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Abstract
Background/Aims: The missing fundamental phenomenon (MFP) is a universal pitch percep-
tion illusion that occurs in animals and humans. In this study, we aimed to determine wheth-
er the MFP is impaired in patients with Alzheimer’s disease (AD) using an auditory pitch per-
ception experiment. We further examined anatomical correlates of the MFP in patients with 
AD by measuring gray matter volume (GMV) on magnetic resonance images via voxel-based 
morphometric analysis. Methods: We prospectively enrolled 29 patients with AD and 20 
healthy older adults. Auditory stimuli included 12 melodies of Japanese nursery songs that 
were expected to be familiar to participants. We constructed the melodies using pure and 
missing fundamental tones (MFTs). Results: Patients with AD exhibited significantly poorer 
performance on the MFT task than healthy controls. MFT scores were positively correlated 
with GMV in the bilateral insula and temporal poles, left inferior frontal gyrus, right entorhinal 
cortex, and right cerebellum. Conclusions: These results suggest that impairments in the MFP 
represent a manifestation of the degeneration of auditory-related brain regions in AD. Further 
studies are required to more fully elucidate the neural mechanisms underlying auditory im-
pairments in patients with AD and related dementia disorders. © 2018 The Author(s) 
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Introduction

Speech, environmental, and musical sounds are complex acoustic signals whose pro- 
cessing is dependent on activity across different brain regions. Central auditory impairment 
is reportedly associated with mild memory dysfunction [1], and is considered a risk factor for 
all types of dementia [2, 3]. Impaired central auditory processing is highly prevalent in indi-
viduals with Alzheimer’s disease (AD) and in those with mild cognitive impairment [4]. 
Indeed, previous studies have reported that patients with AD respond poorly to speech 
sounds [5, 6] and exhibit decreases in the ability to parse sound sources in the auditory envi-
ronment (i.e., auditory scene analysis) [7, 8]. Additionally, patients with AD exhibit group-
level deficits in global pitch (melody contour) processing when attempting to assess musical 
patterns with dimensions of pitch and temporal information [9].

Most complex sounds such as speech, environmental sounds, and music consist of a 
fundamental tone and its overtones. Humans usually perceive the pitch as corresponding to 
the lowest tone (i.e., the fundamental tone) [10] (Fig. 1). However, in some cases, harmonic 
sounds form a missing fundamental complex that contains no spectral energy at the funda-
mental tone; nevertheless, they produce a pitch that matches the fundamental tone, a process 
referred to as the missing fundamental phenomenon (MFP). This universal pitch perception 
illusion occurs in animals [11–13], such as monkeys [14–16] and birds [17], as well as in 3- to 
4-month-old human infants [18–24], and was suggested as a perception model [25, 26].

MFP is often used to investigate the cognitive processes underlying pitch perception. 
Previous studies have revealed that temporal areas of the neocortex play a role in the MFP. 
Zatorre [27] compared 64 patients with unilateral temporal-lobe excisions and 18 healthy 
controls using an MFP pitch perception task. Participants who had undergone right temporal 
lobectomy involving excision of Heschl’s gyri committed significantly more errors than the 
healthy control group. These results suggest that Heschl’s gyrus and the surrounding cortex 
in the right cerebral hemisphere play a crucial role in extracting the pitch corresponding to 
the fundamental tone from a complex tone. Several studies pairing brain imaging with magne-
toencephalography (MEG) have reported that MFP processes occur in the auditory cortex in 
healthy participants [28–30], mainly at the transverse temporal and superior temporal gyri 
[31]. In addition, these processes were generally lateralized to the right cerebral hemisphere 
[32, 33].

Although hearing abnormalities are also observed in patients with AD [2, 3], the processes 
underlying these deficits remain poorly understood. We hypothesized that hearing abnor-
malities due to AD-related neurodegeneration affect pitch perception; therefore, patients 
with AD may not experience the MFP. To test this hypothesis, we conducted an auditory pitch 
perception experiment to assess the MFP in patients with AD. In addition, we aimed to identify 
possible anatomical correlates of the MFP in patients with AD by measuring gray matter 
volume (GMV) via voxel-based morphometric analysis of structural magnetic resonance 
images (MRIs) for each participant.

Materials and Methods

Participants
Our study followed the clinical guidelines of the Ethics Committee of Mie University 

Hospital in Japan, was approved by the institutional review board (2520), and adhered to 
the tenets of the Declaration of Helsinki. Following a thorough explanation of all proce-
dures, written informed consent was obtained from all participants or their caregivers. We 
prospectively enrolled 29 patients (AD group) who had consulted with the memory clinic 
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at our hospital between April 2015 and May 2016, and who fulfilled the following inclusion 
criteria: (1) diagnosis of probable AD based on criteria proposed by the Neurological and 
Communicative Disorders and Stroke-Alzheimer’s Disease and Related Disorders Associ-
ation (NINCDS-ADRDA) [34], (2) hearing ability and eyesight that did not interfere with 
activities of daily living (ADLs) or completion of neuropsychological assessments, (3) an 
Ascertain Dementia 8 (AD8) [35] score of 2 points or more, and (4) completion of neuro-
psychological and MRI assessments. Patients were excluded if they (1) declined neuropsy-
chological and MRI assessments, (2) were not diagnosed with AD, or (3) exhibited normal 
cognitive function.

We also recruited 20 healthy older adults (control group) from among the caregivers of 
patients with AD visiting our hospital during the same period. Inclusion criteria for healthy 
controls were as follows: (1) capable of independently completing ADLs; (2) absence of 
neurological symptoms, including progressive disturbance of memory, for the preceding 
several years; (3) absence of neuropsychological or psychiatric symptoms; (4) an AD8 [35] 
score of 1 point or less; and (5) hearing ability and eyesight that did not interfere with ADLs 
or completion of neuropsychological assessments.

Behavioral Experiment
For patients with AD, intellectual function was assessed using the Mini-Mental State 

Examination (MMSE) [36]. An assessment of constructional ability was conducted based on 
the method described by Strub and Black [37]. Participants were shown and then asked to 
draw a cube. Each drawing was assigned a score from 0 to 3 (0: poor; 1: fair; 2: good; or 3: 
excellent).

The auditory stimuli included 12 melodies of Japanese nursery songs expected to be 
familiar to Japanese older adults. We constructed the melodies using pure tones (PT) and 
missing fundamental tones (MFT) in MATLAB R2012a (MathWorks, Natick, MA, USA) (Fig. 2). 
The participants were presented with 12 PT melodies in the PT task and 12 MFT melodies in 
the MFT task. The tasks were presented in a random order. In these tasks, participants were 
asked what melody they heard and replied by either pointing to the figure of the correct song, 
singing the song, naming the title of the song, or reporting it as an unknown song or unrecog-
nizable melody. Accuracy rates for the PT and MFT tasks were regarded as the PT and MFT 
scores, respectively. When participants responded incorrectly, we were unable to determine 
whether they did not know the melody or whether MFP did not occur. Therefore, we also 
calculated the accuracy rate for the MFT task using only the melodies with correct responses 
in the PT task to derive the MFT/PT score.

Fig. 1. Missing fundamental on C 
65 (Hz), with harmonics. The Hz 
values are listed (divisible by fun-
damental tone 65).
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MR Image Analysis
T1-weighted MR images were obtained using a 3T MRI scanner (Achieva or Ingenia, 

Philips Medical System, Amsterdam, The Netherlands). The parameters for T1-weighted 
images were as follows: repetition time, 7.6 ms; echo time, 3.6 ms; flip angle, 8°; field of view, 
250 × 250 mm; in-plane resolution, 1.04 × 1.04 mm; and slice thickness, 0.7 mm.

MRI data were analyzed using SPM12 (Wellcome Trust Centre for Neuroimaging, 
University College London, UK) running on MATLAB R2012a (MathWorks). During pre-
processing, images were realigned to the anterior-posterior commissure line using an auto-
mated MATLAB script. Subsequently, the images were visually inspected to locate possible 
scan issues, such as field distortion and movement artifacts. Reoriented images were 
corrected for intensity inhomogeneity and segmented into GM, white matter (WM), cerebro-
spinal fluid, and other tissues outside the brain using SPM12 tissue probability maps. The 
images were registered in the East Asian brains International Consortium for Brain Mapping 
template using affine regularization. We created a population-specific template using the 
SPM12 DARTEL template procedure to investigate the relationship between MFT/PT score 
and GM at the whole-brain level in the AD group. The GM and WM segments were input into 
high-dimensional DARTEL to create nonlinear modulated-normalized GM and WM images, 
which were smoothed using a Gaussian kernel of 8-mm full width at half maximum. For 
whole-brain and multiple regression analyses, we assessed statistical significance at a voxel 
cluster threshold of p < 0.001 (uncorrected); contiguous clusters of at least 10 voxels were 
reported.

Data Analysis
Statistical analyses were conducted using independent t tests for continuous variables, 

χ2 tests for dichotomous variables, and Mann-Whitney U tests for nonparametric data. Corre-
lation coefficients were interpreted as weak (0.00–0.25), fair (0.25–0.50), moderate (0.50–
0.75), and strong (0.75–1.0) associations. For all statistical analyses, differences with a p 
value of <0.05 were deemed statistically significant. All analyses were performed using IBM 
SPSS Statistics version 22.0 (Armonk, NY, USA).

a

b

Fig. 2. Example of an auditory 
stimulus in the form of the melo-
dy of a Japanese nursery song 
(Momo-taro), which was expected 
to be familiar to Japanese older 
adults. The melody was con-
structed using pure tones (a) and 
missing fundamental tones (b). 
FT, fundamental tone.
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Results

Demographic Data
Table 1 shows the clinical characteristics and neuropsychological assessment results of 

the participants. There were no significant differences between the AD and control groups 
with respect to the mean age and sex ratio (p = 0.768 and p = 0.721, respectively). However, 
there was a significant difference between the AD and control groups with respect to the AD8 
ratio (p < 0.001).

Behavioral Data
Table 2 shows the results of the comparisons between the AD and control groups. There 

were no significant differences in the accuracy rate between patients and healthy controls for 
either PT or MFT scores (p = 0.333 and p = 0.118, respectively). Additionally, we calculated 
the MFT/PT score using only those melodies for which participants provided correct answers 

AD group Control group p value

Participants 29 (13 men) 20 (10 men) 0.721
Age, years 74.79±8.59 73.00±10.84 0.768
AD8 3.38±1.18 0.10±0.31 <0.001

Data are presented as n or mean ± SD. AD, Alzheimer’s disease.

AD group Control group p value

PT score 0.97±0.11 0.99±0.04 0.333
MFT score 0.95±0.07 0.98±0.04 0.118
MFT/PT score 0.86±0.18 0.97±0.08 0.007

Data are presented as mean ± SD. AD, Alzheimer’s disease; MFT, 
missing fundamental tone; PT, pure tone.

Table 3. Correlation results for the analysis of associations between task scores and patient characteristics/
clinical scores

Age, years Sex Education,
years

Dementia
duration, years

MMSE score Constructional
ability score

MFT
r –0.007 –0.049 –0.301 0.027 0.141 –0.212
p 0.973 0.801 0.112 0.891 0.465 0.269

PT
r –0.110 –0.249 –0.024 0.112 0.014 0.028
p 0.569 0.193 0.904 0.564 0.941 0.885

MFT/PT
r 0.107 0.073 –0.068 0.310 0.209 –0.110
p 0.581 0.705 0.728 0.102 0.276 0.570

MFT, missing fundamental tone; PT, pure tone; MMSE, Mini-Mental State Examination.

Table 1. Clinical characteristics 
and neuropsychological 
assessment results for all 
participants

Table 2. Comparisons of PT, 
MFT, and MFT/PT scores 
between the AD and control 
groups
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in the PT task (see the section Behavioral Experiment). The comparison of the MFT/PT scores 
revealed that the AD group performed significantly worse than the control group (p = 0.007; 
Table 2).

Table 3 shows the correlation results for associations between MFT, PT, and MFT/PT 
scores and patient characteristics/neuropsychological assessment results. No significant 
correlations were observed for any combination. The mean level of education in the AD group 
was 11.28 ± 2.58 years, while the mean symptom duration was 2.58 ± 1.68 years. The mean 
MMSE score for patients with AD was 22.79 ± 4.38, while the mean constructional ability 
score was 1.79 ± 0.57 (Table 3).

MRI Data
We performed voxel-based morphometric analysis of MRI data from 12 patients with AD 

who had undergone brain MRI within 3 months of the behavioral study. Table 4 shows the 
clinical characteristics, neuropsychological assessment results, and MFP task results for these 
12 patients. There were significant correlations between the MFT/PT accuracy rate and GMV 
in several regions. MFT/PT scores were positively correlated with GMV in the left and right 
insula, left and right temporal pole, left inferior frontal gyrus, right entorhinal cortex, and 
right cerebellum (p < 0.001, uncorrected; Fig. 3; Table 5).

Variable VBM AD group

Participants 12 (4 men)
Age, years 72.42±11.31
Education, years 10.29±2.06
Dementia duration, years 1.73±1.74
MMSE score 22.58±3.88
Constructional ability score 1.67±0.47
MFT/PT score 0.82±0.23

Values are presented as n or mean ± SD. AD, Alzheimer’s disease; 
MFT/PT, missing fundamental tone/pure tone; MMSE, Mini-Mental 
State Examination; VBM, voxel-based morphometry.

Table 4. Demographic 
characteristics of participants 
included in the VBM analysis

Fig. 3. Magnetic resonance image showing regions in which the accuracy rate for the missing fundamental 
tone/pure tone was significantly correlated with gray matter volume. L, left.
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Discussion

In the present study, we conducted an auditory pitch-perception experiment based on 
the MFT to investigate whether auditory abnormalities can be detected in patients with AD. 
Our findings can be summarized as follows: (1) There were no significant differences in 
accuracy rates between patients with AD and healthy controls for the PT task; (2) patients of 
the AD group exhibited significantly poorer MFT/PT scores than healthy controls; (3) there 
were no significant correlations between PT or MFT/PT scores and patient characteristics or 
neuropsychological assessment results; (4) MFT/PT scores were positively correlated with 
the volumes of the left and right insula, left and right temporal pole, left inferior frontal gyrus, 
right entorhinal cortex, and cerebellum. To our knowledge, the present study is the first to 
suggest that the MFP is attenuated in patients with AD.

We observed significant differences in MFT/PT scores between the patient and healthy 
control groups, although there was no significant difference in the number of correct answers 
in the PT task. We then compared MFT/PT scores between the AD and control groups using 
data for only those melodies that had been correctly identified in the PT task. If MFP had 
occurred, participants would have been able to recognize the melody as similar to that in the 
PT task. However, comparisons of MFT/PT scores revealed that the AD group performed 
worse than the control group. This result indicates that the AD group could not perceive the 
melody in the MFT task, supporting our hypothesis that patients with AD exhibit impairments 
with regard to the MFP. Moreover, these results suggest that functional deterioration of 
auditory perception due to AD occurs at primitive levels of hearing processing. However, 
because we did not observe a significant correlation with MMSE or other neuropsychological 
scores, it is unlikely that the attenuation of the MFP in patients with AD was caused by 
cognitive impairment. Our results are consistent with previous research, which has shown 
that hearing impairments can be observed beginning in the early stages of AD [4], and that 
cognitive function and hearing impairment are not correlated [38]. Moreover, Idrizbegovic et 
al. [4] reported no significant differences in the performance of patients with AD and healthy 
controls on PT tasks, in accordance with the results of the present study.

We further observed that GMV in several brain regions was correlated with MFT/PT 
scores in the AD group, including the bilateral insula, bilateral temporal pole, left inferior 
frontal gyrus, right entorhinal cortex, and right cerebellum. Of note was the correlation 
between MFT/PT scores and the GMV of the temporal pole, as this region has been highly 

Table 5. Cluster sizes, peak locations, and statistical values for each contrast

L/R Area BA Talairach coordinates, mm Z value Cluster size
in voxelsx y z

L Insula 13 –39 –16 –1 4.01 58
R Insula 13 36 3 –7 3.99 60
R Insula 13 40 0 –2 3.56
R Temporal pole 38 34 4 –41 3.71 58
L Insula 13 –26 20 –3 3.43 58
L Insula 13 –30 11 –3 3.25
L Inferior frontal gyrus 47 –20 21 –14 3.41 11
L Temporal pole 38 –38 0 –33 3.39 59
R Entorhinal 28 21 5 –23 3.37 24
R Cerebellum 33 –58 –27 3.25 30

BA, Brodmann area; L, left; R, right.
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implicated in tone- and melody-related auditory processing. Patterson et al. [39] reported 
that the temporal pole is involved in melody recognition. Satoh et al. [40] reported a case of 
amusia in a patient with infarction in the anterior portion of the bilateral temporal lobes, who 
exhibited impairments in recognizing familiar melodies and chords. Satoh et al. [41] also 
investigated the role of the anterior portion of the temporal lobes in music perception in non-
musicians using positron emission tomography. The authors reported that the anterior 
portion of the bilateral temporal lobes is vital for the discrimination of chords, and suggested 
that the temporal pole is involved in the organization of melody and chord perception. 
Therefore, we postulate that the temporal pole participates in the neural processing of 
multiple simultaneous tones as a whole, which is related to the occurrence of MFP. Addi-
tionally, previous results have suggested that the inferior frontal gyrus is involved in the 
binding of lyrics and melodies [42], recognition of familiar melodies [43], and the perception 
of melodies [44]. Therefore, the observed association between the MFP and GMV in the 
temporal pole and inferior frontal gyrus may reflect the recognition of common nursery song 
melodies. In contrast, previous studies have shown an association between MFTs and the 
superior temporal gyrus (STG) [28–33, 45], although this region was not significantly corre-
lated with MFTs in our study. This may be because the STG, which includes the primary 
auditory cortex, rarely becomes atrophic in patients with AD.

Furthermore, we detected correlations between MFT/PT scores and GMV in the left and 
right insula. The insula may be engaged in processing aspects of auditory motion or inte-
grating spatial information with other sound characteristics [46–48]. While this region has 
not been implicated in the MFP in previous MEG studies, this may be because MEG cannot 
penetrate deep brain structures. Our results indicate that the insula may be involved in the 
MFP, and that the failure to detect such involvement in previous studies may have been due 
to technical factors.

The following limitations should be considered when interpreting our results. First, in 
conventional research, a single tone is often used as the stimulus. However, nursery song 
melodies were used in the current study to make the task easier for patients with AD. Cognitive 
processing may be more complex in this scenario than that associated with single tones. Addi-
tionally, future studies should include control conditions in which participants are presented 
with unfamiliar melodies, in order to determine whether all participants had deduced that 
the presented melodies were intended to be familiar. Second, we were unable to conduct 
neuropsychological examinations and MRI scans of healthy controls. Consequently, it was not 
possible to compare MRI results between the groups. Third, only a small proportion of 
included patients had available MRI data. Finally, we were unable to investigate forms of 
dementia other than AD. Future studies should assess the mechanisms underlying the devel-
opment of MFP in other types of dementia (e.g., dementia with Lewy bodies and vascular 
dementia) and compare the results with those for AD.

In conclusion, we observed impaired MFP task performance in patients with AD when 
compared to that of healthy controls. Performance was associated with GMV reductions in 
several frontal, temporal, and subcortical regions. These results suggest that MFP perfor-
mance is a manifestation of the degeneration of auditory-related brain regions in AD. Further 
studies are required to more fully elucidate the neural mechanisms underlying auditory 
impairments in patients with AD and related dementia disorders.
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