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ABSTRACT
Background. Pain, a major symptom of osteonecrosis of the femoral head (ONFH),
is a complex sensory and emotional experience that presents therapeutic challenges.
Pain can cause neuroplastic changes at the cortical level, leading to central sensitization
and difficulties with curative treatments; however, whether changes in structural and
functional plasticity occur in patients with ONFH remains unclear.
Methods. A total of 23 ONFH inpatients who did not undergo surgery (14 males,
nine females; aged 55.61 ± 13.79 years) and 20 controls (12 males, eight females;
aged 47.25 ± 19.35 years) were enrolled. Functional indices of the amplitude of low-
frequency fluctuation (ALFF), regional homogeneity (ReHo), and a structural index of
tract-based spatial statistics (TBSS) were calculated for each participant. The probability
distribution of fiber direction was determined according to the ALFF results.
Results. ONFH patients demonstrated increased ALFF in the bilateral dorsolateral
superior frontal gyrus, right medial superior frontal gyrus, right middle frontal gyrus,
and right supplementary motor area. In contrast, ONFH patients showed decreased
ReHo in the left superior parietal gyrus and right inferior temporal gyrus. There were
no significant differences in TBSS or probabilistic tractography.
Conclusion. These results indicate cerebral pain processing in ONFH patients. It is
advantageous to use functional magnetic resonance imaging to better understand pain
pathogenesis and identify new therapeutic targets in ONFH patients.

Subjects Anesthesiology and Pain Management, Neurology, Orthopedics, Radiology and Medical
Imaging
Keywords Functional magnetic resonance imaging, Diffusion tensor imaging, Pain, Functional
plasticity, Osteonecrosis of the femoral head

How to cite this article Ma J, Wu J-J, Hua X-Y, Zheng M-X, Huo B-B, Xing X-X, Feng S-Y, Li B, Xu J. 2021. Alterations
in brain structure and function in patients with osteonecrosis of the femoral head: a multimodal MRI study. PeerJ 9:e11759
http://doi.org/10.7717/peerj.11759

https://peerj.com
mailto:libo@shyueyanghospital.com
mailto:xjg@shutcm.edu.cn
https://peerj.com/academic-boards/editors/
https://peerj.com/academic-boards/editors/
http://dx.doi.org/10.7717/peerj.11759
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://doi.org/10.7717/peerj.11759


INTRODUCTION
Osteonecrosis of the femoral head (ONFH) is a challenging orthopedic disease associated
with pain and joint dysfunction. ONFH is frequently observed in the clinic and severely
reduces patient quality of life. In recent years, tens of thousands of new cases of osteonecrosis
have been diagnosed in different countries (Hopkins & Genant, 2020; Hungerford, 2002).
Pain is a major symptom of ONFH and is typically confined to the groin area; however,
pain may occasionally occur in the ipsilateral hip, knee, or greater trochanteric area
(Zhao & Hu, 2012). Furthermore, analgesics have demonstrated limited efficacy in ONFH
treatment. Previous studies have found that pain is a complex sensory and emotional
experience involving psychobiology, expectations of past and learned pain experiences,
and attentional processes (Morton, Sandhu & Jones, 2016). Pain can induce functional
neuroplastic changes at the cortical level, leading to central sensitization, which may,
in turn, aggravate pain itself (May, 2008). Therefore, exploring the central plasticity of
ONFH may help physicians understand its pathogenesis and enable identification of new
therapeutic targets.

Functional magnetic resonance imaging (fMRI) is one of the rapidly developing
subfields of neuroimaging research. This technology is characterized as noninvasive
and straightforward in operation, is particularly well suited to clinical applications, and has
wide-ranging utility for investigating the central processing of pain (Zuo & Xing, 2014).
Specifically, previous studies have suggested that short periods of pain are followed by short
pain-free periods, causing a rapidly changing hemodynamic response (Morton, Sandhu &
Jones, 2016). Functional and structural cerebral changes have also been reported in patients
with chronic pain (Davis & Moayedi, 2013). In addition, fMRI may be used to evaluate
pain caused by noxious heat in healthy participants (Wager et al., 2013) and the effects
of drugs on human brain activity. Furthermore, fMRI may systematically predict how
analgesic drugs affect the brain (Wager & Woo, 2015). Thus, fMRI is a highly useful tool
for investigating mechanisms involved in brain remodeling and enabling analgesic drug
discovery.

Although there have been few relevant studies on ONFH, many researchers have
investigated the cerebral mechanisms of other joint diseases such as osteoarthritis (OA)
and rheumatoid arthritis (RA). RA is accompanied by changes in altered central pain
processing (Jones & Derbyshire, 1997) and functional connectivity and brain structure
(Schrepf et al., 2018). Chronic rheumatic pain owing to OA may be caused by central
sensitivity and dysfunction of the medial pain pathway (Cottam et al., 2016). In addition,
joint dysfunction was confirmed to elicit changes in brain function (Di Russo et al., 2006).
In one study with a small patient cohort, abnormal patterns of brain activity were observed
in ONFH patients (Feng et al., 2020). Consequently, we hypothesized that there might be
changes in neural plasticity that are associated with ONFH. Moreover, complex etiology,
pathogenesis, and symptoms suggest that these changes may not be limited to the sensory
cortex and might occur in other brain regions.

The amplitude of low-frequency fluctuation (ALFF) and regional homogeneity (ReHo)
are common methods used to describe regional features of resting-state fMRI (rs-fMRI).
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ALFF and ReHo define functional characteristics from different viewpoints. ALFF
represents the neural activity intensity at a particular voxel by depicting the amplitude
of time-series fluctuations at each voxel (Zang et al., 2007), whereas ReHo represents
the importance of a specific voxel by measuring the local time-series synchronization of
neighboring voxels (Zang et al., 2004). Therefore, rs-fMRI is considered a reliable and
sensitive metric for studying pathological brain mechanisms (Biswal, 2012; Lee, Smyser &
Shimony, 2013; Liu et al., 2013; Liu et al., 2012).

In addition to rs-fMRI, diffusion tensor imaging (DTI) is another technique that
measures the direction and magnitude of water molecule diffusion within each voxel (Mori
et al., 2002), and may play an important role in the pathogenesis (Guo et al., 2012a; Guo et
al., 2012b).DTI has been increasingly used to investigatewhitematter (WM)microstructure
(Van Eimeren et al., 2010). Smith et al. (2006) used tract-based spatial statistics (TBSS) to
perform voxel-wise statistical comparisons of DTI data from individual participants. In
the present study, probabilistic tractography was performed to enable connectivity-pattern
tracking between specific regions. WM and gray matter are important components of the
central nervous system, and rs-fMRI combined with DTI can comprehensively evaluate
both functional and structural aspects of brain remodeling caused by a disease. This
approach was successfully used to evaluate joint disease (Liu et al., 2019) and pain (Kim et
al., 2013; Rogachov et al., 2018). Accordingly, we used a combination of rs-fMRI and DTI
to explore functional changes in focal brain regions and structural changes in the WM of
the connectome.

PATIENTS AND METHODS
Participants
A total of 23 right-handed ONFH inpatients (14 males, nine females; aged
55.61 ± 13.79 years) who did not undergo surgery and 20 right-handed controls (12
males, eight females; aged 47.25 ± 19.35 years) were enrolled from August 2018 to
August 2019. ONFH was diagnosed based on imaging and clinical examination findings
by two experienced radiologists and one experienced orthopedic surgeon. Based on the
Ficat classification (Sultan et al., 2019), patients with stage II and III ONFH were included.
Patients were included if they were experiencing ONFH for the first time and had joint pain
in the groin, buttock, or thigh areas that was described as ≥4 on a visual analog pain scale
(Dworkin et al., 2005). Individuals were excluded if they had a history of cardiovascular
or cerebrovascular diseases, ankylosing spondylitis, hip dysplasia, metabolic disorders,
bone tumors, or psychiatric disorders. No patients received painkillers during the week
before the study, and none of the control participants had any pain-related diseases. All
recruited individuals had no detected brain damage (including infarcts or tumors) on
conventional T1-MRI. This study was approved by the institutional review board of the
Yueyang Hospital of Integrated Traditional Chinese and Western Medicine. Participants
were provided written informed consent and allowed to drop out of research at any time.
(No. 2018-041-01).
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MRI data acquisition
MRI data were acquired using a MAGNETOMVerio 3.0-T scanner (Siemens Healthineers,
Erlangen, Germany) with a 32-channel phased array head coil. Participants were instructed
to close their eyes and lie still; their heads were immobilized with foam pads, and their ears
were plugged with earplugs. The rs-fMRI data were obtained using a single-pass gradient
recalled echoplanar imaging (EPI) sequence with the following parameters: interleaved
scanning order, slice number = 43, transverse orientation, flip angle = 90◦, matrix size =
64× 64, repetition time (TR) = 3000 ms, slice thickness = 3.0 mm, field of view (FOV) =
230× 230 mm2, gap = 0 (voxel size = 3.6 × 3.6 × 3.0 mm3), and number of acquisitions
= 200. T1-weighted magnetization-prepared rapid acquisition was performed with the
following parameters: repetition time/inversion time/echo tim e = 1900/900/2.93 ms,
flip angle = 9◦, FOV = 256 × 256 mm2, slice thickness = 1.0 mm, sagittal acquisition,
acquisition matrix = 256× 256, and number of averages = 1. Diffusion-weighted images
were acquired using a single-shot spin EPI in the axial plane: repetition time/echo time =
10000/89, flip angle 90◦, slice thickness = 2.0 mm, in-plane resolution = 1.875 mm, 60
non-colinear directions (b= 1000 s/mm2), and two b0 (b= 0) images. T1 images of five
participants (three patients and two controls) were excluded owing to poor image quality.

Data processing
Functional images from each participant were preprocessed using the Resting-State fMRI
Data Analysis Toolkit (REST; version 1.8) (Song et al., 2011), which was based on SPM12
(Wellcome Centre for Human Neuroimaging, http://www.fil.ion.ucl.ac.uk/spm) and was
run through MATLAB (version 2103b; Mathworks, Natick, MA, USA). Preprocessing was
performed as previously reported (Wu et al., 2019). Quality control involved bias field
correction, coregistration, motion correction, and spatial normalization. Subjects were
excluded according to the criterion that head motion was restricted to less than 2.5 mm of
displacement or 2.5◦ of rotation. Regressing nuisance variables includedWM, cerebrospinal
fluid, and 6 head motion parameters. ALFF and ReHo were calculated for the traditional
low-frequency band (0.01–0.08 Hz) (Lv et al., 2019). Spatial smoothing (Gaussian kernel of
six mm full-width at half-maximum) was performed after ReHo calculation, as in previous
studies (Zang et al., 2004).

Diffusion-weighted images were assessed for quality and then further processed using
the FSL Diffusion Toolbox (University of Oxford Center for Functional MRI of the Brain,
http://www.fmrib.ox.ac.uk/). Data processing was performed as described in our previous
study (Ma et al., 2020). For a better assessment, diffusivity maps (fractional anisotropy
(FA), axial diffusivity (AD), radial diffusivity (RD), and mean diffusivity (MD)) were
assessed.

Fiber tracking (Behrens et al., 2007) was initiated from all voxels within the seed mask
in the diffusion space to generate 5,000 streamline samples with a step length of 0.5 mm, a
curvature threshold of 0.2, and a maximum of 2,000 steps. A target mask was used (right
dorsolateral superior frontal gyrus), and the distribution of fiber orientations was calculated
using the left dorsolateral superior frontal gyrus as a seed mask (statistically significant
results in ALFF). We used FSL to identify the voxel with the maximum connectivity value
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within the connectivity distribution map of each participant and used thresholds to 15%
of the maximum connectivity value to determine the optimum threshold value (Khalsa et
al., 2014).

Statistical analysis
SPSS (version 21.0; IBM, Armonk, NY, USA) was used to conduct our analyses in clinical
data. Data are expressed as mean ± standard deviation for continuous variables and No.
(%) for categorical variables. Two-sample t -test was used for continuous variables; and x2

test was used for categorical variables. Only clinical data findings with two-tailed p< 0.05
were considered significant.

The ALFF and ReHo maps were compared between the patient and control groups.
Two-sample t- test was used for the two groups (two-tailed). AlphaSim estimation was
performed for the ALFF and ReHo values using the REST toolkit. The resulting statistical
map was set at p< 0.05 (AlphaSim correction) with a combined individual voxel p< 0.001.
At the same time, a more strict threshold (cluster size >102 voxels) was used for each cohort
to reduce the possibility of false negative results. Two-sample t- test was performed to assess
differences between groups (two-tailed) in DTI data. The TBSS statistical method was the
same as that described in our previous study (Ma et al., 2020), and the family-wise error
correction was used for multiple comparisons (p< 0.05) (Hua et al., 2008). All numerical
values were analyzed using SPSS, and statistical significance was set at p< 0.05.

RESULTS
Demographic and clinical characteristics
Twenty-three ONFH inpatients who did not undergo surgery and 20 controls were
enrolled. No significant differences in age, sex, education, past history, operation history,
and diabetes were found between the two groups (Table 1).

Functional comparisons between ONFH patients and controls
The significant differences in ALFF and ReHo values between ONFH patients and controls
are shown in Figs. 1 and 2, respectively. The comparison of ALFF values between ONFH
patients and controls suggests that ONFH patients had significantly increased ALFF values
in the right medial superior frontal gyrus (Brodmann area 8), left and right dorsolateral
superior frontal gyrus (Brodmann area 46), right middle frontal gyrus (Brodmann area
10), and right supplementary motor area (SMA; Brodmann area 6; Fig. 1 and Table 2).
The comparison of ReHo values between ONFH patients and controls suggests that
ONFH patients had significantly decreased ReHo values in the left superior parietal gyrus
(Brodmann area 7) and right inferior temporal gyrus (Brodmann area 20; Fig. 2 and
Table 3).

WM microstructure comparisons between ONFH patients and controls
TBSS analysis revealed no significant differences in FA, AD, MD, or RD maps between
ONFH patients and controls. When we assessed FA, AD, and MD of the WM tracts
segmented by fiber-tracking DTI-MRI, we observed no significant differences between
ONFH patients and controls in the left and right dorsolateral superior frontal gyrus.
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Table 1 Demographic and clinical characteristics of the total sample.

Variables ONFH patients
(n= 23)

controls
(n= 20)

p value

Age (y) 55.61± 13.79 47.25± 19.35 0.12*

Men (n,%) 14(60.9) 12(60.0) 0.95#

Education (years) 12.48± 2.84 12.30± 3.18 0.85*

Operation history(n,%) 5(21.7) 4(20) 1.00#

Hypertension(n,%) 2(8.7) 2(10) 1.00#

Diabetes(n,%) 3(13) 2(10) 1.00#

Notes.
*using two-sample t -test.
#using x2 test.

Figure 1 ALFF analysis. Two-sample t -test results are presented. Areas in red indicate significantly in-
creased ALFF value. In the comparison of ALFF value between ONFH patients and controls, ONFH pa-
tients showed significantly increased ALFF in right medial superior frontal gyrus, left and right dorsolat-
eral superior frontal gyrus, right middle frontal gyrus and right supplementary motor area. ALFF, low-
frequency fluctuation; ONFH, osteonecrosis of the femoral head.

Full-size DOI: 10.7717/peerj.11759/fig-1

DISCUSSION
The current multimodal study investigated resting-state brain activity and WM fiber
integrity in ONFH patients. Our results indicate no significant changes in WM tract
integrity in ONFH patients; however, we found abnormal brain activity in ONFH patients
but not in control participants.More specifically, ONFHpatients had significantly increased
ALFF values in themedial superior frontal gyrus, dorsolateral superior frontal gyrus, middle
frontal gyrus, and SMA and significantly decreased ReHo values in the superior parietal
gyrus and inferior temporal gyrus. Our findings confirm the initial hypothesis that in
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Figure 2 ReHo analysis. Two-sample t -test results are presented. Areas in blue indicate significantly
decreased ReHo value. In the comparison of ReHo value between ONFH patients and controls, ONFH
patients showed significantly decreased ReHo in left superior parietal gyrus and right inferior temporal
gyrus. ONFH, osteonecrosis of the femoral head; ReHo, regional homogeneity.

Full-size DOI: 10.7717/peerj.11759/fig-2

Table 2 Brain regions showing differences in ALFF values for patients with ONFH compared to con-
trols.

Brain regions Hemisphere Cluster
size

Cluster centroid
MNI coordinates

t value

x y z

Medial superior frontal gyrus R 12 57 42 4.88
Dorsolateral superior frontal gyrus R

267
24 54 21 3.31

Supplementary motor area R 244 12 12 57 3.50
Dorsolateral superior frontal gyrus L 238 −21 45 24 4.42
Middle frontal gyrus R 114 36 33 33 3.96

Table 3 Brain regions showing differences in ReHo values for patients with ONFH compared to con-
trols.

Brain regions Cluster size Cluster centroidMNI coordinates t value

x y z

Left superior parietal gyrus 135 −24 −57 45 −4.00
Right inferior temporal gyrus 114 60 −48 −15 −3.99

ONFH patients, changes in neural plasticity are not limited to the sensory cortex and occur
in several other brain regions.

Pain is a major symptom of ONFH and is usually confined to the groin area, occasionally
involving the ipsilateral hip and knee or greater trochanteric area (Zhao & Hu, 2012).
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Enhanced activation of the prefrontal cortex (PFC), which inhibits functional connectivity
between the midbrain and medial thalamus, is related to decreased pain (Morton, Sandhu
& Jones, 2016). Further projections from the anterior cingulate cortex to the PFC may also
be involved in the cognitive appraisal of the stimulus. Thus, the PFC has an important
role in pain processing (Jones et al., 2012). We found that ONFH patients had significantly
increased ALFF values in the dorsolateral superior frontal gyrus, medial superior frontal
gyrus, andmiddle frontal gyrus. Notably, the areas that showed significantly increased ALFF
values were exactly where the central portion of the PFCwas located. These findings suggest
that local spontaneous neuronal activity is enhanced in the PFC. Prefrontal responses to
pain depend on the psychological state of the participant who may expect worsened or
reduced pain (Brown & Jones, 2010). A study of arthritis patients showed that psychological
characteristics and attitudes toward illness might bemore important predictors of disability
and pain than arthritis severity (Keefe et al., 1991). Therefore, our findings could provide
therapeutic targets and crucial information on which forebrain regions are responsible for
mediating adaptive responses (e.g., cognitive coping strategies and attentional distraction)
in ONFH patients. In addition, functional and structural changes in the PFC, including
ankylosing spondylitis (Liu et al., 2020), irritable bowel syndrome (Mao et al., 2020),
chronic lower back pain (Yu et al., 2020), and neuropathic pain (Li et al., 2020), have
been demonstrated in other pain studies. In a recent rs-fMRI study (Feng et al., 2020),
researchers revealed an abnormal pattern of brain activity in ONFH patients and found
that the most significant increase in ALFF occurred in pain-related brain regions, which is
consistent with our results.

In our current study, we found significantly increased ALFF values in the SMA (forepart)
of the brain. The function of the SMA is related to the planning of movements, whereas
that of the pre-SMA is related to the learning of new movement sequences. Neural activity
in the pre-SMA is higher when individuals perform a newer motor sequence; once the
motor sequence is learned, the neural activity in the pre-SMA is reduced. The SMA of the
cerebral cortex is also considered a part of the pain matrix, which integrates sense and body
movements (Hanakawa, 2012; Iadarola et al., 1998). Notably, limitations in motion are
another chief complaint of osteonecrosis. In ONFH, patients must change their original
activity habits owing to pain and limitation of movement; thus, local spontaneous neuronal
activity is enhanced in the SMA. Horiuchi et al. also found that structural changes in the
SMA are associated with chronic myelopathic pain (Horiuchi et al., 2020).

In contrast to ALFF, areas of altered ReHo were observed only in the superior parietal
and inferior temporal gyri in our current study. The superior parietal gyrus belongs to
the secondary sensory cortex and is involved in sensory information integration, analysis,
and spatial localization (Galletti et al., 1997). The superior parietal gyrus is connected
to the primary sensory motor cortex by round-trip fibers, which are responsible for
the high-level integration function. The final comprehensive analysis and adjudication
are conducted in each brain area to enable the transmission of information. Notably,
considering theALFF results, we found that the brain regions showing significant differences
(between ONFH patients and controls) were likely part of the sensorimotor network
(SMN). The SMN includes somatosensory and motor regions and extends to the SMA
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(Chenji et al., 2016). Previous studies have demonstrated that many conditions, including
stroke (Chen et al., 2019), Parkinson’s disease (Li et al., 2019), bipolar disorder (Martino
et al., 2020), and irritable bowel syndrome (Labus et al., 2019), can cause dysfunction of
the SMN. Although no studies on ONFH have been published to date, Zhang et al. (2018)
and Sevel et al. (2020) detected changes in the SMN in cases of lower limb amputation and
repeated delayed onset muscle soreness.

Our results showed decreased ReHo values in the inferior temporal gyrus in ONFH
patients, which is closely related to cognitive function. Multi-item working memory refers
to an individual’s ability to temporarily store and operate information when performing
cognitive tasks, an important cognitive function that is frequently used in everyday life.
Working memory, which can monitor, process, and maintain information, is considered
the core foundation of advanced human cognitive activities. More importantly, the inferior
temporal gyrus can reflect higher-level information processing (Costers et al., 2020). The
decreased ReHo values in the inferior temporal gyrus observed in our current study may
represent a change in higher-level information processing prompted by changes in the
living conditions of ONFH patients.

Despite the significantly abnormal brain functions in ONFH patients compared with
controls in our present study, DTI was not significantly different between the two groups.
This result may indicate that no WMmicrostructural changes occurred in ONFH patients
at stage II and III, which may be because the TBSS analysis was strictly corrected for
multiple comparisons. Although the probability of false-positive results was avoided,
the probability of false-negative results increased, and different brain regions might be
submerged by multiple comparison corrections. If WM microstructural differences did
occur in those patients, it should be confirmed by increasing the number of staged cases in
further research.

This was a preliminary pioneer-pilot study of brain mechanisms in ONFH patients
compared with those in healthy controls. This study had several limitations. First, the
sample size was relatively small and may have limited the statistical power. Consequently,
the study results must be interpreted cautiously. Second, it may bemore precise to compare
patients with different types and stages of ONFH. Third, participants were instructed to
close their eyes and lie still during the imaging; however, no measures were taken to ensure
that the participants were not asleep.

CONCLUSIONS
Our current findings revealed possible changes in brain functional plasticity in ONFH
patients, with resulting functional impairments potentially occurring in different brain
regions. Despite its limitations, this study broadens our understanding of the neural
mechanisms involved in ONFH and may provide an explanation for refractory pain
associated with the disease.
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