
O R I G I N A L  R E S E A R C H

Investigation of Altered Spontaneous Brain 
Activity Patterns in Herpes Zoster Keratitis Using 
the Percent Amplitude of Fluctuation Method: A 
Resting-State Functional Magnetic Resonance 
Imaging Study
Xulin Liao1,2, Chu Qi Li1, Qian Min Ge 1, Li Ying Tang3, Ting Su 4, Qiu Yu Li1, Yi Cong Pan 1, 
Hui Ye Shu1, Li Juan Zhang 1, Yi Shao 1

1Department of Ophthalmology, The First Affiliated Hospital of Nanchang University, Nanchang, Jiangxi, 330006, People’s Republic of China; 
2Department of Ophthalmology and Visual Sciences, The Chinese University of Hong Kong, Kowloon, Hong Kong SAR, People’s Republic of China; 
3Department of Ophthalmology, Zhongshan Hospital of Xiamen University, Xiamen, Fujian, 361004, People’s Republic of China; 4Department of 
Ophthalmology, Massachusetts Eye and Ear, Harvard Medical School, Boston, MA, 02114, USA

Correspondence: Yi Shao, Department of Ophthalmology, The First Affiliated Hospital of Nanchang University, No. 17, Yong Wai Zheng Street, Dong 
Hu District, Nanchang, Jiangxi, 330006, People’s Republic of China, Tel/Fax +86 791-88692520, Email freebee99@163.com 

Purpose: The purpose of this study was to use the percent amplitude of fluctuation (PerAF) to study the changes in brain activity and 
nerve function of herpes zoster keratitis (HZK) patients.
Methods: We recruited 20 HZK patients and 20 healthy controls (HCs). Each of these groups included ten males and ten females and 
were matched in weight and age. All participants underwent resting-state functional magnetic resonance imaging (rs-fMRI). 
The percent amplitude of fluctuation (PerAF) method was used for analysis and detected differences between the two groups in the 
neurological function of brain areas. We also applied the receiver operating characteristic (ROC) curve to analyze the two groups and 
did a correlation analysis between the PerAF value, anxiety and depression score, and visual acuity.
Results: The PerAF signal at the right putamen and right precentral gyrus was significantly higher in patients than in HCs. However, 
the PerAF value of the left inferior temporal was lower in patients than in HCs. In addition, the HZK patients’ anxiety and depression 
score (HADS) and visual acuity (V.A.) Log MAR negatively correlated with the PerAF value at the left inferior temporal gyrus.
Conclusion: HZK patients had some changes in brain regions, and the changes were also related to their mood and visual acuity. 
These findings might contribute to other studies on the potential pathological mechanism, disease development, prognosis, and brain 
function in HZK patients.
Keywords: herpes zoster keratitis, resting-state functional magnetic resonance imaging, brain activity patterns, brain region, 
the percent amplitude of fluctuation

Introduction
Herpes zoster keratitis (HZK) was caused by varicella-zoster virus infection.1,2 When the human body’s immune system 
weakens or when the human body lacks nutrition and rest, the virus, latent in the trigeminal ganglion, might be activated 
and cause disease. Patients with immunodeficiency, such as AIDS patients, were more susceptible to varicella-zoster 
virus infection and more likely to relapse than ordinary immune function people. Varicella-zoster virus infection had 
a high incidence rate in China, approximately 7/1000.3 It usually occurs after the appearance of a skin rash. HZK 
sometimes would combine with other eye diseases, such as blepharitis, conjunctivitis, keratitis, scleritis, uveitis, and 
retinopathy.4 Varicella-zoster virus could cause immune-mediated damage in all corneal layers and might lead to corneal 
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scarring, thinning, and neovascularization. Finally, HZK patients might have a visual impairment and become blind.5 

Thus, HZK could cause a severe burden on patients’ quality of life and the economy.
In this study, functional magnetic resonance imaging (fMRI) technology was performed to analyze the changes in 

human brain structure and function when patients suffered HZK. Resting-State Functional Magnetic Resonance Imaging 
(Rs-fMRI) differed from other types of fMRI due to its advantages of easier signal acquisition, easier functional brain 
area identification, and minimum requirements for patients. The amplitude of low-frequency fluctuation method was 
commonly used to study changes in brain activity.6 Another novel and advanced method of analysis was regional 
homogeneity,7 which involves analysis of the functional state of the brain as a whole within a single period. Its 
disadvantage was that it could not accurately reflect the activity and function of the neuron in a specific integrin. The 
method we applied in the present research was the percentage amplitude of fluctuation. It could be used both with and 
without dividing the whole-brain mean value.8 PerAF has been applied successfully in scientific research on the brain.9 

Another technique used in this study was mean PerAF, which involves measurement of the PerAF of a single voxel as 
a fraction of the whole brain, and has better inter-scanner reliability.10 Thus, the method of PerAF had excellent potential 
for analyzing the whole brain and appeared to be superior to the amplitude of low-frequency fluctuation method and 
regional homogeneity methods.

This pioneering study used fMRI and PerAF to investigate functional differences in brain areas of HZK patients and 
aimed to contribute to further research on HZK development, prognosis, and brain function changes.

Methods
Subjects
20 HZK patients (10 males and 10 females) were recruited from the Department of Ophthalmology, the First Affiliated 
Hospital of Nanchang University. The inclusion criteria for the HZK group included: (1) Age from 30 to 65 years; (2) 
Unilateral facial rash or skin with a history of residual scars or brown deposits; (3) Keratitis; (4) Macrophages and 
nuclear eosinophilic inclusion bodies identified in the acute phase of corneal epithelial scraping; (5) No contraindications 
to MRI scanning. The exclusion criteria included: (1) Patients with other eye diseases such as cataracts or glaucoma; (2) 
Patients who have received eye surgery treatments such as myopia surgery, cataract surgery, or glaucoma surgery; (3) 
The presence of severe systemic disease. Healthy controls were matched in age and weight. The control group was also 
composed of 10 males and 10 females. The inclusion criteria for the healthy controls group included: (1) binocular 
uncorrected visual acuity >0.8; (2) No eye diseases; (3) No systemic diseases; (4) No MRI scan contraindications.

Parameters for MRI
The Department of Radiology at the First Affiliated Hospital of Nanchang University was responsible for conducting the MRI 
operations and data extraction. This study utilized a 3-Tesla Trio MR scanner (Siemens, Munich, Germany).11 Prior to scanning, 
participants were instructed to relax, close their eyes, and minimize movement. Functional data was obtained using a 3D 
metamorphic gradient echo pulse sequence. The following parameters were used for a 176-image scan: acquisition matrix 256 
× 256, field of view 250 mm × 250 mm, echo time 2.26 ms, repetition time 1900 ms, thickness 1.0 mm, gap 0.5 mm, and flip angle 
9°. For a 240-image scan, the parameters were as follows: acquisition matrix 64 × 64, field of view 220 mm × 220 mm, thickness 
4.0 mm, gap 1.2 mm, repetition time 2000 ms, echo time 30 ms, flip angle 90°, with 29 axial slices.

Functional Magnetic Resonance Imaging Data Analysis
The MRIcro software (Nottingham University, Nottingham, UK) was used to sort and exclude incomplete or flawed data.12 The 
remaining data were processed using DPARSFA, which included standardizing the space, correcting head movement, aligning the 
slice times, and converting the digital image format. Linear regression was used to remove the influence of signals from white 
matter.13 Participants with excessive head movements (greater than 3 mm) were excluded from the analysis due to the potential 
impact on the fMRI sequence.14 Brain images were standardized to account for inter-individual differences in brain size and 
structure. Regions of interest in the central white matter region were used to control for irrelevant variables. The PerAF method 
was used to process the fMRI data, which is a reliable and direct measure of brain activity. The average BOLD signal value was 
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calculated, and the signal strength at each time point was normalized to this value. This produced an amplitude at each time point 
as a percentage of the average across the time series, as well as a signal change percentage similarity index called PerAF. The 
formula used to calculate the PerAF value of a single voxel is as follows:

where Xi represents the signal strength at a given time point, n is the total number of time points, and μ is the mean value 
of the time series.

Correlation Analysis
The anxiety and depression scores of HZK patients were obtained using the Hospital Anxiety and Depression Score (HADS). 
Pearson’s correlation analysis was used to examine the correlations between HADS and visual acuity (measured in Log MAR, 
VA) with PerAF values in the left inferior temporal gyrus. GraphPad Prism (8.0, USA) was used to plot the linear correlations.

Statistical Analysis
The SPSS software (IBM SPSS Statistics for Windows, Version 25.0; Armonk, NY, USA) was used to conduct independent 
sample t-tests for between-group comparisons. The REST software was used to perform independent sample t-tests comparing 
PerAF values between the HZK and HC groups. Multiple comparison correction was done using Gaussian random field theory, 
with a voxel-level threshold of p < 0.001. The AlphaSim tool within the REST toolbox was used for correction, with a cluster size 
set at >49 voxels and a level of p < 0.05. Receiver operating characteristic (ROC) curves were used to compare the average PerAF 
values of relevant brain areas between the HZK and HC groups, and to calculate estimates of diagnostic accuracy based on the area 
under the curve (AUC). Pearson’s correlation was used to evaluate the relationship between HADS and VA (Log MAR) with 
PerAF. All averaged data are presented as mean ± standard deviation. The regions were defined using automatic anatomic labeling 
based on the Montreal Neurological Institute data set. A p-value of <0.05 was considered statistically significant.

Results
Demographic Characteristics
The average age of patients in the HZK group was 54.21 years, and their average weight was 65.32 kg. The patients were 
right-hand dominant. The average duration of the disease was about 25 days. The mean monocular best-corrected visual 
acuities (Log MAR) were 0.63 (left) and 0.33 (right). In the HCs group, the average age was 54.21 years, and the average 
weight was 67.16, with right-hand dominance. The mean monocular best-corrected visual acuities (Log MAR) were 0.01 
(left) and 0.01 (right). No significant difference was found between the two groups in terms of gender, age, weight, or 
dominant hand (P>0.05), but there was a significant difference between the groups in visual acuity of the left eye 
(p<0.001) and the right eye (p<0.001) (Table 1).

Table 1 Basic Information of Participants

Parameters HZKs HCs t P-value*

Male/Female 10/10 10/10 N/A >0.99
Age (years) 54.21±5.53 54.21±6.96 0.086 0.883

Weight (kg) 65.32±9.21 67.16±9.98 0.092 0.871

Handedness (Right) 20 20 N/A >0.99
Duration of HZK (days) 25.74±6.43 N/A N/A N/A

Best-corrected VA-left eye (Log MAR) 0.63±0.11 0.01±0.07 21.27 <0.001

Best-corrected VA-right eye (Log MAR) 0.33±0.19 0.01±0.07 7.068 <0.001

Note: *Independent t-tests comparing two groups. 
Abbreviations: HCs, healthy controls; HZK, herpes zoster keratitis; N/A, not applicable; V.A., visual acuity; Log MAR, 
logarithm of minimum angle of resolution.
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Figure 1 (A and B) Spontaneous brain activity in HZK and HCs. Red, blue, and yellow shadows represented the strength of the signals. The Right Putamen and Right 
Precentral gyrus exhibited higher signals, while the Left Inferior Temporal exhibited lower signals (P<0.005 for multiple comparisons using Gaussian random field theory, 
cluster >99 voxels, AlphaSim corrected). (C) The mean PerAF signal value between the HZK and HCs groups. 
Notes: Compared with HCs, the asterisk (*) means the statistical significance P < 0.05. 
Abbreviations: HZK, herpes zoster keratitis; HCs, healthy controls; PerAF, percent amplitude of fluctuation; R, right; L, left.
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PerAF Differences
For the HZK group, the PerAF signal values in the brain regions of the right putamen and the right precentral gyrus were 
significantly higher than those of the HCs group (P<0.05). In contrast, the PerAF signal value in the left inferior temporal 
gyrus was significantly reduced compared with the HCs group (p<0.05) (Figure 1) (Table 2).

ROC Curve Analysis
The ROC curve analysis results showed that the signal value of the mean PerAF in the Left Inferior Temporal Gyrus 
(area under the ROC curve (AUC) = 0.902, 95% CI= 0.7789 to 1.000, P=0.0002), Right Putamen (AUC= 0.956, 95CI% 
=0.8685 to 1.000, P= <0.0001) and Right Precentral (AUC=0.800, 95% CI= 0.6316 to 0.9684, P= 0.0051) might be used 
as a potential diagnostic marker for HZK (Figure 2).

Correlation Analysis
Linear correlation analysis showed that in HZK patients, HADS scores were negatively correlated with the PerAF value 
in the left inferior temporal gyrus (r = 0.8687, P <0.0001). The result suggested that HZK patients experienced greater 
anxiety and depression. (Figure 3A) Visual acuity was negatively correlated with the PerAF value in the left inferior 
temporal gyrus (r=0.6523, p=0.0018), indicating that the HZK patients had poorer visual acuity (Figure 3B).

Table 2 Brain Areas with Significantly Different PerAF Values Between the HZK and HCs

Brain Areas MNI Coordinates B.A. Number  
of Voxels

T value

X Y Z

Patients > HCs

Right Putamen 30 6 −3 74 4528 7.894
Right Precentral 33 −12 51 2 106 5.0579

Patients < HCs

Left Inferior Temporal −48 −48 −24 89 436 −5.8829

Notes: The statistical threshold was set at the voxel level with p < 0.001 for multiple comparisons using Gaussian 
random field theory. This was corrected using AlphaSim, with a threshold of p < 0.01 and a cluster size of >49 voxels. 
Abbreviations: PerAF, percent amplitude of fluctuation; HZK, herpes zoster keratitis; HCs, healthy controls; BA, 
Brodmann area; MNI, Montreal Neurological Institute.

Figure 2 ROC curve analysis of the mean PerAF values for altered brain regions. 
Notes: The Left Inferior Temporal Gyrus (AUC=0.902, 95% CI=0.7789, 1.000; P=0.0002), Right Putamen (AUC=0.956, 95CI%=0.8685, 1.000; P=<0.0001) and Right 
Precentral (AUC=0.800, 95% CI=0.6316, 0.9684, P=0.0051) might be used as a potential diagnostic marker for HZK. 
Abbreviations: AUC, area under the curve; ROC, receiver operating characteristic.
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Discussion
This study was the first study to apply fMRI technology and PerAF method in HZK patients. In this study, we used the 
method of percent amplitude of fluctuation, a theoretically more reliable and accurate method than the low-frequency 
fluctuation amplitude and regional homogeneity methods, to study the neural activity in different brain regions of HZK 
patients compared with healthy controls. Our results showed a relatively high PerAF value at the right putamen and the 
right precentral gyrus and a low value at the left inferior temporal gyrus in HZK patients (Figure 4).

The right putamen is a subcortical brain structure that is part of the basal ganglia and is involved in motor control, learning, and 
decision-making.15 It is not clear how the putamen may be related to a specific disease, as the putamen is not directly involved in 
the immune system or in the development of most diseases. However, some research has suggested that damage to the putamen 
and other brain structures may be associated with certain neurodegenerative diseases such as Parkinson’s disease and Huntington’s 

Figure 3 (A) Correlations between the Hads scores and the PerAF signal values of left inferior temporal gyrus in HZK patients. (B) Correlations between the visual acuity 
(LogMAR) and the PerAF signal values of left inferior temporal gyrus in HZK patients. 
Abbreviations: HADS, Hospital Anxiety and Depression Scale; PerAF, percent amplitude of fluctuation; HZK, herpes zoster keratitis.

Figure 4 The mean PerAF values of altered brain regions. 
Notes: Compared with the HCs, the perAF values of the following regions were changed in various extents: 1- Right Putamen (BA 74, t = 7.894), 2- Left Inferior Temporal 
(BA 89, t = −5.8829), 3- Right Precentral (BA 2, t = 5.0579). 
Abbreviations: HCs, healthy controls; B.A., Brodmann’s area.
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disease.16,17 Additionally, study have shown that the putamen may be involved in the processing of pain and other sensory 
information, so it is possible that the putamen may play a role in the experience of certain types of chronic pain.18 HZK is known to 
cause pain and our study found that at the right putamen, the signal intensity of PerAF was higher in HZK patients than in healthy 
controls. The changes at the right putamen might reveal the pathological mechanism of HZK and its changes on the brain might be 
useful for pain management in HZK patients.

The right precentral gyrus was located in the frontal lobe between the central sulcus and the central anterior sulcus. It 
contained many large pyramidal cells and was the center for movement control.19 It is important to note that the 
precentral gyrus is not directly involved in the control of eye movements or vision. However, damage to this area can 
result in motor deficits that can impact eye movements, such as those seen in conditions like hemiparesis.20,21 Other 
study show that the precentral gyrus was related to chronic pain,22 which is similar to our study. Our study found that in 
HZK patients, the PerAF signal intensity was significantly higher in both the right precentral gyrus and the right putamen 
areas than in healthy controls, further demonstrating altered brain activity.

The inferior temporal gyrus was related to visual processing, perception, facial perception, and digital recognition. One study 
has shown that inferior temporal gyrus damage impacts attention.23 For corneal ulcer patients, Our previous studies also have 
demonstrated that the regional homogeneity levels were increased in the inferior temporal gyrus.24 For patients with monocular 
blindness, compared with a healthy control group, the signal value of degree centrality of the left inferior temporal gyrus was 
increased.25 In the present study, HZK patients had decreased PerAF signal intensity than healthy controls in the left inferior 
temporal gyrus. Our results might help diagnose HZK and understand its underlying pathological mechanism.

Overall, the PerAF value at the left inferior temporal gyrus was significantly decreased in HZK patients compared with healthy 
controls. This reduced value suggested that related brain areas’ functional activities had become inactive, causing impaired visual 
perception and cognition. However, the PerAF values at the right putamen and right precentral brain areas significantly increased, 
indicating that some functional activities were enhanced in these two brain regions. We speculated that the change in the brain area 
of HZK patients might affect their visual processing, perception, sensory cognition, and emotional cognition. The limitations of 
our study include the small sample size and it is a cross-sectional study. Future research should focus on conducting a large-scale, 
multicenter, longitudinal study with a more substantial sample size. However, our findings might help understand the disease, 
including treatment, cognition, affect, underlying pathological mechanism, and diagnosis (Figure 5) (Table 3).

Figure 5 The relationships among herpes zoster keratitis, brain activity, and mood changes. (Created with BioRender.com).
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Conclusion
The brain’s regional signal strength changes might reflect related body functions. The use of the PerAF method enhanced 
the quality of the research. Our findings may contribute to revealing potential brain regional changes in HZK patients.

Abbreviations
HZK, herpes zoster keratitis; HCs, healthy controls; PerAF, percent amplitude of fluctuation; R, right; L, left; AUC, area under the 
curve; ROC, receiver operating characteristic; HADS, Hospital Anxiety and Depression Scale; B.A., Brodmann’s area; MRI, 
magnetic resonance imaging; N/A, not applicable; V.A., visual acuity; MNI, Montreal Neurological Institute; rs-fMRI, resting- 
state functional magnetic resonance imaging; Log MAR, logarithm of minimum angle of resolution.
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