tests. All temporal processing tests
except for the duration pattern test were carried out using
“maximum likelihood procedure” tool box which implements
a maximum likelihood procedure in Matlab [28]. The maximum likelihood procedure employs a large number of candidate psychometric functions and after each trial calculates the
probability (or likelihood) of obtaining the listener’s response
to all of the stimuli that have been presented given each
psychometric function. The psychometric function yielding
the highest probability is used to determine the stimulus to be
presented on the next trial. Within about 12 trials, the maximum likelihood procedure usually converges on a reasonably
stable estimate of the most likely psychometric function,
which then can be used to estimate threshold [29, 30].
Stimuli were reproduced at 44, 100 Hz sampling rate. A twointerval alternate forced choice method using a “maximum
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Table 2: Details of the meditation practice by EM group.
Participants
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

Number of years of
meditation practice

Age at which meditation
practice was started

30
10
30
7
5
10
6
8
8
8
9
10
10
5
6
10
10
10
5
6
7
8
5
7
8
10
8
9
8
10

35
51
35
33
35
37
37
42
44
45
41
60
50
54
54
55
40
40
50
50
46
52
45
45
42
40
47
47
45
50

and a microphone (Quest 4180). The volume control of the
computer was adjusted to produce 80 SPL on the sound level
meter. Participants were given 3-4 practice trials before the
commencement of each test. All psychophysical tests were
carried out in a quiet room in 2-3 sessions with 5–10 minutes
of rest period between each session.
Gap Detection in White Noise. This was measured by asking
the participants to detect a temporal gap in the center of
750 ms band pass noise (400–1600 Hz). Duration of gap was
varied according to the listener performance using maximum
likelihood procedure. The noise had 0.5 ms cosine ramps at
the beginning and end of the gap. In two interval alternate
force choice tasks, the standard stimulus was always a 750 ms
broadband noise with no gap whereas the variable stimulus
contained the gap.
Duration Discrimination. In this, the minimum difference in
duration that was necessary to perceive the two otherwise
identical 1000 Hz pure tone was measured. Duration of the
standard stimuli was 250 ms. Duration of the variable stimuli
was changed according to subject’s response. In two intervals
of alternate forced choice procedure, subject’s task was to tell
which interval contained the longer duration signal.
Modulation Detection Thresholds. Temporal modulation
refers to a reoccurring change (e.g., frequency or amplitude)
in the signal over time. A 500 msec Gaussian noise was
sinusoidally amplitude modulated at 8 Hz, 20 Hz, 60 Hz,
and at 200 Hz modulation frequencies. The subject had to
detect the modulation and determine which interval had the
modulated noise. Modulated and unmodulated stimuli were
equated for total RMS power. Depth of the modulated signal
was varied according to participants response to track 80%
criterion level. Noises had two 10 msec raised cosine ramps at
onset and offset. The modulation detection thresholds were
expressed in dB using the following equation:
modulation detection thresholds in dB = 20 log10 𝑚, (1)
where 𝑚 = modulation detection threshold in percentage.

likelihood procedure” was employed to track an 80% correct
response criterion. During each trial, stimuli were presented
in each of two intervals: one interval contained a reference
stimulus, the other interval contained the variable stimulus.
The participant indicated after each trial which interval
contained the variable stimulus. This procedure was used in
all temporal processing tests except for the duration pattern
test. Stimuli for the latter test were generated using Audacity
software 1.3.5 (beta version 2008). In all of the psychophysical
tests, stimuli were presented binaurally at an intensity of
80 dB SPL. Stimuli were presented via a laptop computer
(Compaq Presario C700) connected to EAR-3A earphones.
Output of the earphones was calibrated at the beginning of
the experiment and regularly thereafter to produce 80 dB SPL
for a 1 kHz pure tone in a 2cc coupler. For this purpose, a
1 kHz pure tone was generated at the same rms level as the test
signal. Output of the earphone was routed to a 2cc coupler
which was connected to a sound level meter (Quest 1800)

Backward Masking. In this procedure, the masker followed
the signal with no time interval between two. A 20 ms, 1 kHz
pure tone (the signal) was presented immediately before (i.e.,
no silent gap) band pass noise of 300 ms (400–1600 Hz).
Both noise and tone had rise and fall time of 10 ms. The
participants’ task was to tell which interval had the tone.
Intensity of the pure tone was changed depending on subject’s
response to track the backward masked thresholds.
Duration Pattern Test. Duration pattern test was administered
in the manner described by Musiek et al. [31]. A 1000 Hz
pure tone was generated with two different durations (i.e.,
short 250 ms and long 500 ms). By combining these two
durations in a three-tone pattern, six different patterns were
generated (Short Short Long, Short Long Short, Long Long
Short, Long Short Short, Short Long Long, Long Short Long).
Participants were asked to repeat the order of tones verbally.
Following practice trails, the 30 test items were administered.
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Participants were asked to verbally repeat the responses. The
order of psychophysical tests was counterbalanced between
participants to avoid the order effect if any.
2.2.2. Speech Perception Tests
Speech Recognition with Multitalker Babble. Speech recognition was tested using custom made sentence material. Material consisted of 10 sentences, each containing 4-5 key words.
There were a total of 44 key words. A four-talker babble was
added to the sentences at −5 dB SNR using a custom written
Matlab code. The program first calculated the root mean
square amplitude of speech stimuli and then adjusted the root
mean square amplitude of babble to achieve desired signal
to noise ratio. These sentences were randomly presented
binaurally using a personal computer at an intensity of 70 dB
SPL. Output of the computer was calibrated in the beginning
of the experiment and then regularly in between as described
in the previous section. Participants were asked to repeat the
sentences. Subject’s responses were voice recorded for further
analysis. Each of the correctly repeated key words was given
a score of “1”, and the total number of correct responses
was calculated for individual participants. These scores were
arcsine-transferred for further analysis.
Speech Recognition with Vocoded Stimuli. Same sentences that
were used for speech recognition in multitalker babble were
used for measuring speech recognition with vocoded stimuli.
This kind of the degradation removes all the spectral content
from the speech, leaving only the temporal (envelope) cues,
and gives an estimate of individuals capability to understand
speech only with temporal cues. This represents the approximation of auditory stimulus received by cochlea implant
users. Envelopes of the sentences were extracted with the help
of frequency amplitude modulation encoding [32] algorithm.
Briefly, stimulus was first filtered into 16 logarithmically
spaced filters spanning a frequency range of 80–8000 Hz [33].
The band-limited signal was then decomposed by the Hilbert
transform into a slowly varying temporal envelope and a
relatively fast-varying fine structure. The number of bandlimited filters was chosen to avoid cochlear filtering with a
low number of filters and filter ringing with a high number of
filters [34]. The new stimuli with primarily temporal envelope
cue were created by modulating each filters’ center frequency
by slowly varying temporal envelope and then summing the
modulated subband signals. The procedure used for presentation of the stimuli and collection of responses was the same as
that used for speech recognition with multitalker babble. The
order of testing was counterbalanced between participants
to avoid order effects. Scoring and analysis procedure was
similar to speech recognition with multitalker babble.

3. Results
3.1. Psychophysical Tests. Figure 1 represents the means and
one-standard-deviation error bars of three participant groups
for gap detection thresholds, duration discrimination thresholds, backward masking thresholds, and duration pattern
scores. Figure 2 shows the temporal modulation transfer
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Table 3: 𝐹 values and degrees of freedom obtained on univariate
ANOVA.
Psychophysical test
Gap detection in noise
Duration discrimination thresholds
Modulation detection thresholds at
8 Hz
Modulation detection thresholds at
20 Hz
Modulation detection thresholds at
60 Hz
Modulation detection thresholds at
200 Hz
Backward masked thresholds
Duration pattern scores
∗∗

Degrees of freedom 𝐹 value
2, 110
2, 110

38.1∗∗
34.7∗∗

2, 110

20.03∗∗

2, 110

14.6∗∗

2, 110

50.4∗∗

2, 110

17.8∗∗

2, 110
2, 110

15.8∗∗
20.9∗∗

𝑃 < 0.01.

function for three groups along with one-standard-deviation
error bars. A multivariate analysis of variance (MANOVA)
was conducted to find significance of differences between
the means of psychophysical test scores among the three
groups. MANOVA revealed a significant main effect of
subject groups (𝐹(16, 202) = 18.721, 𝑃 < 0.01). Follow-up
univariate ANOVAs indicated that subject groups had a
significant effect on all the five psychophysical measures.
Table 3 shows the 𝐹 values and degrees of freedom of univariate ANOVAs. Bonferroni’s post hoc comparisons were done
to evaluate the effect of meditation and age on each psychophysical measure separately. The results of post hoc comparisons
were as follows.
(a) YA group performed significantly better than NM
group on all the temporal processing tests.
(b) EM group performed significantly better than NM
group on duration discrimination, duration pattern,
and backward masking measures.
(c) There was no significant difference between EM and
NM group in gap detection thresholds.
(d) EM group showed significantly better modulation
detection thresholds compared to both YA and NM
group.
These results in combination suggest that performance of
individuals who practice meditation was on par with that of
young adults.
3.2. Speech Perception Tests. The mean percent correct identification scores (and one standard deviation) in multitalker
babble and vocoded condition for three subject groups are
shown in Figure 3. Prior to conducting statistical analysis, the
percent correct scores were transformed using rationalized
arcsine transformation [35]. MANOVA showed significant
main effect of subject group on speech recognition scores
(𝐹(2, 108) = 140.317, 𝑃 < 0.00). Bonferroni’s post hoc
comparisons showed that NM group had significantly poorer
speech recognition scores compared to EM and YA groups
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for both speech in noise and vocoded sentences. YA and EM
groups did not differ in both conditions.
3.3. Relationship between Meditation and Auditory Measures.
To evaluate the relationship between meditation and auditory
measures, Pearson’s product moment correlation coefficients
were calculated with different auditory measures as dependent variables and years of meditation practice and age
at which meditation practice was started as independent
variables. Results failed to reveal any significant relationship
among auditory measures and meditation.

4. Discussion
The word “meditation” refers to practices that self-regulate
the body and mind, thereby affecting the mental events by
engaging a specific attentional set [25]. Sahaj Marg, meaning
“natural path” or “simple way,” is a system of practical training
in spirituality and meditation. It is in essence the traditional
practice of raja yoga (yoga of the mind), remodelled and simplified to help people achieve inner perfection or God realisation. Previous research has shown that meditation has several

Modulation detection thresholds (dB)

Figure 1: Mean and one-standard-deviation error bars of three participant groups for (a) gap detection thresholds, (b) backward masking
thresholds, (c) duration discrimination thresholds (d) duration pattern scores. EM: effective meditators; NM: nonmeditators; YA: young
adults.
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Figure 2: Temporal modulation transfer function in different
participant groups. Error bars depict one standard deviation of error.
EM: effective meditators; NM: non meditators; YA = young adults.

health benefits including possibility of preserving cognition
and preventing brain aging [21]. Much of the evidence for
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Figure 3: Speech perception scores (a) in presence of −5 dB SNR (b) with vocoded sentences three participant groups. Error bars depict one
standard deviation of error. EM: effective meditators; NM: non meditators; YA: young adults.

positive effects of meditation comes from electrophysiological and imaging studies of the nervous system. To our knowledge, perhaps this is the first study to use auditory behavioral
paradigm, specifically temporal and speech processing skills,
to investigate the changes owing to the practice of meditation.
Results of the present study indicate that temporal and speech
perception abilities of individuals who practice “Sahaj Marg
meditation” were superior compared to these of age matched
controls. It is also worth noting that elderly control group
(NM) performed significantly poorer temporal processing
and speech perception skills compared to young adults. These
results are consistent with the previous studies which have
shown decline in temporal processing and speech perception
abilities with the advancing age [7, 14]. We did not observe
any relationship between auditory measures and meditation
history. This is probably because other than 2 participants,
all had meditation experience between 5 and 10 years and
commenced meditation practices after the 3rd decade of life.
Lack of relationship between these two variables does not rule
out the cause and effect relationship between them. However,
it should be kept in mind that we did not control for the
musical skills or the music listening habits of the participants.
It has been shown that musicians have better auditory skills
when compared to nonmusicians [36] and this could have
influenced the results of the current study if a particular group
had more or less musicians than the other group.
Extracting acoustic cues involves separating (grouping)
and organizing the psychoacoustic cues over a period of time
[36]. This process is essential for understanding speech in
adverse listening condition. Extracting these cues from the
background noise draws attentional resources resulting in
shorter auditory memory span available for understanding
the speech [37]. Individuals with better attention and working
memory may spend less time in extracting the acoustic cues
in noisy conditions and may spend more time in rehearsal

and recall of the target word. Studies have reported reduced
working memory span in adverse listening condition [38]. It
is well documented that meditation improves the cognitive
functioning including working memory capacities and selective and executive attention [19, 20]. The same cognitive functions play a crucial role even in auditory perception also [39].
Lazar et al. [23] showed that cortical regions associated
with somatosensory, visual, and auditory processing were
thicker in individuals who practice meditation than those
of the age matched controls. The differences in the cortical thickness were most pronounced in older participants,
specifically in prefrontal regions, suggesting that meditation
might offset age-related cortical thinning. Hölzel et al. [40]
noted that meditation practices activated the rostral anterior cingulate gyrus and dorsal medial prefrontal cortex,
suggesting better attention regulation in individuals who
practice meditation. In accordance with these results, there
are some lines of evidence to show that meditators have
superior attentional performance especially to unexpected
stimuli compared to nonmeditators [41, 42]. Slagter et al.
[19] reported that three months of intensive meditation
training resulted in improvement in executive attentional
network, as measured by attentional blink test. Tang et al
[20] reported that even short-term meditation training for
5 days significantly improved the attention and reduced the
stress. Furthermore, certain biochemical differences have
been reported in individuals who practice meditation compared to nonmeditators [22].
Wong et al. [43] investigated the cortical mechanisms of
hearing in noise in elderly participants using fMRI technique.
They reported that elderly participants had poor speech
recognition abilities in noise (at −5 dB SNR) compared to
young adults. Elderly individuals showed less activation in
auditory areas (bilateral superior temporal gyrus) and more
activation in prefrontal and regions precuneus (working
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memory and attentional networks). Furthermore, the activation in the prefrontal and precuneus regions was positively correlated with behavioral performance in noise. These
results in combination suggest that elderly individuals require
more attention and working memory while listening to
speech in noise, and meditation prevents the age-related thinning of cortical areas associated with these functions. Prefrontal regions have also been indicated as a part of dynamic
network of cortical-subcortical regions associated with the
different components of temporal information processing
[44]. This slowing down of age related cortical thinning may
be one of the reasons for better performance of meditators on
speech and temporal processing tests. On modulation detection tasks, individuals who practice meditation performed
even better than young adults. These results show that practice of meditation not only offsets the decline in modulation
detection abilities due to aging process but also improves the
ability to perceive the modulations compared to young adults.
Recently, in a series of studies, Kraus and her colleagues
have demonstrated a number of beneficial effects of music
on auditory perception and cognition (e.g., [36, 45]). They
showed that musicians with experience of more than 10 years
of music practice had better speech in noise, auditory temporal processing, and auditory working memory skills. Results
of the present study indicate that meditation can also have
beneficial effects on auditory temporal processing and speech
perception in noise. These preliminary results suggest that
meditation can be one of the rehabilitative options to offset
the age-related decline in auditory and speech processing. It
may be one the adjunctive therapeutic techniques to augment
the benefits from amplification devices in elderly individuals
with hearing impairment. However, more systematic and
controlled investigation is required before clinically using
meditation as one of the rehabilitative techniques in elderly
hearing-impaired individuals.
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