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Purpose: This study investigated the associations of peripheral iron status with different manifestations of restless legs syndrome
(RLS), including leg movements (LMs) on polysomnography (PSG), disease severity, and impact on patients.

Patients and Methods: In this cross-sectional study, 108 patients with RLS were enrolled at Sir Run Run Shaw Hospital’s Center for
Sleep Medicine. Demographic information, disease characteristics, RLS severity, and impact on patients were assessed through a semi-
structured questionnaire. Peripheral iron indicators [serum ferritin, iron, and transferrin concentrations; unsaturated iron-binding
capacity (UIBC) and total iron-binding capacity (TIBC); transferrin saturation (TSAT)] were measured following PSG to assess
sleep stages, respiratory events, microarousals and LM parameters. Data from patients with and without ferritin concentration < 50 pg/
L were compared in crude analyses, and Spearman correlations of other iron indicators with RLS data were examined. An ordinal
logistic regression model was used to adjust for age, sex, body mass index, years of education, age at the time of RLS onset, prior
treatment (yes/no), C-reactive protein (CRP)/hemoglobin level, total sleep time and apnea-hypopnea index.

Results: Multivariate analysis showed that periodic LMs during sleep (PLMS) and other LM parameters were significantly associated
with a ferritin concentration < 50 pg/L, UIBC, TIBC, and serum transferrin concentration, but not serum iron or TSAT. By contrast,
the severity and impact of RLS were not associated with a ferritin concentration < 50 pg/L or other peripheral iron indicators in the
multivariate model.

Conclusion: In this study, peripheral iron status was associated mainly with motor components (LMs on PSG) rather than sensory
components (severity and impact of RLS) after adequately controlling for potential confounders, such as CRP and hemoglobin levels.
Commonly used peripheral iron metabolism indicators may therefore not be ideal biomarkers of RLS severity or impact on patients.
Keywords: restless legs syndrome, peripheral iron metabolism, polysomnography, leg movements, severity, impact

Statement of Significance
Although iron deficiency contributes to RLS, the relationship between peripheral iron metabolism and RLS is controversial.
The present study investigated the associations of peripheral iron status with different manifestations of RLS and observed

the following. In patients with RLS, commonly used peripheral iron metabolism indicators were mainly related to motor
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rather than sensory components of RLS, suggesting that abnormal peripheral iron metabolism is not a risk factor for RLS
severity or a negative impact on patients, and that the two clinical presentations of RLS are likely independent of each other.
Leg movement parameters were associated with a ferritin concentration < 50 pg/L, UIBC, TIBC and the serum transferrin
concentration, but not with serum iron or TSAT. Complex iron metabolism, involving storage and transport processes, may
underlie the motor components of RLS. (3) As well as PLMS, other LMs were related to peripheral iron metabolism. PLMS/
LMs during wakefulness and arousal were not associated with peripheral iron measures. Overall, our study demonstrates that
peripheral iron metabolism is involved in several complex RLS mechanisms. Further studies are needed to determine how
peripheral iron status participates in the pathophysiology of RLS.

Introduction

Restless legs syndrome (RLS) is a common sensorimotor disorder characterized by a prominent circadian pattern and
a rest-induced, movement-responsive, mostly nocturnal urge to move the legs.' Brain iron deficiency is the key initial
pathobiological factor in RLS; it induces the hypoadenosinergic, hyperglutamatergic, and hyperdopaminergic states
involved in the sensorimotor signs and arousal components of RLS." The clinical expression of RLS is variable and may
depend on genetic, environmental, or medical factors.”> However, in a systematic review, only iron deficiency and kidney
disease increased the prevalence of RLS.” Based on clinical research,*” iron deficiency is currently recognized as an
independent risk factor for RLS, and iron supplementation has effectively treated some forms of RLS.®° Additionally,

. . . 1 . .. . 10-12
based on imaging and postmortem findings' as well as genome-wide association studies'’

11,13

, the pathophysiology of
RLS is linked to iron homeostasis.

As the current RLS treatment guidelines'* ' recommend iron treatment for patients with low peripheral iron levels,
the systemic iron parameters of patients with RLS should be measured routinely. To examine the iron status of patients
with RLS, initial and periodic measurement of the serum iron, transferrin, and ferritin concentrations; total iron-binding
capacity (TIBC); and transferrin saturation (TSAT) is recommended.'” Ferritin is a circulating iron storage protein and
acute-phase reactant; thus, the C-reactive protein (CRP) level or erythrocyte sedimentation rate should be considered
when interpreting the ferritin concentration.'”

Although iron deficiency has been considered an independent risk factor for RLS, the association is controversial.
Leung et al'® published a review of the association of iron deficiency with RLS based on 74 studies and identified gaps in
the research. Although most of the studies found a positive association, this was not seen in some cross-sectional (10/25)
and cohort studies (4/5).'® Moreover, the CRP level was measured together with the ferritin concentration in only three

. 19-21
studies'®

and iron deficiency was not associated with RLS in any of them. In addition to potential cofounders such as
CRP, these contradictory results regarding the association of iron deficiency with RLS may be due to the use of univariate
analysis, small sample sizes,”> and non-linear relationships.”® To date, the effects of the serum iron and transferrin
concentrations, TIBC, and TSAT on RLS have received much less attention. A few studies demonstrated that iron ions,
transferrin, soluble transferrin receptor concentrations, and TSAT were not significantly different between patients with
RLS and Healthy controls.** ¢ Hence, the generalizability of the relationship between peripheral iron metabolism and
RLS is limited.

Periodic leg movements during sleep (PLMS) are defined as movements in which at least four LMs take place, with
intervals of 5-90 s between them.”’” However, LMs during sleep also include other movements not meeting this
requirement or separated by interval > 90s. PLMS may therefore differ from other types of LM in terms of its specific
characteristics and duration, as well as other features such as high sensitivity to dopamine agonists, reduced frequency at
night, and associations with diseases other than RLS.?® As LMs have yet been thoroughly assessed, the associations of
PLMS and LMs with peripheral iron status remain to be determined.

The aim of this study was to investigate the associations of various peripheral iron parameters with LMs on
polysomnography (PSG), RLS severity, and the impact on patients, after adjusting for confounding variables. As well
as the serum ferritin concentration (the only indicator of iron-status measured in most studies), this study analyzed
several other indicators, including serum iron and transferrin concentrations, TIBC, and TSAT. Other categories of LM in
addition to PLMS were also examined. Moreover, patient demographics, symptom characteristics, RLS severity, on the
impact on patients, and polysomnographic data were assessed.

1830 " Nature and Science of Sleep 2022:14

Dove!


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

Dove Wang et al

Materials and Methods

Patients

We continuously recruited patients with RLS to this study conducted at the Center for Sleep Medicine, Sir Run Run Shaw
Hospital, Zhejiang University School of Medicine, from March 2019 to December 2020. According to the International
RLS Study Group,?’ five essential diagnostic criteria for RLS are uncomfortable and unpleasant sensations in the limbs
usually causing an urge to move (mainly in the legs), initiation or worsening of these symptoms when at rest or inactive,
partial or complete remission of the symptoms while activity continues, the occurrence or increased severity of symptoms
at night, and the absence of another condition explaining the symptoms.

Written informed consent was obtained from all individuals included in the study. This study was approved by the
Institutional Review Board of Sir Run Shaw Hospital (permit number: 20190226-9), and all procedures involving human
subjects adhered to the Helsinki Declaration as revised in 1989. The study was registered in Chinese Clinical Trial
Registry (clinical trial registration number: ChiCTR2000040784).

Clinical Assessments

A neurologist with expertise in sleep medicine administered a semi-structured questionnaire to the study participants to
collect information on their demographic characteristics, symptom characteristics (age at time of RLS onset, duration of
RLS, family history of RLS), and medical histories/co-morbidities. Current RLS medication use was recorded, and
levodopa equivalent doses were calculated for patients receiving dopaminergic therapy.’® Augmentation was assessed
using the criteria of the Max Planck Institute.*'

Although not life-threatening, patients with RLS often have compromised health and poor quality of life. Thus,
comprehensive clinical assessment is essential to fully understand the impacts of RLS on patients. In this study patients
were assessed in terms of sleep quality, daytime sleepiness, fatigue, quality of life, emotional state (depression/anxiety),
and cognitive function using the following validated scales: the International Restless Legs Syndrome Study Group
Severity Scale (IRLS),*? Pittsburgh Sleep Quality Index (PSQI),>* Epworth Sleepiness Scale (ESS),** Chalder Fatigue
Scale (CFS),*> Medical Outcomes Study 36-item short-form health survey (SF-36),’® Beck Depression Inventory-13
(BDI-13),>” Beck Anxiety Inventory (BAI),*® Montreal Cognitive Assessment (MoCA),*® and Mini-Mental Status
Examination (MMSE).*

Comorbidities

Given the complex etiology of RLS, which likely involves environmental and genetic interactions, it can occur in
isolation or with comorbidities.*' Only iron deficiency anemia and kidney disease have been identified as factors
increasing the prevalence of RLS, although it may be associated with other comorbidities such as cardiovascular disease,
arterial hypertension, diabetes, migraine and Parkinson disease.’ Therefore, patients were questioned about these diseases
when their demographic information was collected (Table 1) (Pregnancy, kidney disease, migraine, and Parkinson’s
disease were not reported by any of the patients).

Because the sleep scales used in this study were not specific to RLS, participants with other non-RLS sleep disorders
according to third edition of the International Classification of Sleep Disorder** were included in the analysis (Table 1)
(No patient had been diagnosed with central disorders of hypersomnolence, circadian rhythm sleep-wake disorders,
sleep-related movement disorders (except RLS), parasomnias, or other sleep disorders).

Polysomnography Recordings

PSG was performed using a Trackit 32-channel PSG monitor (Nihon Kohden Corporation, Tokyo, Japan), which has six
electroencephalogram leads, two electro-oculograms, one chin electromyogram, and an electrocardiogram. Nasal can-
nula/pressure transducer, mouth thermistor, chest and abdominal bands, and pulse oximeter data were obtained to
monitor respiration. Similarly, PLMS/LMs were recorded by surface electromyogram electrodes placed on the anterior

tibialis muscles.
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Table | Comparison of Demographic and Disease Characteristics Between RLS Patients with and without a Ferritin

Concentration < 50 pg/L

Variables Ferritin < 50 pg/L (n=32) | Ferritin > 50 pg/L (n=76) | x*/t/z value | P-value
Demographic characteristics
Female, n (%) 29(90.6) 44(57.9) 11.013 0.001
Age (years), mean * SD 44.56x12.91 53.82+14.79 -3.077 0.003

Male, mean * SD 58.33+4.16 50.56+14.56 0910 0.369

Female, mean * SD 43.14+12.69 56.18+14.68 -3916 <0.001
BMI (kg/m?), median (IQR) 21.6(20.1-22.8) 23.6(21.2-26.0) —2.870 0.004
Education (years), median (IQR) 12(8-15) 8(5-12) —2.474 0.013
Geographical distribution, n (%)

East China 27(84.4) 68(89.5) 1.920 0.667

Northeast China 2(6.3) 2(2.6)

North China 0(0.0) 1(1.3)

Central China 3(94) 5(6.6)
Disease characteristics
Age of RLS onset (years), mean * SD 35.13x15.63 41.66x17.49 -1.827 0.071
Early onset of RLS, n (%) 23(71.9) 48(63.2) 0.760 0.506
Duration of RLS (years), median (IQR) 6(2—-15) 10(3.25-17.75) —1.189 0.235
Family history of RLS, n (%) 10(31.3) 28(36.8) 0.309 0.578
Current augmentation, n (%) 1(3.1) 12(15.8) 2.320 0.128
Therapy, n (%)

No 22(68.8) 44(57.9) 1.601 0.730

020-ligands 0(0.0) 0(0.0)

Combination medication 0(0.0) 1(1.3)

Others 0(0.0) 2(2.6)

Dopaminergic agents 10(31.3) 29(38.2)

Levodopa-equivalent dose (mg)* 25.0(21.875, 50.0) 25.0(12.5, 50.0) —0.234 0.815
Comorbidities, n (%)
Cardiovascular disease 1(3.1) 5(6.6) - 0.667
Arterial hypertension 3(94) 18(23.7) 2.944 0.112
Diabetes 13.1) 9(11.8) 1.131 0.288
Insomnia disorders 3(94) 3(3.9) - 0.358
Sleep-related breathing disorders (AHI =2 5) | 6(18.8) 30(39.5) 4.352 0.045

Notes: “The levodopa equivalent dose for commonly used agents was calculated according to protocol reported by Tomlinson et al (2010). Significant results

(P < 0.05) are shown in boldface.

Abbreviations: RLS, restless legs syndrome; SD, standard deviation; BMI, body mass index; IQR, interquartile range.

Measurements of sleep stage, respiratory events, microarousals, and LM parameters (such as LM events and PLMS)
were based on the criteria of the American Academy of Sleep Medicine (version 2.4).>” All of the above parameters were
analyzed by at least one physician specializing in sleep medicine.

The PLMS arousal index is calculated as flows: PLMS with arousals x 60 / total sleep time (TST, in min). The PLMS
sequence index is calculated as the number of PLM series x 60 / TST (in min). PLMS sequence duration is calculated as the
total duration of PLMS (in min) x 60 / TST (in min). The LM index with microarousal is calculated as LM with microarousals
x 60 / TST (in min). The LM index without arousal is calculated as the total LM with microarousal x 60 / TST (in min).

No patients took RLS medications on the night of the PSG examination.

Laboratory Measurements
Antecubital venous blood samples were obtained from patients between 6:00 and 8:00 a.m. after an overnight fast
following standardized procedures. Hemoglobin and CRP levels were measured. Peripheral iron metabolism was
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evaluated by measuring the serum ferritin, iron, and transferrin concentrations, unsaturated iron-binding capacity (UIBC),
TIBC, and TSAT.

Serum ferritin concentrations were measured by an electrochemiluminescence assay (Roche Diagnostics, Mannheim,
Germany). Serum iron concentrations and TSAT were determined using an iron/UIBC kit (Roche Diagnostics). The
concentration of transferrin was determined by immuno-turbidimetry using a transferrin assay kit (332028; Shanghai
Jiemen Bio-Technology Co. Ltd., Shanghai, China).

Statistical Analysis

Data on participants’ demographics, disease characteristics, RLS severity and impact on patients, and polysomnographic
parameters are presented as means =+ standard deviations for normally distributed variables, medians (interquartile
ranges) for non-normally distributed variables, and frequencies (percentages) for categorical variables. These variables
were analyzed using independent #-tests, non-parametric tests, and chi-squared tests, respectively.

Associations of participants’ peripheral iron status with RLS severity and impact on patients, as well as LM
parameters, were examined. A crude comparative analysis was employed to assess ferritin deficiency (concentration <
50 ug/L), and Spearman correlation analysis was applied to examine the other iron-status indicators. Variables associated
with LM parameters (at P < 0.3) and disease severity/impact (at P < 0.15) were included in an ordinal logistic regression
model adjusted for age, sex, body mass index (BMI), years of education, age at RLS onset, prior treatment (yes/no),
CRP/hemoglobin level, TST and the apnea-hypopnea index (AHI) to obtain adjusted odds ratios (ORs) for indicators of
peripheral iron status; non-normally distributed continuous independent variables were grouped into quartiles. When the
parallel regression assumption was rejected, we used binary logistic regression to analyze the data. All tests were two-
sided and the significance level was set to P < 0.05. Statistical analyses were performed using IBM SPSS Statistics 25.0
(IBM Corp., Armonk, NY, USA).

The original LM data for six patients were lost. They were replaced using multiple imputations, and the averages of
four imputation values were included in the analysis.

Results

Characteristics of Patients with RLS

We analyzed data from 108 of the 119 participants enrolled in this study. Eleven participants were excluded because their
symptoms mimicked RLS (n = 6) or they did not have RLS, nor any mimicking symptoms (n = 5). In 32 of the 108
patients the ferritin concentration was < 50 pg/L and in 76 patients it was > 50 pug/L. Among the 107 participants
examined for associations of peripheral iron status with LM parameters, one patient refused PSG. The average age of the
108 patients with RLS was 51.1 + 14.8 years; 73 (67.6%) patients were female, the average age at the time of RLS
symptom onset was 39.7 + 17.2 years and RLS was untreated in 66 (61.1%) patients.

The demographic and disease characteristics of patients with and without ferritin deficiency are shown in Table 1. The
levodopa-equivalent dose for commonly used agents was calculated according to a previously reported protocol.*?
Patients with ferritin deficiency were more likely to be female (4> = 11.013, P = 0.001), were younger (1 = —3.077,
P =0.003), and had more years of education (z =-2.474, P = 0.013) and a lower BMI (z = -2.870, P = 0.004) compared
with those without ferritin deficiency.

Patients with ferritin deficiency had longer TSTs (z = —2.218, P = 0.027), were more likely to have an AHI < 5 (> =
4.537, P = 0.033), and had lower 3% oxygen desaturation indices than patients without ferritin deficiency (z = —2.429,
P =0.015; Table 2).

Association of Peripheral Iron Measures with PSG Leg Movement Parameters
In the Multivariate logistic regression analyses, ferritin deficiency was associated with the PLMS index [odds ratio (OR) = 3.074;
95% confidence interval (CI), 1.266-7.456; P = 0.013], PLMS sequences index (OR = 3.655; 95% CI, 1.484-9.007; P =0.005),
duration of PLMS sequences (OR = 3.238; 95% CI, 1.334-7.870; P =0.009), LM index during N2 sleep (OR = 3.579; 95% CI,
1.458-8.785; P = 0.005), and LM index during N3 sleep (OR = 3.099; 95% CI, 1.256-7.645; P = 0.014) (Table 3).
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Table 2 Polysomnography in RLS Patients with and without a Ferritin Concentration < 50 pg/L

Parameters Ferritin < 50 pg/L Ferritin > 50 pg/L 22Itiz value P-value
(n=32) (n=75)

Total sleep time (minutes), median (IQR) 402.5(347.1-452.8) 337.5(263.5-419.0) -2.218 0.027
Sleep efficiency (%), median (IQR) 73.7(65.0-82.7) 68.4(53.1-79.8) —1.653 0.098
Wake time after sleep onset (minutes), median 120(76.9-173.5) 133.0(92.0-211.5) —0.735 0.462
(IQR)

Sleep latency (minutes), median (IQR) 14.8(7.3-36.0) 11(5-29) —0.898 0.369
REM sleep latency (minutes)?, mean + SD 149.8+97.6 166.4+110.1 —0.733 0.465
NI (%), median (IQR) 6.7(4.1-11.2) 7.5(4.6-11.0) —0.463 0.644
N2 (%), mean * SD 53.0+9.9 53.1x12.3 —0.043 0.965
N3 (%), mean £ SD 21.4x11.2 21.6x11.4 —0.071 0.944
REM (%)? mean = SD 17.1£6.5 15.6+7.8 0.970 0.334
Microarousal index (/h), median (IQR) 11.2(6.6—15.0) 11.4(7.0-18.9) -1.079 0.281
LM-related arousal index (/h), median (IQR) 3.3(0.7-6.1) 3.2(1.4-6.5) —0.272 0.785
AHI, median (IQR) 2.8(1.5-3.8) 3.7(1.5-8.3) —1.351 0.177
AHI<5, n (%) 26(81.3) 45(60.0) 4.537 0.033
Lower 3% oxygen desaturation index (/h), median 1.3(0.54.1) 3.2(1.2-7.8) -2.429 0.015
(IQR)

PLMS index (/h), median (IQR) 14.20(4.15-26.93) 8.60(2.30-25.70) —-1.199 0.230
PLMS arousal index (/h), median (IQR) 0.85(0.00-2.88) 0.80(0.00-2.79) —0.486 0.627
PLMS sequences index (/h), median (IQR) 1.23(0.56—1.93) 0.83(0.29-1.65) —-1.203 0.229
Duration of PLMS sequences (minutes/h), median 7.71(1.58-11.63) 3.54(0.73-9.24) -1.213 0.225
(IQR)

Total LM index (/h), median (IQR) 34.54(20.63-59.16) 33.57(16.67-65.27) —0.429 0.668
LM index in N1 (/h), median (IQR) 18.70(9.56—46.51) 18.82(4.80-50.20) —0.650 0.515
LM index in N2 (/h), median (IQR) 26.22(12.15-43.10) 14.55(8.67-38.39) —-1.735 0.083
LM index in N3 (/h)°, median (IQR) 12.37(3.5142.74) 5.57(1.28-37.00) —1.602 0.109
LM index in REM (/h)?, median (IQR) 12.07(4.31-27.25) 10.80(3.47-25.78) —0.355 0.722
LM index with awakening (/h), median (IQR) 11.21(5.66-20.75) 15.23(5.54-37.34) —-1.034 0.301
LM index with microarousal (/h), median (IQR) 2.86(0.24-6.50) 3.28(1.15-6.26) —0.453 0.651
LM index without arousal (h), median (IQR) 31.94(17.59-56.15) 30.86(14.19-56.76) —0.527 0.598

Notes: *Two patients had no REM stage and relevant data. ®Five patients had no N stage and relevant data. Significant results (P < 0.05) are shown in boldface.

Abbreviations: RLS, restless legs syndrome; IQR, interquartile range; SD, standard deviation; LM, limb movement; AHI, apnea-hypopnea index; PLMS, periodic leg
movements during sleep.

LMs during N2 sleep were related to UIBC (r = 0.221, P = 0.022) and TIBC (r = 0.229, P = 0.018); no other
correlations were significant in Spearman’s correlation analyses(data not shown).

After adjustment for potential confounders, the UIBC was related significantly to the PLMS sequences index
(OR = 1.046; 95% CI, 1.003-1.091; P = 0.035), total LM index (OR = 1.052; 95% CI, 1.008-1.099; P = 0.021), and
LM index without arousal (OR = 1.050; 95% CI, 1.005-1.096; P = 0.028; Table 4). The TIBC was related
significantly to the PLMS index (OR = 1.062; 95% CI, 1.009-1.117; P = 0.022), PLMS sequences index (OR =
1.055; 95% CI, 1.002-1.111; P = 0.041), duration of PLMS sequences (OR = 1.070; 95% CI, 1.017-1.127; P =
0.010), LM index during N2 sleep (OR = 1.070; 95% CI, 1.015-1.127; P = 0.011) and LM index during REM sleep
(OR = 1.084; 95% CI, 1.027-1.143; P = 0.003) (Table 5). Serum transferrin concentration was associated with the
duration of PLMS sequences (OR = 2.980; 95% CI, 1.025-8.654; P = 0.045), the LM index during N2 sleep (OR =
3.607; 95% CI, 1.206-10.794; P = 0.022), and the LM index during REM sleep (OR = 4.450; 95% CI, 1.465—
13.504; P = 0.008) (Table 6). Neither the serum iron concentration (Table 7) nor the TSAT (Table 8) was associated
with any of the PSG LM parameters.
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Table 3 Associations of Leg Movement Parameters on Polysomnography with a Ferritin Concentration < 50 pg/L in RLS Patients

According to Ordinal Logistic Regression Models

Dependent Variables® Independent Variables Model I° Model 2¢
OR (95% CI) P-value OR (95% CI) P-value
PLMS index (/h) Ferritin = 50 pg/L Reference - Reference -
Ferritin < 50 pg/L 1.455(0.691, 3.062) 0.324 3.074(1.266, 7.456) 0.013
PLMS sequences index (/h) Ferritin = 50 pg/L Reference - Reference -
Ferritin < 50 pg/L 1.594(0.757, 3.360) 0.220 3.655(1.484, 9.007) 0.005
Duration of PLMS sequences® (minutes/h) | Ferritin = 50 pg/L Reference - Reference -
Ferritin < 50 pg/L 1.502(0.713, 3.161) 0.284 3.238(1.334, 7.870) 0.009
LM index in N2 (/h) Ferritin = 50 pg/L Reference - Reference -
Ferritin < 50 pg/L 1.839(0.869, 3.892) 0.111 3.579(1.458, 8.785) 0.005
LM index in N3¢ (/h) Ferritin = 50 pg/L Reference - Reference -
Ferritin < 50 pg/L 1.844(0.860, 3.959) 0.116 3.099(1.256, 7.645) 0.014
LM index with awakening (/h) Ferritin = 50 pg/L Reference - Reference -
Ferritin < 50 pg/L 0.736(0.350, 1.547) 0418 1.826(0.745, 4.477) 0.188

Notes: *Dependent variables were included when the P-value was < 0.3 in a comparative analysis. ®Model |: unadjusted associations. “Model 2: adjusted for age, sex, body
mass index, years of education, age at the time of RLS onset, prior treatment (yes/no), C-reactive protein level, total sleep time, and the apnea-hypopnea index. 9The parallel
regression assumption in the ordinal regression was not met and binary logistic regression was thus used. Significant results (P < 0.05) are shown in boldface.
Abbreviations: RLS, restless legs syndrome; PLMS, periodic leg movements during sleep; LM, leg movements.

Table 4 Associations of Unsaturated Iron Binding Capacity with Leg Movement Parameters on
Polysomnography in RLS Patients According to Ordinal Logistic Regression Models

Dependent Variables® Model I° Model 2¢

OR (95% CI) P-value OR (95% CI) P-value
PLMS index (/h) 1.022(0.993, 1.052) | 0.137 1.030(0.989, 1.074) 0.148
PLMS sequences index (/h) 1.033(1.002, 1.064) | 0.034 1.046(1.003, 1.091) 0.035
Duration of PLMS sequences (minutes/h) | 1.024(0.995, 1.054) 0.109 1.037(0.995, 1.080) 0.085
Total LM index (/h) 1.023(0.994, 1.053) | 0.124 1.052(1.008, 1.099) 0.021
LM index in N19 (/h) 1.018(0.989, 1.048) | 0.220 1.025(0.984, 1.068) 0.234
LM index in N2 (/h) 1.034(1.003, 1.065) | 0.030 1.037(0.995, 1.081) 0.087
LM index in N3 (/h) 1.024(0.993, 1.057) | 0.128 1.023(0.979, 1.069) 0.307
LM index with awakening (/h) 1.012(0.983, 1.042) 0.425 1.040(0.996, 1.084) 0.076
LM index without arousal (/h) 1.020(0.991, 1.050) | o0.18I 1.050(1.005, 1.096) 0.028

Notes: *Variables were included when the P-value was < 0.3 in Spearman correlation analysis. "Model I: unadjusted associations.
“Model 2: adjusted for age, sex, body mass index, years of education, age at the time of RLS onset, prior treatment (yes/no),
hemoglobin level, total sleep time, and the apnea-hypopnea index. “The parallel regression assumption in the ordinal regression

was not met and binary logistic regression was thus used. Significant results (P < 0.05) are shown in boldface.
Abbreviations: RLS, restless legs syndrome; LM, limb movement; PLMS, periodic leg movements during sleep.

Peripheral Iron Measures are Not Associated with RLS Severity or Impact

Comparison of the severity/impact of RLS between patients with and without ferritin deficiency revealed no
significant difference in the IRLS, PSQI, ESS, CFS, SF-36, BDI-13, BAI, MoCA, or MMSE score (all P > 0.05),
but there was a significant difference in the MoCA recall score (z = -2.009, P = 0.045; Supplementary Table 1). In the

Spearman correlation analysis, other indicators of peripheral iron status were not related to the severity/impact of
RLS, except the serum iron concentration, which was associated with SF-36 physical function (r = 0.198, P = 0.040;
data not shown).

The severity and impact of RLS were not significantly associated with ferritin deficiency (Table 9). The relationships of other
iron-status indicators and RLS severity and impact were also non-significant after adjustment for confounders (Table 10).
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Table 5 Associations of Total Iron-Binding Capacity with Leg Movement Parameters on
Polysomnography in RLS Patients According to Ordinal Logistic Regression Models

Dependent Variables® Model I° Model 2

OR (95% CI) P-value OR (95% CI) P-value
PLMS index (/h) 1.042(0.998, 1.088) 0.060 1.062(1.009, 1.117) | 0.022
PLMS sequences index (/h) 1.039(0.995, 1.083) 0.080 1.055(1.002, I.111) | 0.041
Duration of PLMS sequences (minutes/h) | 1.048(1.004, 1.094) | 0.030 1.070(1.017, 1.127) | 0.010
LM index in N2 (/h) 1.049(1.005, 1.094) | 0.030 1.070(1.015, 1.127) | 0.011
LM index in N3¢ (/h) 1.034(0.990, 1.079) 0.134 1.047(0.995, 1.102) 0.078
LM index in REM? (/h) 1.047(1.002, 1.093) | 0.040 1.084(1.027, 1.143) | 0.003

Notes: *Variables were included when the P-value was < 0.3 in Spearman correlation analysis. "Model I: unadjusted associations.
“Model 2: adjusted for age, sex, body mass index, years of education, age at the time of RLS onset, prior treatment (yes/no),
hemoglobin level, total sleep time, and the apnea-hypopnea index. “The parallel regression assumption in the ordinal regression
was not met and binary logistic regression was thus used. Significant results (P < 0.05) are shown in boldface.

Abbreviations: RLS, restless legs syndrome; LM, limb movement; PLMS, periodic leg movements during sleep.

Table 6 Associations of Serum Transferrin with Leg Movement Parameters on Polysomnography in RLS
Patients According to Ordinal Logistic Regression Models

Dependent Variables® Model I° Model 2¢

OR (95% CI) P-value OR (95% CI) P-value
Duration of PLMS sequences (minutes/h) | 2.038(0.923, 4.504) 0.078 2.980(1.025, 8.654) 0.045
LM index in N2 (/h) 2.340(1.053, 5.202) 0.037 3.607(1.206, 10.794) 0.022
LM index in REM (/h) 1.632(0.733, 3.629) 0.230 4.450(1.465, 13.504) 0.008

Notes: *Variables were included when the P-value was < 0.3 in a Spearman correlation analysis. ®Model I: unadjusted associations.

“Model 2: adjusted for age, sex, body mass index, years of education, age at the time of RLS onset, prior treatment (yes/no),
hemoglobin level, total sleep time, and the apnea-hypopnea index. Significant results (P < 0.05) are shown in boldface.
Abbreviations: RLS, restless legs syndrome; LM, limb movement; PLMS, periodic leg movements during sleep.

Table 7 Associations of Serum
Polysomnography in RLS Patients According to Ordinal Logistic Regression Models

Iron Level with Leg Movement Parameters on

Dependent Variables® Model I° Model 2¢

OR (95% CI) P-value OR (95% CI) P-value
LM index in N3 (/h) 0.983(0.935, 1.033) 0.488 1.033(0.966, 1.104) 0.345
LM index in REM (/h) 1.031(0.985, 1.079) 0.186 1.035(0.975, 1.099) 0.255
LM index with awakening (/h) | 0.972(0.929, 1.017) 0.222 0.962(0.905, 1.023) 0.217
LM index without arousal (/h) | 0.981(0.938.1.026) 0414 1.008(0.949, 1.071) 0.785

Notes: *Variables were included when the P-value was < 0.3 in Spearman correlation analysis. ®Model I: unadjusted
associations. “Model 2: adjusted for age, sex, body mass index, years of education, age at the time of RLS onset, prior
treatment (yes/no), hemoglobin level, total sleep time, and the apnea-hypopnea index.

Abbreviations: RLS, restless legs syndrome; LM, limb movement.

Discussion
Our study showed that a ferritin concentration < 50 pg/L, UIBC, TIBC and the serum transferrin concentration, but not
the serum iron concentration or TSAT, were associated with most LMs; peripheral iron indicators were not related to RLS
severity or impacts.

The association of peripheral iron indicators with LMs in patients with RLS in this study was surprising. Most LMs
were not related significantly to iron metabolism in unadjusted analyses, but the associations changed in our multivariate
logistic regression model. On PSG, patients with ferritin deficiency were about three times more likely to have higher
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Table 8 Associations of Transferrin Saturation with Leg Movement Parameters on Polysomnography

Models in RLS Patients According to Ordinal Logistic Regression Models

Dependent variables® Model I° Model 2¢
OR (95% CI) P-value OR (95% CI) P-value

PLMS index (/h) 0.989(0.968, 1.011) 0.322 0.992(0.964, 1.022) 0.614
PLMS sequences index (/h) 0.979(0.958, 1.001) 0.060 0.973(0.945, 1.004) 0.087
Duration of PLMS sequences (minutes/h) | 0.990(0.969, 1.012) 0.385 0.991(0.962, 1.021) 0.551
Total LM index (/h) 0.984(0.963, 1.005) 0.141 0.979(0.949, 1.009) 0.176
LM index in N1¢ (/h) 0.986(0.965, 1.008) 0.211 0.991(0.962, 1.020) 0.540
LM index in N2 (/h) 0.983(0.962, 1.004) 0.119 0.992(0.964, 1.022) 0.617
LM index in N3 (/h) 0.987(0.964, 1.011) 0.283 1.001(0.968, 1.035) 0.976
LM index with awakening (/h) 0.987(0.966, 1.009) 0.236 0.971(0.942, 1.003) 0.073
LM index without arousal (/h) 0.985(0.965, 1.007) 0.186 0.982(0.952, 1.013) 0.246

Notes: *Variables were included when the P-value was < 0.3 in Spearman correlation analysis. "Model I: unadjusted associations.
“Model 2: adjusted for age, sex, body mass index, years of education, age at the time of RLS onset, prior treatment (yes/no),
hemoglobin level, total sleep time, and the apnea-hypopnea index. “The parallel regression assumption in the ordinal regression
was not met and binary logistic regression was used.
Abbreviations: RLS, restless legs syndrome; LM, limb movement; PLMS, periodic leg movements during sleep.

Table 9 Associations of Severity and Impact of RLS with a Ferritin Concentration < 50 pg/L According to Ordinal

Logistic Regression Models

Dependent Variables® | Independent Variables Model I° Model 2¢
OR (95% CI) P-value OR (95% CI) P-value
Total score in IRLS Ferritin 2 50 pg/L Reference - Reference -
Ferritin < 50 pg/L 0.488(0.230, 1.036) 0.062 0.867(0.364, 2.063) 0.747
Severity score in IRLS Ferritin 2 50 pg/L Reference - Reference -
Ferritin < 50 pg/L 0.457(0.215, 0.972) 0.042 0.637(0.268, 1.516) 0.308
Role-physical in SF-36¢ Ferritin 2 50 pg/L Reference - Reference -
Ferritin < 50 pg/L 1.670(0.708, 3.944) 0.242 1.358(0.502, 3.677) 0.547
Health transition in SF-36 | Ferritin 2 50 pg/L Reference - Reference -
Ferritin < 50 pg/L 1.882(0.850, 4.165) 0.1'19 1.689(0.676, 4.223) 0.262
Total score in MoCA Ferritin 2 50 pg/L Reference - Reference -
Ferritin < 50 pg/L 1.934(0.784, 4.772) 0.152 1.551(0.472, 5.101) 0.470
Recall in MoCA Ferritin 2 50 pg/L Reference - Reference -
Ferritin < 50 pg/L 2.441(0.982, 6.066) 0.055 1.838(0.589, 5.732) 0.294

Notes: *Dependent variables were included when the P-value was < 0.15 in a comparative analysis. "Model |: crude associations. “Model 2: model
adjusted for age, sex, body mass index, years of education, age at the time of RLS onset, prior treatment (yes/no), C-reactive protein level, total
sleep time, and the apnea-hypopnea index. 9The parallel regression assumption in the ordinal regression was not met and binary logistic regression
was thus used. Significant results (P < 0.05) are shown in boldface.
Abbreviations: RLS, restless legs syndrome; IRLS, the International Restless Legs Syndrome Study Group Severity Scale (IRLS); SF-36, Medical
Outcomes Study 36-item short-form health survey; MoCA, Montreal Cognitive Assessment.

PLMS and LM index values during N2 and N3 sleep than patients with a ferritin concentration > 50 ug/L. A similar

association was found between low ferritin concentrations and more PLMS by Li et al, independent of genetic

polymorphisms, in a general population of older adults, implying that low iron stores play a role in the expression of

these phenotypes.*> However, in a study of Korean patients with RLS,** there was no correlation between the ferritin

concentration and PLMS in logistic regression models. However, the credibility of the results is undermined by the lack

of adjustment for the CRP level. Stefansson et al'! identified a common variant in an intron of BTBD9 on chromosome

6p21.2, as a genetic determinant of PLMS, which correlated inversely with serum ferritin levels, indicating that iron

metabolism was involved in the pathogenesis of PLMS.
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Table 10 Associations of Severity and Impacts of RLS with Other Peripheral Iron Status Indicators According to

Ordinal Logistic Regression Models

Dependent Variables* | Independent Variables® Model I° Model 2¢
OR (95% CI) P-value OR (95% CI) P-value
Daytime function in PSQI | TIBC (umol/L) 1.043(1.000, 1.089) | 0.053 1.046(0.999, 1.095) 0.058
Physical function in SF-36 | Serum iron (umol/L) 1.057(1.009, 1.108) | 0.019 1.051(0.996, 1.110) 0.071
TIBC (umol/L) 1.036(0.993, 1.081) | 0.105 1.011(0.965, 1.059) 0.639
Transferrin saturation (%) 1.018(0.996, 1.041) 0.111 1.017(0.991, 1.044) 0.200
BAI Serum transferrin (g/L) 1.371(0.628, 2.992) 0.428 1.089(0.456, 2.598) 0.848
Recall in MoCA TIBC (umol/L) 1.060(0.995, 1.128) | 0.072 1.066(0.991, 1.145) 0.084
Serum transferrin (g/L) 2.502(0.845, 7.409) 0.098 3.100(0.855, 11.242) 0.085

Notes: *Variables were included when P-value was lower than 0.15 in Spearman correlation analysis. "Model I: unadjusted associations. “Model 2:
adjusted for age, sex, body mass indices, years of education, age at the time of RLS onset, prior treatment (yes/no), hemoglobin level, total sleep
time, and the apnea-hypopnea index. Significant results (P < 0.05) are shown in boldface.

Abbreviations: RLS, Restless Legs Syndrome; PSQI, Pittsburgh Sleep Quality Index; SF-36, Medical Outcomes Study 36-item short-form health
survey; BAI, Beck Anxiety Inventory; MoCA, Montreal Cognitive Assessment; TIBC, total iron-binding capacity.

In this study, ferritin deficiency, the serum transferrin concentration, TIBC, and UIBC, but not the serum iron
concentration or TSAT, were associated with certain LM parameters. The transferrin concentration serves as a proxy for
the TIBC; it decreases as blood iron levels increase and increases with iron deficiency.'” Peripheral iron is transmitted to
the brain across the blood-brain barrier. During this process, transferrin, as a receptor-mediated transporter, plays a key
role in iron metabolism and maintaining iron homeostasis.*>**® Magnetic susceptibility in the substantia nigra was
significantly associated with PLMS measures, suggesting a link between brain iron deficiency and PLMS.*’ Earley

1** reported that the serum ferritin value was associated with the ferritin concentration in the cerebrospinal fluid.

eta
Compared with the control group, there was a significant reduction in the slope of the linear regression line for RLS
patients. We therefore speculate that iron deficiency in the substantia nigra is more severe in RLS patients with more
PLMS, in whom iron transport across the blood-brain barrier is altered. Serum iron represents the level of circulating
iron, ie, of iron bound to transferrin. TSAT is the ratio of total iron and TIBC.'” Serum iron levels are highly variable and

¥ which could explain the lack of a significant

may be affected by several factors, such as diet, stress, and sleep,4
correlation between serum iron, TSAT and LM parameters. Therefore, complex iron metabolism involving iron storage
and transport may contribute to the abnormal LMs seen in RLS.

RLS severity and impact on patients were not related to peripheral iron indicators, implying that abnormal peripheral
iron metabolism may not be a risk factor for RLS. Brain iron insufficiency and the iron—dopamine interaction play
important roles in the etiology of RLS.*’ Recent studies of the mechanism of peripheral iron metabolism in RLS have
focused on lymphocytes,”® extracellular vesicles,”' and mitochondrial dysfunction®® and suggested that abnormal
peripheral iron transport, rather than iron storage levels, is the mechanism underlying RLS. During the uptake of iron
by the brain, the blood-brain barrier not only serves as a channel for iron transport, but also regulates the iron transport
process.’>>* However, in a blood-brain barrier model there was no correlation between the serum ferritin concentration
and iron transport.”® Other indicators, such as hepcidin®>>® have been investigated and merit further exploration in
patients with RLS. We conclude that the peripheral iron indicators measured in common clinical practice should be
interpreted carefully, and that ferritin may not be the best RLS biomarker.

Why were peripheral iron parameters in our patients with RLS related to motor components (ie, LMs on PSG) but not
sensory components (RLS severity and impact on patients)? Although PLMS occur in > 80% of patients with
RLS**>*7 and support the diagnosis of this syndrome,”* the relationship between PLMS and RLS is
controversial.**>® The motor and sensory symptoms of RLS may be separate but loosely linked, since the PLMS
index alone does not reliably predict the diagnosis of RLS in children or adolescents®® and the phenotypical presentation
of RLS may differ by sex’® (with women experiencing more sensory symptoms than men, who have more motor
symptoms). PLMS may also be an endophenotype of RLS'® and PLMS may be a biomarker®® or genetic risk marker of
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RLS.®' Furthermore, the pathophysiology of LMs may not generalize to idiopathic RLS.'"%>"%* The characteristic “urge
to move” may be due to lesions in ascending sensory pathways or thalamocortical circuits, and may not be accompanied
by PLMS.® Our study and previous ones together indicate that the motor and sensory features of RLS are two different
presentations of a common basic neurologic disorder.®® As a complex disease with multiple manifestations and undefined
mechanisms, the etiology of RLS may involve genetic defects in brain iron homeostasis and developmental abnormalities
in cortico-striatal-thalamic-cortical circuits related to hypoadenosinergic, hyperglutamatergic, and hyperdopaminergic
states.' It is therefore likely that the different clinical features of RLS are modulated by multiple neurotransmitter systems
and downstream signaling pathways.

The classical PLMS index does not appear to be specific enough for the diagnosis of RLS or assessment of its clinical
significance.®” When used alone, the PLMS index is insufficient for characterizing the nature and structure of LM activity
during sleep,®’ although the duration and number of PLM sequences are associated with sleep disturbances in patients
with RLS.*® In this study, the duration of PLMS sequences was measured. The ferritin concentration, UIBC, TIBC, and
serum transferrin concentration were all related to at least one PLMS measurement. In Dauvilliers et al,’® only the
hepcidin level and hepcidin/ferritin ratio were measured, and both correlated positively with PLM during both sleep and
wakefulness. Consequently, our study therefore adds to the limited knowledge regarding relationship between peripheral
iron status and PLMS. In addition to PLMS, total LMs and their distribution in different sleep stages were analyzed. No
peripheral iron measures were related to LM indexes during N1 sleep, while TIBC and serum transferrin and ferritin
concentrations were all associated with the LM index during N2 sleep. We also found that serum ferritin and transferrin
correlated with LMs during N3 and REM sleep, respectively. However, as the relationship between peripheral iron status
and LMs was not assessed in previous studies, this result should be interpreted with caution and confirmed in future
studies. It should be noted that none of the peripheral iron measures were related to PLM/LMs during wakefulness or
arousal. Given the association of peripheral iron measures with PLM/LMs in sleep, we speculate that distinct biological
mechanisms underlie the coupling of arousal and motor systems. First, dopamine agonists may have little impact on
arousals, despite strongly reducing PLMS, and a targeted pharmaceutical strategy may be able to separate PLMS from
arousal events.®” Second, different neurotransmitters may be involved in PLMS and short-interval LM wakefulness (and
arousal).”® Third, a hierarchy has been described in the arousal response, from autonomic activation to cortical arousals
and PLMS.”" The above findings support the notion that the complex mechanisms subtending the fluctuating arousal and
motor systems may partly explain the lack of an association between peripheral iron measures and PLMs/LMs during
wakefulness and arousal.

Our study had several limitations. First, its cross-sectional design and observational nature prevented determination of
the causal relationship between peripheral iron metabolism and RLS. Second, the participants underwent only one night
of PSG, such that night-to-night variability in LM parameters could not be captured, although this issue might have been
mitigated by the inclusion of a large number of patients. Third, there may have been bias in patient selection and
unmeasured confounding factors. For patients with low educational attainment, some self-report scales were completed
orally, such that an influence of dialects cannot be excluded. Fourth, the population under study was relatively small,
although it was well characterized clinically and through a PSG assessment.

Conclusion

In conclusion, this study examined the association of peripheral iron metabolism with RLS and demonstrated that
peripheral iron status was associated mainly with the motor rather than sensory components of RLS, indicating that, in
RLS, the metabolic factors potentially underlying sensory symptoms differ from those underlying movement symptoms.
The findings of this study strengthen the idea that the commonly used peripheral iron metabolism indicators may not be
ideal biomarkers of RLS severity and impact on patients. Considering the key role of brain iron deficiency in the
mechanism of RLS, further research on other iron metabolism indicators is an essential next step in confirming the role of
iron metabolism in RLS.
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