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Introduction: We investigated the white matter integrity in shift and non-shift workers and its associations with sleep and activity.
Methods: Diffusion tensor imaging (DTI) was performed on 61 shift workers and 31 non-shift workers. Their sleep and activity 
profiles were assessed using the Pittsburgh Sleep Quality Index (PSQI), sleep diaries, and actigraphy. Fractional anisotropy (FA) 
(a measure of white matter integrity) was calculated using DTI tractography.
Results: Shift workers exhibited higher FA values in the bilateral anterior cingulum than did non-shift workers. An increased FA in 
the right anterior cingulum was correlated with poor sleep quality (ie, a high PSQI score) in shift workers. An increased FA in the right 
anterior cingulum was also correlated with higher actigraphic activity indices (the mesor and M10 indices) in shift workers.
Discussion: The white matter integrity of the anterior cingulum was altered in shift workers, perhaps in association with sleep and 
activity disturbances.
Keywords: shift work, DTI, cingulum, sleep, activity

Introduction
Today, 15–20% of the working population is on duty outside of traditional daytime hours.1 Shift workers regularly 
experience sleep disturbances attributable to desynchronization of the homeostatic sleep pressure and circadian rhythm; 
thus, they are predisposed to the development of shift work disorder.2 A recent meta-analysis found that 26.5% of all shift 
workers met the diagnostic criteria for this disorder, thus severe disturbances during sleep and/or excessive sleepiness 
during waking.3

Several previous studies have described structural and functional brain changes in shift workers.4,5 Simulated night 
shift work reportedly changed the pattern of brain protein synthesis in a rat study.6 To the best of our knowledge, no 
study has yet reported white matter changes in shift workers. As white matter plays an important role in maintenance of 
the circadian rhythm,7,8 we sought white matter alterations in shift workers and the effects thereof on sleep and activity.

Sleep quality has been associated with structural white matter changes.8–11 Previous studies reported that white matter 
alterations were related to the sleep quality of college students10 and older adults.11 A relationship between white matter 
integrity and sleep quality has also been observed in patients with insomnia.12,13 Shift workers are physically over-active 
during both occupational and non-occupational hours.14,15 Previous studies have reported correlations between white 
matter integrity and physical activity; more physically active people evidenced more integrated white matter.16,17 
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Therefore, we investigated whether sleep quality and the activity level were associated with white matter alterations in 
shift workers.

Functional changes in the anterior cingulate cortex (ACC) have been reported in those with disturbed circadian 
rhythms. Changes in the functional connectivity of the ACC to other brain areas has been reported in night shift nurses18 

and delirium patients with circadian rhythm disturbances.19 As white matter tracts structurally connect distant brain 
areas, white matter tract changes might occur in the anterior cingulum of those with circadian rhythm disturbances. 
However, no previous study on the anterior cingulum white matter tract of shift workers has appeared, although those 
with sleep disturbances were reported to exhibit white matter tract changes of cingulum.13 A comparison of white matter 
integrity between shift workers and non-shift workers would aid our understanding of how environmental circadian 
disturbances affect white matter integrity.

We compared the white matter integrity between shift workers and non-shift workers via diffusion tensor imaging (DTI) 
tractography. We also investigated the associations between white matter alterations and the subjective and objective sleep 
and activity characteristics of shift workers. Based on previous studies, we hypothesized that the white matter integrity in 
a specific region such as anterior cingulum would differ between shift and non-shift workers. Additionally, we hypothesized 
that white matter alterations in shift workers would correlate with their sleep and activity levels.

Methods
Participants
An opportunity sample was used. From June 2017 to December 2019, participants were recruited via advertisements 
placed at Seoul National University Hospital and Samsung Medical Center. Shift workers were defined as individuals 
with rotating or non-standard shifts. In a broad sense, shift workers can be defined as those with rotating work shifts (ie, 
the work shifts change over time) or those with non-standard shifts (ie, all working shifts are out of standard daytime 
working hours). In the current study, shift workers with both rotating and non-standard shifts were recruited. The 
inclusion criteria were as follows: 1) three-shift rotations each of 8 hours, 2) at least one work shift commencing before 7 
AM or after 6 PM, and 3) shift work for more than 6 months. The inclusion criteria for non-shift workers were as 
follows: 1) no rotating work shifts, 2) working between 7 AM and 6 PM, and 3) an absence of sleep disturbance.

The Structured Clinical Interview for the Diagnostic and Statistical Manual of Mental Disorders-IV was performed by 
trained psychologists as screening for psychiatric disorders. Nocturnal polysomnography was conducted to screen for 
common sleep disorders including obstructive sleep apnea. The exclusion criteria were as follows: a prior serious medical 
or neurological illness; an apnea-hypopnea index score ≥ 30 or a periodic limb movement index score ≥ 50; an Axis 
I psychiatric disorder other than circadian rhythm sleep disorder, shift work type (as defined by the Diagnostic and 
Statistical Manual of Mental Disorders-IV); a sleep disorder other than shift work sleep disorder (SWD) (based on the 
International Classification of Sleep Disorders-3 criteria); pregnancy; and any contraindication for magnetic resonance 
imaging (MRI). Of the initially recruited individuals, two shift workers and three non-shift workers were excluded 
because of poor image quality (motion artifacts or b value errors). Finally, 61 shift workers (15 men and 46 women aged 
30.84 ± 6.37 years, age 24–57 years) and 31 non-shift workers (8 men and 23 women aged 32.74 ± 6.36 years, age 23–48 
years) participated (Supplementary Figure 1). The shift workers of the current study worked for 8 hours per shift (day, 
evening, and night shifts). Their weekly shifts were not fixed, but they reported approximately 1 or 2 shifts per week. 
This study was approved by the Institutional Review Board of Seoul National University Hospital and conducted in 
accordance with the declaration of Helsinki. All participants provided written informed consent before study 
commencement.

Self-Reported Data
The Pittsburgh Sleep Quality Index (PSQI) was used to evaluate subjective sleep quality during the previous month in 
terms of seven sleep domains (subjective sleep quality, sleep latency, sleep duration, habitual sleep efficiency, sleep 
disturbance, use of sleep medications, and daytime dysfunction).20 The Epworth Sleepiness Scale (ESS) was employed to 
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measure daytime sleepiness; participants rate the risks of falling asleep in eight different situations.21 The Insomnia 
Severity Index (ISI) was used to assess the severities of the nighttime and daytime components of insomnia.22

A sleep diary was employed to record subjective sleep parameters: total sleep time (TST), sleep efficiency (SE), wake 
time after sleep onset (WASO), and sleep onset latency (SOL). All participants were instructed to record sleep-related 
information daily in a diary for 2 weeks.

Actigraphy-Based Measurements of Sleep and Circadian Variables
Actigraphy is a non-invasive technique that objectively measures sleep parameters and activity cycles over days to 
weeks. All participants wore an Actiwatch 2 (Phillips Respironics; Murrysville, PA, USA) on the non-dominant wrist for 
8 consecutive days. All data were collected in 30-s epochs. Actiware ver. 6.0.9 was used to calculate actigraphic data and 
sleep variables. Sleep diary data, rest periods, and excluded intervals were manually processed by technicians who were 
blinded to the other variables. Actigraphy yielded objective TST, SE, WASO, and SOL data.

The raw actigraphic data were subjected to cosinor analysis to calculate the mesor (midline of the oscillating curve; 
higher values suggest higher activity levels), the amplitude (the peak-to-nadir difference of the fitted curve; higher 
amplitudes suggest more robust rhythms or higher activity levels), the F-statistic (reflecting the robustness of circadian 
activity; higher values suggest more robust rhythms), and the acrophase (the time of peak activity during the day; a later 
time suggests a more delayed phase). Nonparametric variables were also calculated, including the most active 10-hour 
period (M10; a higher M10 represents a more active wake period), interdaily stability (IS; a higher IS indicates better 
synchronization to light and other environmental cues), intradaily variability (IV; a higher IV indicates greater fragmen
tation of the 24-hour rest-activity rhythm), relative amplitude (a higher relative amplitude indicates a more robust 
rhythm), and the least active 5-hour period (L5; a higher L5 indicates less restful sleep).23,24 The cosinor and 
nonparametric analyses were discussed previously.25,26

Diffusion Tensor Imaging (DTI)
A 3-T whole-body Siemens scanner (TrioTim Syngo) with a 12-channel, birdcage head coil was used for anatomical 
imaging and DTI. Anatomical images were acquired using a T1-weighted, three-dimensional (3D), magnetization- 
prepared, rapid gradient echo (3D MPRAGE) sequence (repetition time/echo time/inversion time/flip angle = 1670 
ms/1.89 ms/900 ms/9°; slice thickness = 1.0 mm; in-plane resolution = 1×1 mm; field-of-view = 250 mm; matrix size = 
256×256). DTI was performed in the axial plane using the following parameters: b = 0 and 900 s/mm,2 number of 
diffusion gradient directions = 30, repetition time = 12,000 ms, echo time = 82 ms, slice thickness = 2 mm, flip angle = 
90°, and matrix size = 128×128.

Diffusion MRI Processing
Diffusion data files were analyzed using DSI Studio (http://dsi-studio.labsolver.org/). First, the DICOM files were converted 
to NIFTI files using MRIConverter (https://lcni.uoregon.edu/downloads/mriconvert); the NIFTI files were imported into DSI 
Studio. An automated mask was applied prior to rendering of the 3D DTI volumes. Diffusion data were reconstructed via 
q-space diffeomorphic reconstruction; this yielded individual fractional anisotropy (FA) maps aligned to the Montreal 
Neurological Institute space via non-linear registration. The FA file for each subject was based on the Human 
Connectome Project (HCP) 1065 template.26 Parcellation was performed using ICBM152 non-linear atlases.26 FA data 
were extracted to allow group connectometry analysis. Both connectometry and demographic datasets were prepared. 
Diffusion MRI connectometry27 was used to derive the correlational tractography (dti_fa) that correlated with shift work. 
A nonparametric, Spearman partial correlation was used for this purpose; the effects of age and sex were removed via 
multiple regression. In total, 92 participants were included in the analysis. In terms of the group connectometry, the T-score 
threshold was set to 2.5. The trajectories of the fiber pathways were determined using the deterministic fiber-tracking 
algorithm in DSI studio.28 This yielded correlational tractography data. No specific brain area was chosen as a seeding, end, 
or terminative region. Further, no specific brain area was chosen as a region of interest (ROI) or region of avoidance (ROA) 
in DSI studio. Thus, the whole brain was regarded as the seeding region and the ROI for correlational tractography. The 
tracks were filtered via topology-informed pruning (five iterations) to remove false connections.29 A length threshold of 20 
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voxels was used to select tracks. To estimate the false discovery rate (FDR), 8000 randomized permutations were applied to 
the group label to obtain the null distribution of the track length. For further analysis, mean FA values were extracted for 
regions that exhibited significant differences between the groups as revealed by group connectometry.

Statistical Analysis
To compare the demographic and clinical characteristics of the two groups, independent t-tests were used for continuous 
variables, while chi-squared tests were used for categorical variables. The Shapiro–Wilk test was performed to explore 
data normality. Variables that were not normally distributed were compared using the Mann–Whitney U-test. Partial 
correlation analyses and regression analyses were performed within each group to identify associations between the mean 
FAs of identified white matter and the clinical variables after adjusting for age and sex. An additional regression analysis 
was performed to explore how FA might be predicted by shift work status, sleep/circadian disturbances, and their 
interactions after controlling for age and sex. All statistical analyses were performed using R software (R Development 
Core Team, Vienna, Austria); p-values < 0.05 were considered to indicate statistical significance.

Results
Demographic, Clinical, Sleep, and Circadian Characteristics
The mean age did not significantly differ between shift workers (30.84 ± 6.37 years) and non-shift workers (32.74 ± 6.36 
years; t = 1.36, p = 0.18); neither did the sex ratio (shift workers, 46 women, 75.41%; non-shift workers, 23 women, 
74.19%; chi-squared = 28.03, p = 0.26) (Table 1). Among shift workers, the mean duration of such work was 65.05 ± 
52.49 months (Table 1).

The PSQI (w = 0.94 p < 0.01), ISI (w = 0.95, p = 0.002), actigraphic variables such as SOL (w = 0.87, p < 0.01), SE 
(w = 0.93, p < 0.01), WASO (w = 0.90, p < 0.01), acrophase (w = 0.85, p <0.01), F-statistic (w = 0.88, p < 0.01), M10 (w 
= 0.95, p = 0.001), L5 (w = 0.87, p < 0.01), relative amplitude (w = 0.90, p < 0.01), and IV (w = 0.97, p = 0.022) and 
sleep diary variables such as SE (w=0.97, p= 0.02), WASO (w=0.86, p<0.001), SOL (w=0.86, p<0.001) were not 
normally distributed.

Shift workers exhibited higher PSQI and ISI scores than did non-shift workers (U = 1,333.50, p = 0.001 and U = 
1,305.50, p = 0.003, respectively). We found no significant difference in ESS scores between shift workers and non-shift 
workers. In terms of circadian variables, shift workers had a higher mesor (t = 3.35, p = 0.002), M10 (U = 1182.00, p = 
0.016), and L5 (U = 1608.00, p < 0.01) than did non-shift workers; however, shift workers had a lower amplitude (t = 
2.85, p = 0.006), F-statistic (U = 418.00, p < 0.001), IS (t = 7.46, p < 0.001), IV (U = 507.00, p = 0.001), and relative 
amplitude (U = 255.00, p < 0.01). Both subjective (sleep diary) and objective (actigraphic data) sleep variables did not 
differ between shift workers and non-shift workers.

Comparison of FA Between Shift Workers and Non-Shift Workers
Shift workers showed higher FA values in the right cingulum and left cingulum (right = 0.12 ± 1.00, left = 0.11 ± 0.93) 
than non-shift workers (right = –0.23 ± 0.97, left = –0.21±1.11). On whole brain analysis, shift workers exhibited higher 
FA values than did non-shift workers in the bilateral anterior cingulum after adjustment for age and sex (center x = 37, 
center y = 30, center z = 37, volume = 630 voxels, FDR = 0.004) (Figure 1).

Associations Between FA and Sleep/Activity Variables
In shift workers, the mean FA of the right anterior cingulum was positively correlated with the PSQI score (r = 0.26, p = 
0.04) (Figure 2). This correlation remained significant after adjustment for age and sex (r = 0.26, p = 0.04). After 
excluding one outlier with a high PSQI score and FA values of right cingulum, there was no significant correlation 
between the right cingulum PSQI score and shift worker status (r = 0.22, p = 0.10). The mean FA of the right anterior 
cingulum was not significantly correlated with the PSQI score of non-shift workers (Supplementary Tables 1 and 2). 
There was no significant correlation between left cingulum FA and the PSQI score (Supplementary Tables 1 and 2). No 
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other subjective sleep variable (including the ISI) was significantly correlated with the mean FA of the right or left 
anterior cingulum (Supplementary Tables 1 and 2).

In shift workers, the mean FA of the right anterior cingulum was positively correlated with the mesor (r = 0.39, p = 
0.002) and M10 (r = 0.33, p = 0.01). After adjustment for age and sex, the mean FA of the right anterior cingulum 
remained significantly correlated with the mesor (r = 0.39, p = 0.002) and M10 (r = 0.33, p = 0.01). Shift work duration 
did not significantly correlate with FA values of right cingulum (r = 0.20, p = 0.13) or left cingulum (r = –0.2, p = 0.87). 
In the regression model, higher FA values of right cingulum predicted a higher mesor (β = 0.40, p < 0.01), M10 (β = 0.34, 
p = 0.01), and PSQI score (β = 0.27, p = 0.045) in shift workers.

In non-shift workers, the mean FA of the left anterior cingulum was positively correlated with the mesor (r = 0.39, p = 
0.03) and M10 (r = 0.44, p = 0.02). After adjustment for age and sex, the mean FA of the left anterior cingulum remained 
significantly correlated with the mesor (r = 0.49, p = 0.008) and M10 (r = 0.54, p = 0.003). No other actigraphic variable 

Table 1 Demographic, Clinical, Sleep, and Circadian Characteristics of All Participants

Variables Shift workers 
(n = 61)

Non-Shift Workers 
(n = 31) Group Difference

Means ± SDs  
or n (%)

Means ± SDs  
or n (%)

p-value

Age (years) 30.84 ± 6.37 32.74 ± 6.36 t =1.36 0.18

Number of women 46 (75.41%) 23 (74.19%) Chi2=28.03 0.26

Duration of shift work (months) 65.05 ± 52.49 – NA NA

Self-reported sleep questionnaire scores

ESS 0.08 ± 0.98 −0.16 ± 1.04 t = 1.04 0.30
PSQI** 0.24 ± 1.02 −0.47 ± 0.79 U=1333.50 0.001

ISI** 0.20±0.95 −0.39 ± 0.98 U=1305.50 0.003

Sleep diary

TST (min) 0.04±0.92 −0.02 ± 1.04 t = 0.26 0.79

SE (%) 0.06±0.86 −0.12 ± 1.25 U=959.50 0.71
WASO (min) 0.03±0.87 −0.05 ± 1.23 U=1052.50 0.25

SOL (min) 0.08±0.97 −0.17 ± 1.06 U=1139.00 0.06

Actigraphy: sleep variables

TST (min) −0.08±0.96 0.16 ± 1.07 t = 1.05 0.30

SE (%) −0.15±1.06 0.30 ± 0.82 U=703.50 0.09
WASO (min) 0.08±0.99 −0.16 ± 1.01 U=2895.00 0.16

SOL (min) −0.001±1.08 0.01 ± 0.84 U=830.500 0.55

Actigraphy: circadian variables

Mesor** 0.25 ± 0.86 −0.50 ± 1.08 t =3.35 0.002

Amplitude** −0.20 ± 1.04 0.38 ± 0.81 t =2.85 0.006
Acrophase −0.001± 1.10 0.002 ± 0.79 U=886.00 0.91

F-stat*** −0.27 ± 0.91 0.53 ± 0.98 U=418.00 < 0.001

M10* 0.17 ± 1.00 −0.34 ± 0.93 U=1182.00 0.016
L5*** 0.40 ± 1.00 −0.80 ± 0.22 U=1608.00 < 0.001

Interdaily stability*** −0.40 ± 0.93 0.79 ± 0.57 t= 7.46 < 0.001

Interdaily variability** −0.27 ± 0.85 0.54 ± 1.08 U=507.00 0.001
Relative amplitude*** −0.41 ± 0.97 0.81 ± 0.37 U=255.00 < 0.001

Note: *p < 0.05, **p < 0.01, ***p < 0.001. 
Abbreviations: SD, standard deviation; ESS, Epworth Sleepiness Scale; PSQI, Pittsburgh Sleep Quality Index; ISI, Insomnia Severity Index; TST, total sleep time; SE, sleep 
efficiency; WASO, wake time after sleep onset; SOL, sleep onset latency; M10, most active 10-h period; L5, least active 5-h period.
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Figure 1 White matter images showing increased FAs in shift workers compared to non-shift workers. Brain regions showing increased FAs in shift workers (compared to 
non-shift workers) are shown in the (A) axial plane, (B) coronal plane, and (C) right and left sagittal planes. These areas correspond to the bilateral anterior cingula. 
Abbreviation: FA, fractional anisotropy.

Figure 2 Correlations between the PSQI score and the mean FA of the right anterior cingulum in shift workers and non-shift workers. In shift workers, the mean FA of the 
right anterior cingulum was positively correlated with the PSQI score before (r = 0.26, p = 0.04) and after (r = 0.26, p = 0.04) adjustment for age and sex (blue). The mean 
FA of the right anterior cingulum was not significantly correlated with the PSQI score in non-shift workers (red). The FA value of the right cingulum was significantly 
predicted by the interaction between shift work status and PSQI score (β = 0.03, p= 0.03). 
Abbreviations: PSQI, Pittsburgh Sleep Quality Index; FA, fractional anisotropy.
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was significantly correlated with the mean FA of the right or left anterior cingulum. In the regression model, higher FA 
values of the right cingulum predicted amplitude in non-shift workers (β = 0.46, p = 0.02).

In terms of interaction, the FA value of the right cingulum was significantly predicted by the interaction between shift 
work status and the PSQI score (β = 0.03, p = 0.03), and by the interaction between shift work status and the ISI score (β 
= 0.37, p = 0.04), indicating that the associations between the FA value of the right cingulum and the PSQI or ISI score 
was more prominent in shift workers than non-shift workers. The FA value of the left cingulum was significantly 
predicted by the mesor (β = 0.48, p < 0.01) and M10 (β = 0.61, p < 0.01). In addition, amplitude (β = –0.45, p = 0.04), 
M10 (β = –0.45, p = 0.02), and L5 (β = –1.52, p = 0.04) exhibited significant interactions with shift work in terms of 
predicting the FA value of the left cingulum. The associations between the left cingulum FA value, and the amplitude, 
M10, and L5 were more prominent in non-shift workers than shift workers. The results of our regression analysis 
remained significant after excluding one outlier with a high FA value of right cingulum.

Discussion
We found differences in the white matter integrities of shift workers and non-shift workers. Specifically, shift workers 
exhibited higher FAs of the bilateral anterior cingulum than did non-shift workers. Additionally, a higher FA in the right 
anterior cingulum was associated with poorer subjective sleep quality and higher objective activity in shift workers.

In terms of sleep variables, shift workers exhibited higher PSQI and ISI scores than did non-shift workers. Thus, shift 
workers experience sleep disturbances and severe insomnia. In terms of circadian variables, although shift workers 
exhibited higher levels of activity (a higher mesor and M10), they experienced less restful sleep (a higher L5). 
Additionally, they exhibited less robust circadian rhythms (a lower relative amplitude) and more circadian misalignment 
(a lower IS) compared to non-shift workers. Shift workers often complain of insomnia and disrupted circadian 
rhythms;1,30 our study participants were thus typical.

Consistent with our hypothesis, white matter integrity differed between shift workers and non-shift workers. We 
found a significantly increased FA in the bilateral anterior cingulum of shift workers compared to non-shift workers. 
Previous studies suggested that structural alterations in the cingulum were associated with sleep disturbances and 
insomnia.14,31 We speculate that structural changes in the cingulum caused by shift work induce sleep disturbances. 
Additionally, the anterior cingulum has been suggested to participate in cognitive and memory functions32 as well as 
emotional processing (as a component of the Papez circuit).33 Shift workers are thus vulnerable to cognitive impairment 
and poor mental health.34,35 The altered white matter integrity of the anterior cingulum suggests that this cingulum may 
regulate sleep and the effects of sleep on cognition, memory, and emotion in shift workers.

In the present study, interactions were apparent between shift work and sleep/activity, and the white matter integrity 
of the anterior cingulum. The associations between sleep disturbances and cingulum integrity were “more” prominent in 
shift workers, whereas the associations between activity and cingulum integrity were “less” prominent in shift workers. 
Moreover, a higher FA of the right anterior cingulum was associated with poorer sleep quality in shift workers, whereas 
poor sleep quality correlated with decreased white matter integrity of the right anterior cingulum in non-shift workers. 
Thus, the association between the cingulum and sleep may differ in shift and non-shift workers, perhaps because shift 
workers experience poorer sleep quality and more severe insomnia than do non-shift workers. Higher white matter 
integrity in the cingulum has been associated with poor sleep quality in insomniacs.14 Another possible explanation for 
the increased FA in shift workers (and the association thereof with sleep quality) is a circadian adaptation to shift work, 
which would be absent in non-shift workers. Functional changes in the cingulum were associated with recovery from 
jetlag, which can be interpreted as re-alignment after circadian disruption.9 However, it remains unclear why the 
increased FA correlated with poor sleep quality in shift workers but not in non-shift workers. A future study featuring 
long-term longitudinal imaging is required.

We found that shift workers exhibited higher levels of activity and increased white matter integrity of the bilateral 
cingulum. Moreover, shift workers with higher activity levels exhibited increased FA of the right anterior cingulum. 
Previous studies reported associations between cingulum features and physical activity. Increased white matter integrity 
of the anterior cingulum was associated with higher activity levels.36–38 The higher levels of activity in shift workers may 
explain the increased white matter integrity of the anterior cingulum.

Nature and Science of Sleep 2022:14                                                                                               https://doi.org/10.2147/NSS.S369192                                                                                                                                                                                                                       

DovePress                                                                                                                       
1423

Dovepress                                                                                                                                                              Lee et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Our work has certain implications. The white matter tract changes of anterior cingulum in shift workers correlated 
with the sleep-activity cycle. This suggests that the change may serve as a biomarker of sleep disorders. Also, the work 
suggests that the ACC and connected areas could be the targets of neuro-modulation therapy for the sleep disorders of 
shift workers.

Our study had several limitations. First, as we employed a cross-sectional design, causal relationships cannot be 
determined. A longitudinal analysis is required to identify causal relationships; this also avoids recall bias. Second, we 
used sleep diaries and actigraphy to measure sleep variables. The PSQI may not be ideal to assess shift workers with 
disturbed sleep-wake rhythms; the PSQI is designed to assess (principally) subjective sleep quality. In the current study, 
the objective sleep-wake rhythm was measured by actigraphy. However, compared to polysomnography, actigraphy is 
less specific.39 Polysomnographic sleep parameters may be more reliable. Third, selection bias may have been in play 
when exploring the effects of shift work. As work shifts are chosen by workers, the baseline characteristics of shift 
workers may differ from those of non-shift workers. Those who regard themselves as tolerant of circadian disturbances 
may be less reluctant to choose night shifts. Lastly, we were unable to control for all potential confounders that may 
cause sleep disturbances (caffeine, alcohol, chronic pain, asthma, and heart disease). Although the FDR was used to 
correct the multiple comparisons of the imaging analysis, multiple comparison issues may still be in play. As shift 
workers may consume more caffeine or have more diseases than others, these confounders could affect the results.

In conclusion, we found that shift workers exhibited increased FAs in the bilateral anterior cingulum. The increased 
FA in the right anterior cingulum was associated with poorer sleep quality and higher activity levels. These results 
suggest that the right anterior cingulum may be correlated with sleep/activity in shift workers.
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