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Background: Recent resting-state fMRI studies on major depressive disorder (MDD) have found altered

temporal correlation between low-frequency oscillations (LFOs). However, changes on the amplitudes

of these LFOs remain largely unknown.

Methods: Twenty-two medication-naive, first-episode patients with MDD and 19 age-, sex-, education-

matched healthy controls were recruited. Resting-state fMRI was obtained by using an echo-planar

imaging sequence and the fractional amplitude of low-frequency fluctuations (fALFF) was calculated to

investigate the amplitude of LFOs in the resting state.

Results: Compared with control subjects, patients with MDD showed significantly decreased fALFF in

right cerebellum posterior lobe, left parahippocampal gyrus and right middle frontal gyrus and

increased fALFF in left superior occipital gyrus/cuneus (po0.05, corrected for multiple comparisons).

Further receiver operating characteristic curves (ROC) analyses suggested that the alterations of fALFF

in these regions might be used as markers to classify patients with MDD from healthy controls.

Conclusions: These findings indicated LFOs abnormalities in MDD and the fALFF analysis might be a

potential approach in further exploration of this disorder.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

Major depressive disorder (MDD) is characterized by persis-
tent depressed mood, anxiety and dysphoria, alterations of social
behavior, and sleep abnormalities (APA, 1994). Although numer-
ous efforts have been made in the past decades to the new
treatment strategies, depressive symptoms continue to have a
substantial impact at the individual and societal level. At present,
the diagnosis of MDD is mainly dependent on clinical signs and
symptoms. The exact neurobiologic mechanisms underlying MDD
are still not fully understood.
ll rights reserved.
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to this work.
Recently, increasing attention has been paid to resting-state
fMRI. Numerous studies have demonstrated that functional brain
abnormalities of depression can be examined by using resting-
state fMRI (Bluhm et al., 2009; Chen et al., 2012; Guo et al., 2012a;
Kenny et al., 2010; Liu et al., 2012b; Veer et al., 2010; Zhou et al.,
2010). As early as 1995, Biswal et al. found that spontaneous low-
frequency (0.01–0.08 Hz) oscillations (LFOs) are highly synchro-
nous across motor cortices, concluding that LFOs are indeed a
neurophysiologic index and relate to spontaneous neural activity.
In addition, resting-state fMRI is relatively easy to obtain and asks
patients nothing but to remain still, which is of more potential
applications in clinical studies. Using resting-state fMRI, Greicius
et al. (2007) report that resting-state functional connectivity
between subgenual cingulate and thalamic is significantly
increased in the depressed subjects. Besides, Lui et al. (2011)
observe significantly decreased connectivity in prefrontal–
limbic–thalamic areas in MDD groups. Moreover, Zeng et al.
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(2012) demonstrate the whole-brain resting-state functional
connectivity patterns could be used to discriminate depressive
individuals from healthy controls, and find altered functional
connections in limbic-cortical and visual cortical regions. How-
ever, these studies focus on the synchronization of LFOs (func-
tional connectivity), not from the perspective of the amplitude of
LFOs. Thus, it does not provide us information about regional
spontaneous activity which is important for us to understand a
disease completely. On the contrary, by examining the amplitude
of LFOs, the regional information could be obtained.

To date, several metrics have been developed to examine
amplitude of LFOs by using resting-state fMRI, such as root mean
square of LFOs (Biswal et al., 1995), resting state physiological
fluctuation amplitude (Kannurpatti and Biswal, 2008), the power
spectrum (Fransson, 2006), and the low-frequency spectral ampli-
tude (Biswal et al., 2007). Recently, Zang et al. (2007) propose the
amplitude of low frequency fluctuation (ALFF) by calculating the
square root of the power spectrum in a frequency range to
investigate the regional spontaneous activity. ALFF is subse-
quently used to represent different physiological states of the
brain (Guo et al., 2012b, 2012c; Hoptman et al., 2010; Huang
et al., 2010; Jiang et al., 2011; Wang et al., 2011). Although ALFF
seems to be an effective method for detecting regional signals
change of spontaneous activity, it is sensitive to the physiological
noise. More recently, an improved ALFF method, fractional ALFF
(fALFF) approach (Zou et al., 2008), measures the ratio of power
spectrum of low-frequency range to that of the whole frequency
range. Non-specific signal components could be effectively sup-
pressed by this technology and the sensitivity and specificity in
examining regional spontaneous brain activity could be signifi-
cantly improved (Zou et al., 2008). By far, this method has been
successfully used to investigate the brain function in healthy
subjects (Kunisato et al., 2011b) and clinical populations
(Hoptman et al., 2010; Kunisato et al., 2011a; Lai and Wu, 2012).

The aim of this study was to examine the amplitude of LFOs in
MDD by using the fALFF approach. According to the aforemen-
tioned studies in MDD (Greicius et al., 2007; Lui et al., 2011; Zeng
et al., 2012), we hypothesized that (1) patients with MDD may
have significantly altered fALFF in prefrontal–limbic regions and
visual cortical areas when compared with normal controls and
that (2) the alterations of fALFF in these regions might be served
as an index to differentiate patients from healthy subjects.
2. Methods

2.1. Subjects

Twenty-four right-handed patients with MDD were recruited
from Mental Health Institute, the Second Xiangya Hospital,
Central South University, China. The patients were partially from
our previous study (Guo et al., 2012a). Patients were recruited
consecutively and the diagnosis of MDD was made with the
Structured Clinical Interview for DSM-IV criteria (First et al.,
1997). All patients were medication-naive and at their first
episode. Exclusion criteria were age younger than 18 years or
older than 60 years, history of loss consciousness, mental retarda-
tion, cardiovascular disease, bipolar disorder, neurological illness,
use of vasoactive medications, and alcohol or drug abuse. An
additional exclusion criterion was that the current illness dura-
tion was more than 6 months. Severity of depression was
quantified by using the 17-item Hamilton Rating Scale for
Depression (HRSD) (Hamilton, 1967). To be eligible for the study,
only patients who scored 18 or more were included.

Twenty right-handed healthy controls partially from the same
previous study were included for this analysis (Guo et al., 2012a).
They were screened by the same psychiatrists using the non-
patient edition of the Structured Clinical Interview for DSM-IV.
None of them had a history of serious medical or neuropsychiatric
illness or history of major psychiatric illness in their first-degree
relatives.

This study was approved by the local ethical committee, and
written informed consent was obtained from each subject.

2.2. Data acquisition

The MR images were acquired on a GE 1.5-T MR system
(General Electric, Fairfield, Connecticut, USA). Foam padding and
headphones were used to minimize head movement and reduce
scanner noise. During scanning, the participants were instructed
to hold still, relax with their eyes closed but not fall asleep.
Functional images were obtained with an echo-planar imaging
(EPI) sequence. Sequence parameters were as follows: repetition
time/echo time (TR/TE)¼2000/40 ms, slices¼20, thick-
ness¼5 mm, gap¼1 mm, field of view (FOV)¼24 cm, flip angle
(FA)¼901, data matrix¼64�64. For each participant, the fMRI
scanning lasted for 6 min and 180 volumes were obtained.

2.3. Data preprocessing

Preprocessing and statistical analysis of functional images
were carried out using the statistical parametric mapping soft-
ware package (SPM8, http://www.fil.ion.ucl.ac.uk/spm). The first
10 volumes of each subject were discarded due to the signal
reaching equilibrium and the participants adapting to the scan-
ning noise. The remaining 170 volumes were corrected for the
acquisition delay between slices and for the head motion (a least
squares approach and a 6-parameter spatial transformation). Only
participants with head motion less than 1.5 mm in the x, y or z

direction and less than 1.51 rotation about each axis were
included. The resulting images were spatially normalized to the
standard Montreal Neurological Institute (MNI) EPI template in
SPM8 and resampled to 3�3�3 mm3. After this, the normalized
images were spatially smoothed with an 8 mm full-width at half-
maximum (FWHM) Gaussian kernel.

After preprocessing in SPM, linear trend was removed and
fALFF analysis was performed by using the Resting-State fMRI
Data Analysis Toolkit (http://resting-fmri.sourceforge.net). The
analysis procedure for fALFF was carried out according to pre-
vious study (Zou et al., 2008). Briefly, the time course of each
voxel was first converted to the frequency domain without band-
pass filtering by using a Fast Fourier Transform (FFT) and the
power spectrum was obtained. Since the power of a given
frequency was proportional to the square of the amplitude of its
frequency component, the square root was calculated at each
frequency of the power spectrum and the averaged square root
was obtained across 0.01–0.08 Hz at each voxel. The sum of
amplitude across 0.01–0.08 Hz was divided by that across the
entire frequency range. For standardization purpose, the fALFF of
each voxel was divided by the global mean fALFF value within a
brain mask.

2.4. Statistical analysis

Two-sample t-tests were performed to assess the differences
in age and education, and chi-square test was performed to assess
the difference in gender. As described in previous study, micro-
movements can significantly influence measures and results
derived from the resting-state fMRI scan (Power et al., 2012).
Hence, we also examined the group differences of head motion by
using two-sample t-tests according to framewise displacement
(FD) measurement (Power et al., 2012). In addition, two-sample
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t-test was performed to determine fALFF differences between two
groups. The resulting statistical map was corrected for multiple
comparisons to a significant level of po0.05 by combining the
individual voxel po0.005 and cluster size449 voxels. This
correction was confined within a whole brain mask and was
determined by Monte Carlo simulations using the AFNI AlphaSim
program (http://afni.nih.gov/afni/docpdf/AlphaSim.pdf).

To identify the relationship of the fALFF values in regions with
significant group differences and the severity of depression, linear
correlation analyses were performed. Correlations between the
mean fALFF values from the significant clusters of the comparison
and HRSD total scores were analyzed. Furthermore, we plotted
receiver operating characteristic curves (ROC) to examine
whether these clusters could be used as markers to discriminate
patients with MDD from healthy controls.
3. Results

3.1. Participants

Data from two patients and one healthy control were excluded
for further analysis due to excessive head motion. Twenty-two
Table 1
fALFF differences between the patients with MDD and control groups.

Brain regions BA Voxels

Right cerebellum posterior lobe – 77

Right middle frontal gyrus 10/11 82

Left superior occipital gyrus, cuneus 17/18 90

Left parahippocampal gyrus 35 153

x, y, z, coordinates of primary peak locations in the MNI space; t statistical value of pe

subjects (negative values: patients with MDDohealthy subjects; positive values:

Brodmann’s area.

Fig. 1. fALFF differences between patients with MDD and healthy controls. The color bar

color in this figure legend, the reader is referred to the web version of this article.)
patients with MDD and 19 healthy subjects completed the whole
study. The two groups were matched for gender (12 males for MDD
group and 10 males for control group; w2

¼0.02, df¼1, p¼0.902), age
(mean7SD) (28.0979.91 years for MDD group; 24.3774.18 years
for healthy controls; t¼1.52, df¼39, p¼0.136), the years of educa-
tion (12.2372.62 years for MDD group; 13.1172.47 years for
healthy controls; t¼1.10, df¼39, p¼0.278) and the mean FD
(0.088970.0349 mm for MDD group; 0.099370.0432 mm for
healthy controls; t¼�0.84, df¼39, p¼0.400). Mean duration of
illness was 2.9571.73 months and mean total score of HRSD was
25.8976.26 in the MDD group.
3.2. Differences in fALFF values between patients with MDD and

controls

Group differences are shown in Table 1 and Fig. 1. Compared
with healthy controls, the MDD group exhibited significantly
reduced fALFF in right cerebellum posterior lobe, left parahippo-
campal gyrus and right middle frontal gyrus. Significantly
increased fALFF was found in left superior occipital gyrus/
cuens.
MNI coordinates (mm) t Value

x y z

48 �54 �48 �4.08

30 48 �12 �4.40

�12 �96 3 3.84

�42 �21 �24 �3.97

ak voxel showing fALFF differences between the patients with MDD and healthy

patients with MDD4healthy subjects). MDD, major depressive disorder; BA,

s represent the t value of the group analysis. (For interpretation of the references to

http://afni.nih.gov/afni/docpdf/AlphaSim.pdf


Table 2
ROC analysis between patients with MDD and healthy controls.

Brain regions Area under the curve Cut-off value Sensitivity Specificity

Right cerebellum posterior lobe 0.823 0.94a 86.4% (19/22) 68.4% (13/19)

Right middle frontal gyrus 0.854 1.06 90.9% (20/22) 68.4% (13/19)

Left superior occipital gyrus, cuneus 0.792 1.02 81.8% (18/22) 73.3% (14/19)

Left parahippocampal gyrus 0.880 0.93 81.8% (18/22) 94.7% (18/19)

ROC: receiver operating characteristic curves; MDD: major depressive disorder.
a Using this cut-off value, the mean fALFF value of the right cerebellum posterior lobe could correctly classify 19 of 22 patients

with MDD and 13 of 19 healthy controls, yielding a sensitivity of 86.4% and a specificity of 68.4%. The means of other cut-off points

were similar.

Fig. 2. Receiver operating characteristic (ROC) curves for patients with MDD and healthy controls. Region 1: right cerebellum posterior lobe; Region 2: right middle frontal

gyrus; Region 3: left superior occipital gyrus, cuneus; Region 4: left parahippocampal gyrus.
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3.3. Correlations between fALFF and the severity of depression

Linear correlation analyses showed no significant correlation
between the mean fALFF values and HRSD total scores.

3.4. ROC analysis

As shown in Table 2 and Fig. 2, the areas under the curves
(AUC) of the above-mentioned four clusters were relatively high,
hereby suggesting that the mean fALFF values of these regions
might be used as markers for the diagnosis of MDD.
4. Discussion

To the best of our knowledge, this is the first study using fALFF
method to examine the amplitude of LFOs in medication-naive,
first-episode patients with MDD. A major strength of the present
study is the recruitment of a well-defined group of patients. The
antidepressants have been shown to have an effect on making the
brain function of patients with depression similar to that of
healthy controls (Fu et al., 2007; Lui et al., 2011). In the present
study, we found that patients with MDD had lower fALFF in right
cerebellum posterior lobe, left parahippocampal gyrus and right
middle frontal gyrus, and higher fALFF in left superior occipital
gyrus/cuens. Our findings indicated that there were abnormalities
in LFOs in patients with MDD.

Significantly decreased fALFF were observed in middle frontal
gyrus and parahippocampal gyrus in MDD after multiple compar-
isons correction. These two regions are important regions in the
cortical–limbic dysregulation model in MDD. Previous studies
document that alterations in cortical–limbic circuits are impli-
cated in the mechanisms underlying emotional dysfunction
(Drevets, 2000; Liu et al., 2010; Tekin and Cummings, 2002).
Disrupted fronto-limbic connectivity, which leads to the loss of
prefrontal cortex control over limbic regions, is considered to be
at the root of the pathogenesis of emotional, cognitive and
behavioral changes in depression (Savitz and Drevets, 2009).
Moreover, decreased fronto-limbic connectivity has been found
in both task (Siegle et al., 2002) and resting-state conditions
(Anand et al., 2009). Thus, abnormalities of LFOs amplitude in
middle frontal gyrus and parahippocampal gyrus may lead to a
disconnection syndrome, which partly contribute to emotional
dysregulation exhibited by patients with MDD.

The visual area, including superior occipital gyrus and cuneus
was found to show higher fALFF value in patients with MDD.
These two regions are thought as the key regions related to visual
recognition circuit (Tao et al., 2011). As all the participants were
scanned with eyes closed, thus the visions between the two
groups are not significantly different. By using a working memory
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task, previous study find that the non-psychotic depressed groups
showed greater activation than the healthy comparison in the
superior occipital gyrus (Garrett et al., 2011). Moreover, there is
an altered activity in the occipital cortex in remitted geriatric
depression during rest (Yuan et al., 2008). Consistent with these
studies, the abnormal fALFF values in the occipital gyrus may be
linked with impaired working memory and aberrant visual
recognition processing in major depression.

The lower fALFF in the cerebellum was unexpected in the current
study. In contrast to the large number of neuroimaging studies
investigating cerebral cortex in MDD, little attention has been paid to
the abnormalities in cerebellum. Traditionally, the emphasis of
studies on cerebellum function has been on the acquisition of motor
coordination and motor behavior (Stein and Glickstein, 1992).
However, the notion that cerebellum is involved in emotional control
and probably plays a role in the perception of emotional stimuli has
gained popularity (Schmahmann, 2010). Up to now, both structural
and functional studies have found alterations in the cerebellum in
patients with MDD. Gray matter changes have been found in the
cerebellum in depressed group (Liu et al., 2012a; Peng et al., 2011),
and decreased regional homogeneity of the cerebellum is found in
patients with MDD by using resting-state fMRI (Guo et al., 2011). In
the present study, significantly reduced fALFF in the cerebellum
provided additional evidence for the involvement of cerebellar
abnormality in MDD, and may result in the emotional dysregulation
and cognitive dysfunction that widely exist in patients with MDD.

Unfortunately, no significant correlation was found between
the areas with abnormal fALFF and HRSD total scores. In spite of
the fact that the current findings might be confounded by the
small sample size, it is also possible that abnormal fALFF in these
regions might be a trait change for MDD regardless of the severity
of symptoms. In addition, as presented in Table 2, the sensitivity
and specificity of ROC analysis in right cerebellum are 86.4% and
68.4%, and the sensitivity and specificity of ROC analysis in right
middle frontal gyrus are 90.9% and 68.4%. The specificity of ROC
analysis in cerebellum and middle frontal gyrus seems relatively
low and thus may not be used for the diagnosis of MDD. However,
the sensitivity of ROC analysis in these two regions was relatively
high. This characteristic of possessing high sensitivity may be
advantageous for the purpose of diagnosis, because the cost is
different for misclassifying a patient with MDD into a healthy
control (with sensitivity reduced in this case) and misclassifying a
healthy control into a patient with MDD (with specificity reduced
in this case), and the former cost is much higher than the latter. It
is well known that misclassifying a healthy person to be a patient
might be troublesome; however, misclassifying a patient to be a
healthy subject might cause severe consequences. If a patient
with MDD is misdiagnosed as a healthy subject, necessary
therapy to delay or cure the disease might not be provided on
time. This may accelerate the progression of disease from mild to
severe, eventually leading to death of patient. Therefore, it is
important to alleviate this circumstance by providing high sensi-
tivity to the disease. Moreover, the AUC of cerebellum and middle
frontal gyrus were relatively high (0.823 and 0.854), indicating
good diagnostic accuracy. Furthermore, by using support vector
machine (SVM), Gong et al. (2011) obtained a significantly
diagnostic accuracy of gray matter was 67.39% (p¼0.01; 69.57%
specificity, 65.22% sensitivity). From these, we speculated that
these regions might be used as trait alteration for the diagnosis
of MDD.
5. Study limitations

Several limitations should be considered in explaining the
results. First, we used a relatively low sampling rate (TR¼2 s) for
multislice acquisitions. Under this sampling rate, respiratory and
cardiac fluctuations were reduced but could not completely be
eliminated. A more rigorous approach should be used to correct
such physiological noises in future studies. Second, all subjects
were instructed to close their eyes during the resting-state data
acquisition. Recent study reported that there are statistically
significant differences in the spontaneous brain activity between
the conditions of eyes-closed and eyes-open (Yan et al., 2009).
Thus, it would be interesting to examine which condition could be
more sensitive for detecting the changes in the amplitude of LFOs.
Third, no significant correlations between HRSD and fALFF were
found in this study. Although the AUC of the four regions were
relatively high, no significant correlations may limit our findings
to some extent. Larger sample size will be necessary to confirm
the current results or refute them in the future studies. Finally,
although fALFF is regarded as reflecting regional signal dynamics,
the exact physiological nature of fALFF is not fully understood.
The exact basis remains to be fully characterized.
6. Conclusion

Taken together, the current findings suggested that fALFF was
abnormal in patients with MDD. This finding might have already
existed in the initial stage of MDD, because our case group only
included medication-naive, first-episode patients with MDD. The
abnormal amplitude of LFOs in these regions may have implica-
tions for the understanding of the pathophysiology of MDD.
Further analysis should be conducted to investigate the progres-
sion of these changes by longitudinal studies.
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