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HIGHLIGHTS 
• Aluminum and copper concentrations were correlated 
negatively with 6MWT performance 
• Higher iron concentrations were correlated with 
enhanced walking ability 
• Metallic nanoparticle concentration (NPs) with 6MWT 
achieved 86.7% accuracy  
• The combination of NPs with TUG performance 
achieved perfect in-sample classification  
• NPs with TUG performance can accurately discriminate 
people with Multiple Sclerosis 
 
ABBREVIATIONS 
6MWT Six-Minute Walk Test 
Al Aluminum 
CNS Central nervous system 
Cr Chromium 
Cu Copper 
EDSS Expanded Disability Status Scale 
Fe Iron 
FSS Fatigue Severity Scale  
HC Healthy control 
ICP-OES     Inductively coupled plasma-optical emission          

spectrometry 
Mg Magnesium 
MMSE Mini-Mental State Exam 
MS Multiple Sclerosis 
Ni Nickel 
PwMS People with MS 
Rc2 Canonical correlation squared 
SDMT Symbol Digit Modality Test 
SRDD Self-reported disease disability 
TUG            Time Up and Go 
Zn Zinc 
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BACKGROUND: The concentrations of metallic nanoparticles have been associated with 
symptoms of multiple sclerosis (MS), which may affect the neuronal excitatory-inhibitory 
balance by depositing on the myelin sheath. A balanced regulation of the cortical–striatal–
thalamic–cortical pathway is necessary for optimal walking performance. Alterations in 
neuronal excitatory-inhibitory balance have the potential to adversely impact walking ability.  
AIM: To explore the importance of metallic nanoparticles to walking ability in people with MS 
(PwMS) and healthy controls (HC).  
METHODS: The present study involved 30 individuals, including 19 PwMS (EDSS=2.4±0.3) 
and 11 HCs. Whole blood samples were collected for the quantification of aluminum, 
chromium, copper, iron, magnesium, nickel, zinc and total metallic nanoparticles (T-NPs). The 
participant’s walking ability was assessed using the Time Up and Go (TUG) test and the Six-
Minute Walk Test (6MWT).  
RESULTS: The findings showed negative correlations between 6MWT performance and 
aluminum (r=-0.45,p<0.05) and copper (r=-0.44,p<0.05), and positive correlations with iron 
(r=0.60,p<0.007) and T-NPs (r=0.53,p<0.02). The correlations were significantly different from 
the control group using iron, magnesium, and T-NPs concentrations (Z>2.01;p<0.04). TUG 
performance correlated negatively with iron (r=-0.56,p<0.01) and T-NPs (r=-0.53,p<0.02), with 
significant differences from the control group using iron and magnesium (Z>2.11,p<0.04). The 
incorporation of T-NPs concentrations and TUG in the discriminant model yielded perfect 
classification in-sample, while the integration of 6MWT in the model attained 86.7% to 
discriminate between PwMS and HCs. 
INTERPRETATION: The present study demonstrated that the combination of blood metallic 
nanoparticle concentrations and walking ability can effectively differentiate between PwMS 
and HCs, and may be suggested as potential biomarkers for MS. 
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Multiple sclerosis (MS) is a chronic inflammatory and demyelinating disease of the central nervous system (CNS) that leads to 
neurodegeneration and functional disability. It is widely recognized that MS leads to both motor impairments 1,2 and contributes to 
metabolic dysfunction 3. Despite the advancements in diagnostic tools and treatment strategies over the past 15 years, the early 
identification of disease progression remains a significant clinical challenge 4. Detecting reliable markers that distinguish people with MS 
(PwMS) from healthy controls (HC) is critical to enhancing individualized treatment and disease management. Among the potential 
candidates, blood metallic nanoparticle concentrations and walking performance have emerged as promising complementary 
parameters. For example, the blood concentration of metallic nanoparticles, particularly the iron concentration, has been proposed as a 
promising biomarker for monitoring cognitive impairment in PwMS 5, which may also be related to motor symptoms and serve to 
discriminate PwMS from those without the disease. 

Evidence linking MS and metallic nanoparticle concentrations largely has emerged from case–control studies examining 
biological specimens, including blood, serum, hair, urine, and cerebrospinal fluid 6,7. As brain metallic nanoparticles are primarily derived 
from circulating blood, peripheral metallic nanoparticle levels can directly influence their concentrations in the CNS 8. High exposure to 
metallic nanoparticles can increase blood-brain barrier permeability through systemic inflammation and oxidative stress, allowing these 
particles to reach the CNS via the direct (olfactory or trigeminal nerves) and indirect (inhalation and transfer via the blood circulation) 
pathways 9,10. Once in the CNS, such nanoparticles induce neuroinflammation, mitochondrial dysfunction, and oligodendrocyte damage, 
contributing to myelin degeneration and the potential exacerbation of diseases such as MS 11. Post-mortem studies have demonstrated 
that, in comparison to age-matched HCs, PwMS exhibit increased metallic nanoparticle deposition in brain regions, including the basal 
ganglia and motor cortex 12. Thus, the CNS exhibits heightened sensitivity to metal toxicity, as excessive accumulation on the myelin 
sheath can activate inflammatory and oxidative stress pathways 13. Altered metallic nanoparticle levels, particularly of iron, copper, and 
zinc, have been associated with MS-related neurodegeneration 7,14,15. While these elements are critical cofactors in neuronal and immune 
function, supporting myelin synthesis, oligodendrocyte maintenance, and neurotransmitter production, their imbalance may exacerbate 
oxidative and inflammatory damage within the CNS 16. Consequently, the quantification of blood metallic nanoparticle concentrations 
emerges as a cost-effective and practical approach for developing a promising biomarker for MS. 

Gait impairments in MS may be indicative of underlying neurophysiological dysfunctions 17, which may be associated with 
altered metallic nanoparticle concentrations. During walking, a balanced regulation in the cortical–striatal–thalamic–cortical pathway is 
necessary for motor planning and movement execution 18. Disruption of the cortical–striatal–thalamic–cortical pathway may result from 
metal deposition on myelin, thereby impairing neuronal excitatory–inhibitory balance 19 and interfering with walking ability. For instance, 
impaired motor timing, manifested as slowed cadence and impaired rhythmic stepping, has been associated with disrupted cortical-
striatal-thalamic-cortical function. This disruption can lead to spastic gait (i.e., stiff, dragging legs), resulting from inadequate inhibitory 
control over descending pathways. Additionally, damage to cerebellar-basal ganglia interactions may contribute to imbalance and 
increased variability during walking 20–22. Therefore, alterations in this pathway provide a plausible neurophysiological rationale for 
correlating walking-performance measures with metallic nanoparticle concentrations.  

Generally, walking ability is among the most prevalent disabilities, affecting approximately 85% of PwMS 23. A plethora of 
assessments are available to evaluate walking ability; however, the Timed Up and Go (TUG) test and the Six-Minute Walk Test (6MWT) 
have demonstrated robust validity for this purpose. PwMS generally require more time to complete the TUG and cover shorter distances 
during the 6MWT compared with HCs 23,24. The TUG has been demonstrated to exhibit a robust correlation with functional mobility24 and 
serves as an effective monitoring instrument for disease progression 25, while the 6MWT offers a reproducible and sensitive metric for 
evaluating habitual walking performance 26,27. This context suggests a plausible link between metallic nanoparticle dysregulation and 
reduced walking ability in PwMS, which could serve as an interesting biomarker for MS. Therefore, the present study aims to explore the 
importance of metallic nanoparticle concentrations to walking ability in PwMS. Specifically, we examined whether the combination of 
metallic nanoparticle concentrations with walking measures (TUG and 6MWT) could discriminate PwMS from HCs. The following 
hypothesis was formulated: 1) poorer walking performance—indicated by longer TUG times and shorter 6MWT distances—would be 
correlated with elevated metallic concentrations in PwMS, and 2) the combination of metallic nanoparticle concentrations and walking 
ability would discriminate PwMS from HCs more effectively than either parameter alone. As demonstrated in extant literature, the 
integration of biological markers with functional measures enhances the capacity to differentiate between groups with and without 
disease, identify early neurodegeneration, and predict clinical progression 28–30. Consequently, the integration of metallic nanoparticles 
and gait measurements aligns with a methodological approach that has already been validated within the field, despite the novelty of the 
specific application of metallic nanoparticles.  

 
METHODS 
 

This study constitutes a secondary analysis of previous studies, employing the participants reported herein 5,31,32. New research 
questions and hypotheses from previous studies were stated in the current study.  

Figure 1 presents the schematic representation of the methodological framework utilized in this study. The participants were 
evaluated within a single day. Firstly, blood samples were collected from the participants after an overnight fast to quantify the metallic 
nanoparticle levels. Following a breakfast comprising fruits, bread, cheese, and juice, the participants underwent a series of clinical tests. 
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Consequently, the participants underwent walking ability assessments, specifically the TUG and 6MWT. Prior to the evaluation day, the 
participants were instructed to abstain from any intense or vigorous physical activity for 48 hours and to abstain from consuming any food 
or liquid, except for water, for 12 hours before the assessment. All measurements were conducted in the morning (from 7:00 am to 12:00 
pm) to minimize the influence of the circadian cycle on biological samples. 

 
Figure 1. Schematic representation of the methodology framework. TUG: Time Up and Go; 6MWT: Six-Minute Walk test; PwMS: individuals with Multiple Sclerosis; HC: 
Healthy Controls. 

 
Participants 

The present study enrolled a total of 30 subjects, including 19 individuals with MS and 11 HCs. All MS participants were 
diagnosed with the relapse-remitting subtype in accordance with the revised 2017 McDonald criteria 33 and had an Expanded Disability 
Status Scale (EDSS) 34 score of less than 4.5. Prior to the initiation of data collection, participants had been free from relapses for a 
period of at least three months, and they were not taking fampridine. Additionally, individuals afflicted with orthopedic, cardiac, 
oculomotor, cerebellar, respiratory, or other neurological disorders that could potentially influence the experimental protocol, as well as 
those with cognitive decline (scoring less than 24 points on the Mini-Mental State Exam - MMSE) 35, were excluded from the study. The 
local Ethics Committee of the University approved the study (CAAE#99191318.0.0000.5398), and all participants provided informed 
consent to participate.   
 
Clinical Evaluation  

All participants were evaluated using the Symbol Digit Modality Test (SDMT) 36 and the MMSE 35. The objective of these 
evaluations was twofold: firstly, to assess the cognitive processing speed (SDMT) of the participants, and secondly, to perform a 
cognitive screening (MMSE) of the participants. Also, the Fatigue Severity Scale (FSS) was employed to assess the severity of  perceived 
fatigue experienced during the previous week 37. Additionally, the time since onset and last relapse, as well as self-reported disease 
disability (PDDS) and the level of disability by EDSS, were assessed exclusively for PwMS. 
 
Blood Collection and Quantification of Metal Nanoparticle Concentration 

The present study followed the methodology described by de Oliveira et al. 7. Whole blood samples of 4 mL were collected from 
all subjects using standard procedures and collected in dry tubes without anticoagulant factors. These samples were subsequently 
utilized for the quantification of metallic nanoparticles. 

Following blood collection, the blood samples were subjected to freeze-drying and subsequently stored at a low temperature 
until further analysis. Approximately 1.2 mL of the freeze-dried sample was placed into closed vessels, along with 2 mL of hydrogen 
peroxide and 3 mL of nitric acid. The mixture was then subjected to microwave-assisted digestion, a process that was carried out in 
accordance with the following steps: Initially, the temperature was elevated to 180°C over a period of 15 minutes. Then, the temperature 
was maintained at 180°C for an additional 15 minutes. Subsequently, the temperature was reduced to ambient temperature over a period 
of 15 minutes. Finally, the digested samples were diluted using a 1.2:25 (v:v) ratio and brought up to a final volume of 25 mL with 
deionized water. 

The samples were subsequently analyzed using inductively coupled plasma-optical emission spectrometry (ICP-OES) to obtain 
the concentrations of metallic nanoparticles. During the course of the analysis, a reference blood sample was subjected to digestion 
under conditions identical to those applied to the study samples. All glassware and instruments were thoroughly cleaned, and stringent 
precautions were taken to prevent any trace-element contamination of the samples 38. In addition, blank samples of nitric acid and 
hydrogen peroxide were incorporated into the analytical method to ensure the reliability of the results. The ICP-OES calibration curve was 
constructed using five standard solutions with known concentrations of the elements of interest, prepared according to the 
recommendations for multielement calibration described by Boss & Fredeen 39. Subsequently, the concentrations of aluminum (Al), 
chromium (Cr), copper (Cu), iron (Fe), magnesium (Mg), nickel (Ni), and zinc (Zn) were quantitatively analyzed using ICP-OES. 
Additionally, the total concentration of all metallic nanoparticles was calculated. 
 
 
Walking Ability  
The quantification of walking ability was carried out using TUG 40 and 6MWT 41. The TUG test involves the patient rising from a seated 
position, walking at their fastest possible pace over a distance of 3 meters, executing a 180° turn, and then returning to the initial seated 
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position. Each participant underwent one trial for practice and two trials for the actual measurement. The mean time (in seconds) from 
these two trials was documented as the final performance result. The 6MWT was performed in accordance with the guidelines 
established by the American Thoracic Society 42, and its use in PwMS has been previously documented43. The participants were 
instructed to walk back and forth at the fastest and safest possible speed for a period of six minutes within a 20-meter corridor. Verbal 
encouragement and a reminder that the minute was over were provided at one-minute intervals. The total distance covered (in meters) 
during the test was recorded. 
 

Statistical Analysis  
Statistical analyses were conducted using SPSS Statistics software (IBM Corporation, Armory, N.Y.), with a significance level 

set at 0.05. The normality of the data was assessed using the Shapiro-Wilk test. For parametric parameters (age, SDMT score, Cu, Fe, 
Zn, total metallic nanoparticle concentrations, and 6MWT distance), independent sample t-tests were used to compare the groups. The 
remaining values (MMSE, FSS scores, Al, Cr, Mg, and Ni concentrations, and TUG) were compared using the Mann-Whitney test. To 
examine the relationship between serum metallic nanoparticle concentrations and functional performance, we used Pearson correlation 
coefficients separately for the MS group and the healthy control group. The r-values were classified as small (> 0.01 and < 0.29), medium 
(> 0.30 and < 0.49), and large (> 0.50) 44. Finally, multivariate discriminant analysis was applied to assess the ability to distinguish 
between PwMS and the HC 45. Initially, a discriminant analysis was executed individually for each metallic nanoparticle concentration and 
walking ability test. Subsequently, the discriminant analysis was performed by combining metallic nanoparticle concentrations with TUG 
and 6MWT, separately. These analyses were accompanied by the canonical correlation squared (Rc2), interpreted as an effect size 
measure that represents the proportion of the total variance in the discriminant function explained by group differences. The Rc2-values 
were classified as negligible (< 0.01), small (> 0.011 and < 0.09), medium (> 0.091 and < 0.24) and large (> 0.25) 46.  To determine 
whether the strength of these associations differed between groups, we used the Fisher Z transformation, considering the normality and 
null heteroscedasticity of the data 47,48. 

 
RESULTS 
 

Table 1 presents the group characteristics, clinical evaluation scores, and walking ability performance (TUG and 6MWT). All 
PwMS were under medication treatment, with six using fingolimod hydrochloride, six using monoclonal antibody, five using dimethyl 
fumarate, one using interferon beta-1a, and one using azathioprine. In addition, seven PwMS were undergoing vitamin D 
supplementation. 

There were no statistically significant differences between the groups in terms of age, body mass, height, and MMSE score. 
PwMS demonstrated higher fatigue scores in the FSS, exhibited poorer performance on the SDMT, required a longer time to complete 
the TUG test, and covered a shorter distance in the 6MWT when compared to HCs.   
 
Table 1. Means, standard deviations, and minimum-maximum values (in brackets) of characteristics, clinical evaluation scores and walking ability in 
individuals with Multiple Sclerosis (PwMS) and healthy controls (HC). The last column presents the p-values for the group comparisons. *Indicates 
significant differences between groups. 

 PwMS HC p-value 

Group characteristics 
Sex F/M 12/7 9/2 - 

Age (years) 33±2 (18 – 49) 31±2 (22 – 42) 0.553 
Body mass (kg) 73.5±3.3 (51.1 – 94.6) 69.1±3.4 (56.8 – 88.2) 0.445 

Height (m) 1.68±0.02 (1.55 – 1.89) 1.68±0.02 (1.56 – 1.84) 0.165 
Clinical evaluations 

FSS (score) 30.3±2.2 (19.0 – 49.0) 20.3±0.8 (17.0 – 26.0) 0.000* 
MMSE (score) 29.0±0.2 (28.0 – 30.0) 29.6±0.3 (27.0 – 30.0) 0.498 
SDMT (score) 47.9±3.5 (4.0 – 65.0) 61.1±2.3 (49.0 – 73.0) 0.005* 
EDSS (score) 2.4±0.3 (1.0 – 4.5) - - 

Walking ability 
TUG (s) 8.60±0.66 (4.88 – 14.05) 5.85±0.29 (4.25 – 7.69) 0.005* 

6MWT (m) 452.0±31.6 (160.0 – 680.0) 609.4±34.4 (470.0 – 815.0) 0.005* 
Note. F: Female; M: Male; FSS: Fatigue Severity Scale; MMSE: Mini-Mental State Exam; SDMT: Symbol Digit Modality Test; EDSS: Expanded 
Disability Status Scale; TUG: Time Up and Go; 6MWT: Six-Minute Walk test. 
 

Table 2 displays the concentrations of metallic nanoparticles observed in PwMS and HC. PwMS demonstrated significantly 
higher levels of Cu, Fe, and Zn compared to HC. Furthermore, the total concentration of metallic nanoparticles was elevated in PwMS.  
 
Table 2. Means, standard deviations, and minimum-maximum values (in brackets) for each metallic nanoparticle concentration in individuals with 
Multiple Sclerosis (PwMS) and healthy controls (HC). The last row displays the total value of metallic nanoparticle concentra tions. The last column 
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presents the p-values for the group comparisons. *Indicates significant differences between groups.  

Metal PwMS HC p-value 

Al (g/L) 7.70±0.59 (4.39-16.18) 7.05±0.51 (4.66-10.29) 0.589 

Cu (g/L) 1.01±0.10 (0.44-1.78) 0.97±0.06 (0.58-1.25) 0.022* 

Cr (g/L) 0.42±0.03 (0.29-0.65) 0.41±0.03(0.31-0.55) 0.219 

Fe (g/L) 300.55±8.90 (212.99-363.58) 267.01±14.02 (173.68-330.72) 0.047* 

Mg (g/L) 27.89±1.37 (20.03-41.77) 26.84±1.71 (20.04-35.92) 0.582 

Ni (g/L) 0.38±0.12 (0.04-1.69) 0.44±0.22 (0.04-2.51) 0.682 

Zn (g/L) 3.15±0.21 (1.63-4.58) 2.43±0.19 (1.58-3.24) 0.026* 

Total (g/L) 337.95±8.51 (258.36-400.34) 302.7±13.5 (213.57-364.08) 0.033* 

Note. Al: aluminum; Cr: chromium; Cu: copper; Fe: iron; Mg: magnesium; Ni: nickel; Zn: zinc; Total: sum of all concentrations.  

 
Figure 2 illustrates the correlation between metallic nanoparticle concentrations and walking ability (TUG and 6MWT) for PwMS 

and HC. The 6MWT performance exhibited a negative correlation with Al concentrations (r = - 0.45, p < 0.05) and Cu concentrations (r = -
0.44, p < 0.05) and a positive correlation with Fe (r = 0.60, p < 0.007) and total metallic nanoparticle concentration (r = 0.53, p < 0.02) in 
PwMS (Figure 2A). The correlations were significantly different between groups for Fe (Z = 2.41; p = 0.02), Mg (Z = - 2.08; p = 0.04) and 
total metallic nanoparticle concentrations (Z = 2.01; p = 0.04). Furthermore, the TUG test exhibited a negative relationship with Fe (r = - 
0.56, p < 0.01) and total metallic nanoparticle concentration (r = - 0.53, p < 0.02). For HCs (Figure 2.B), Mg exhibited a negative 
correlation with TUG performance (r = -0.63, p < 0.05). The correlations were significantly different between groups for Fe (Z = -2.11; p = 
0.04) and Mg (Z = 2.13; p = 0.03). All correlations were moderate (> 0.3) or large (> 0.5). 

 
Figure 2. Correlation among metallic nanoparticle concentrations and walking capacity (6MWT and TUG) in individuals with Multiple Sclerosis (PwMS) and healthy controls 
(HC). Color intensity represents correlation strength and direction, from strong negative (blue) to strong positive (red). TUG: Time Up and Go; 6MWT: Six-Minute Walk test; 
Al: aluminum; Cr: chromium; Cu: copper; Fe: iron; Mg: magnesium; Ni: nickel; Zn: zinc; Total: total metallic nanoparticle concentrations. 
 

Figure 3 presents the classification success (number of correctly classified and misclassified cases) of each group of the 
discriminant analysis. Despite the significant power to discriminate the groups using Fe (Wilks’ λ = 0.861; p = 0.043; Rc2 = 0.138 
[Medium]), Zn (Wilks’ λ = 0.841; p = 0.029; Rc2 = 0.158 [Medium]), and the sum of metallic nanoparticle concentrations (Wilks’ λ = 0.835; 
p = 0.026; Rc2 = 0.165 [Medium]), the misclassifications were greater than 23.3% using the metallic nanoparticle concentrations 
individually (Figure 3A). Analogous findings were ascertained through the implementation of TUG (Wilks’ λ = 0.751; p = 0.005; Rc2 = 
0.249 [Large]) and 6MWT performance (Wilks’ λ = 0.732; p = 0.003; Rc2 = 0.267 [Large]), which exhibited 26.7% of misclassifications.  

All discriminant models employing the combination of metallic nanoparticle concentration and 6MWT distance exhibited 
statistical significance (Wilks’ λ > 0.497; p < 0.032; Rc2 > 0.268 [Large]), resulting in misclassifications exceeding 26.7% (Figure 3B). 
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When the metallic nanoparticle concentration was combined with TUG, all models proved to be significant (Wilks’ λ > 0.497; p < 0.021; 
Rc2 = 0.249 [Large]), with miscalculations ranging from 0% to 26.7% (Figure 3C). Specifically, the most effective model incorporated total 
metallic nanoparticle concentration and TUG (Wilks’ λ = 0.404; p = 0.005; Rc2 = 0.596 [Large]), resulting in accurate classification of all 
individuals. The discriminant function of this model accounted for 100% of the total variance and exhibited a high correlation value 
(0.772). Positive discriminant function coefficients were observed for TUG (0.382) and concentrations of Al (0.283), Cr (14.116), Fe 
(0.002), Mg (0.058), and Zn (1.314). The analysis revealed negative discriminant coefficients for Cu (- 2.113) and Ni (- 1.388). The 
constant value was also found to be negative (- 14.052). The centroids for the PwMS and HC groups were 0.894 and - 1.544, 
respectively. 
 

DISCUSSION 
 

The present study was conducted to investigate the relationship between blood metallic nanoparticle concentrations and 
walking ability. Additionally, the investigation sought to determine whether combining blood metallic nanoparticle concentrations with 
walking ability could serve as a means to differentiate between PwMS and HC. The primary finding of our study indicated that the 
combination of total metallic nanoparticle concentration with TUG performance attained perfect classification in-sample. The combination 
of total metallic nanoparticle concentration with 6MWT performance achieved 86.7% accuracy. This study builds upon prior research by 
demonstrating that blood levels of metallic nanoparticles in combination with walking ability have the potential to serve as a biomarker for 
distinguishing between PwMS and healthy individuals, which could facilitate monitoring in clinical settings. However, the validity of this 
potential should be confirmed by subsequent studies. In addition, our first hypothesis was partially confirmed. The findings of the study 
demonstrated a negative correlation between Al and Cu concentrations and 6MWT performance, with higher concentrations 
corresponding to poorer walking performance (lower distance covered). However, higher Fe concentrations were correlated with 
enhanced walking ability (increased distance covered in the 6MWT and the reduced time in the TUG test), contradicting our first 
hypothesis. 
 
Higher metallic nanoparticle concentration and worse walking ability in PwMS: is there a correlation? 

PwMS required a greater amount of time to complete the TUG test and covered a shorter distance in the 6MWT compared to 
HCs. The inferior performance in both TUG and 6MWT observed in this study is consistent with prior research demonstrating 
substandard walking performance in PwMS 43. A decline in performance during the TUG and the 6MWT in PwMS has been associated 
with various factors in MS. For example, while the balance confidence and muscle strength functional test (i.e., functional stair test) 
explained 75% of the 6MWT variance 49, muscle weakness of the plantar flexors has been linked to worse performance on the 6MWT 50. 
However, factors as falls 51 and MS motor symptoms may contribute to a prolonged time to complete the TUG in PwMS. More 
specifically, Lorefice et al. 52 found correlations between performance on the TUG test and its sub-phases with white and gray matter in 
PwMS. These factors that have been identified as contributors to the impaired performance in walking ability tests among PwMS may be 
indicative of an advanced stage of neurodegeneration initiated by an imbalance of metallic nanoparticles. 

PwMS also exhibited higher concentrations of Cu, Fe, Zn, and total metallic nanoparticles 7,14,15. While metals are essential for 
optimal brain function, an imbalance may be detrimental 13. It has been demonstrated that elevated concentrations of metallic 
nanoparticles can accumulate in brain tissue, including the myelin sheath, and that this accumulation may contribute to nerve damage 
and MS progression 16. Several studies have identified an association between the presence of aberrant metallic nanoparticle levels in 
blood and other bodily fluids, including cerebrospinal fluid and urine, and the development of MS 7,53. This imbalance is related to reduced 
walking ability seen in PwMS. However, the exact relationship between metallic nanoparticle levels and walking performance in this study 
was not straightforward, suggesting a more complex link between metal regulation and walking ability in MS. While higher concentrations 
of Al and Cu were correlated with worse performance on the 6MWT, higher concentrations of Fe and total metallic nanoparticles were 
related with better performance on the TUG test (shorter test duration) and the 6MWT (longer distance walked). Consequently, the 
relationship between metallic nanoparticle concentrations and diminished walking ability in PwMS remains to be fully elucidated and 
should be the focus of future research endeavors. 
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Figure 3. A) Single discriminant results for each metallic nanoparticle concentration and walking test (6MWT and TUG). B) Discriminant association between metallic 
nanoparticle concentration and 6MWT performance. C) Discriminant association between metallic nanoparticle concentration and TUG performance. *Significant models (p 
< 0.05). TUG: Time Up and Go; 6MWT: Six-Minute Walk test; Al: aluminum; Cr: chromium; Cu: copper; Fe: iron; Mg: magnesium; Ni: nickel; Zn: zinc; SM: total metallic 
nanoparticle concentrations; AM: all metallic nanoparticle concentrations at the same time. 
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Metallic nanoparticle concentration combined with walking ability performance may be a biomarker to discriminate MS 
individuals  

The findings of this study demonstrated that the combination of all metallic nanoparticle concentrations with 6MWT enhanced 
the discriminative power between the groups under study by 86.7%. The most salient and promising finding was the perfect classification 
in-sample to discriminate PwMS from HC when performance on TUG was combined with all metallic nanoparticle concentrations. This 
combination can be regarded as a possibility for MS. This assessment can complement MS progression monitoring, which often relies on 
a combination of clinical assessment, magnetic resonance imaging findings, and cerebrospinal fluid analysis—procedures that can be 
time-consuming and expensive 54. Furthermore, continuous monitoring of MS is imperative in light of the disease's relapsing nature and 
the variability among patients. MS is distinguished by its intermittent periods of remission and exacerbation, which underscores the 
necessity for continuous evaluation to facilitate timely therapeutic adjustments and management 55. This biomarker is of particular interest 
due to its integration of biological MS effects, as measured by blood levels and motor disturbances. However, it is imperative to exercise 
caution when interpreting the findings of this study. The statistical discriminant analysis is susceptible to overfitting the data, particularly 
when it reports 100% classification accuracy without implementing cross-validation or external validation. While the exploratory nature of 
our analysis renders our findings valuable, it is important to acknowledge the potential for significant interpretive overreaches. 
Furthermore, a longitudinal study encompassing a more substantial population is required to validate the findings of the present study 
and to integrate them into clinical practice. 

 
CONCLUSION 
 

The study's findings indicated a correlation between blood metallic nanoparticle concentrations and walking ability, particularly 
as assessed by the TUG test. It can be concluded that the combination of metallic nanoparticle concentration with TUG performance can 
accurately discriminate PwMS from HC.  

Despite the study's strengths, it is important to acknowledge its limitations. First, the measurement of metallic nanoparticle 
concentrations was conducted exclusively in blood, excluding cerebrospinal fluid and brain tissue. While the relationship between blood 
and brain metallic nanoparticle concentrations has been demonstrated 8,56, no such measurements were made in the present study. On 
the other hand, the intricacies and invasiveness of measuring brain metal should be considered 57. Consequently, the utilization of a 
blood test as a biomarker for metallic nanoparticle concentrations is more practical than the use of brain tissue. Secondly, the study's 
modest sample size constrained the extent of the findings and strong claims. The main objective of our study was not the development of 
a robust predictive model through discriminant analysis, but rather the exploratory investigation of the associations between the variables 
and, more crucially, the comparison of the strength of these correlations between the PwMS and control groups. To validate and increase 
the reliability of these findings, especially the results obtained with discriminant analysis, replication in an independent and substantially 
larger cohort is imperative. In addition, our sample included individuals with EDSS scores below 4.5 who may not have motor disabilities, 
but rather disabilities in other functional systems affected by MS. This characteristic of the sample should be acknowledged when 
interpreting the findings. Third, we did not control dietary habits, medication intake, disease-modifying therapy, menstrual status, and 
environmental metal exposure, which may be confounders for metallic nanoparticle concentrations. In addition, while TUG and 6MWT 
have been demonstrated to have robust validity for walking ability in PwMS 26,40, we did not assess more detailed gait parameters, such 
as spatial-temporal parameters, which may limit the interpretability of walking ability in MS. Finally, future studies, based on exploratory 
findings of correlation differences, should employ Multiple Regression Analysis or Analysis of Covariance to formally control for the effect 
of essential covariates such as age, sex, and treatment types, thus ensuring a more precise and causal understanding of the observed 
associations with functional performance. 

 
 

REFERENCES 
 
1. Edwards T, Pilutti LA. The effect of exercise training in adults with multiple sclerosis with severe mobility disability: A 
systematic review and future research directions. Multiple Sclerosis and Related Disorders. 2017;16:31-39. 
doi:10.1016/j.msard.2017.06.003 
2. Piri Cinar B, Guven Yorgun Y. What we learned from the history of Multiple Sclerosis measurement: Expanded disease 
status scale. Archives of Neuropsychiatry. 2018;55(Suppl 1):S69-S75. doi:10.29399/npa.23343 
3. Bhargava P, Smith MD, Mische L, et al. Bile acid metabolism is altered in multiple sclerosis and supplementation 
ameliorates neuroinflammation. Journal of Clinical Investigation. 2020;130(7):3467-3482. doi:10.1172/JCI129401 
4. Chitnis T, Prat A. A roadmap to precision medicine for multiple sclerosis. Multiple Sclerosis Journal. 2020;26(5):522-532. 
doi:10.1177/1352458519881558 
5. de Oliveira M, Santinelli FB, Lisboa-Filho PN, Barbieri FA. The blood concentration of metallic nanoparticles is related to 
cognitive performance in people with Multiple Sclerosis: An Exploratory Analysis. Biomedicines. 2023;11(7):1819. 
doi:10.3390/biomedicines11071819 



BJMB          
Brazilian Journal of Motor Behavior 
 

de Oliveira et al. 2025 VOL.19 N.1 https://doi.org/10.20338/bjmb.v19i1.524 

 
 

9 of 11 

Research Article 

6. Cicero CE, Mostile G, Vasta R, et al. Metals and neurodegenerative diseases. A systematic review. Environ Res. 
2017;159(August):82-94. doi:10.1016/j.envres.2017.07.048 
7. de Oliveira M, Gianeti TMR, da Rocha FCG, Lisboa-Filho PN, Piacenti-Silva M. A preliminary study of the concentration of 
metallic elements in the blood of patients with multiple sclerosis as measured by ICP-MS. Scientific Reports. 
2020;10(1):13112. doi:10.1038/s41598-020-69979-9 
8. Ferreira A, Neves P, Gozzelino R. Multilevel impacts of iron in the brain: The cross talk between neurophysiological 
mechanisms, cognition, and social behavior. Pharmaceuticals. 2019;12(3). doi:10.3390/ph12030126 
9. Lavery AM, Waubant E, Casper TC, et al. Urban air quality and associations with pediatric multiple sclerosis. Annals of 
Clinical and Translational Neurology. 2018;5(10):1146-1153. doi:https://doi.org/10.1002/acn3.616 
10. Türk Börü Ü, Bölük C, Taşdemir M, Gezer T, Serim VA. Air pollution, a possible risk factor for multiple sclerosis. Acta 
Neurologica Scandinavia. 2020;141(5):431-437. doi:https://doi.org/10.1111/ane.13223 
11. Noorimotlagh Z, Azizi M, Pan H-F, Mami S, Mirzaee SA. Association between air pollution and Multiple Sclerosis: A 
systematic review. Environmental Research. 2021;196:110386. doi:https://doi.org/10.1016/j.envres.2020.110386 
12. Khalil M, Langkammer C, Pichler A, et al. Dynamics of brain iron levels in multiple sclerosis. Neurology. 
2015;84(24):2396-2402. doi:10.1212/WNL.0000000000001679 
13. Mezzaroba L, Alfieri DF, Colado Simão AN, Vissoci Reiche EM. The role of zinc, copper, manganese and iron in 
neurodegenerative diseases. Neurotoxicology. 2019;74:230-241. doi:10.1016/j.neuro.2019.07.007 
14. Janghorbani M, Shaygannejad V, Hakimdavood M, Salari M. Trace elements in serum samples of patients with multiple 
sclerosis. Athens Journal of Health. 2017;4:145-154. 
15.  Siotto M, Filippi MM, Simonelli I, et al. Oxidative stress related to iron metabolism in relapsing remitting multiple sclerosis 
patients with low disability. Frontiers in Neuroscience. 2019;13:86. doi: 10.3389/fnins.2019.00086 
16. Stojsavljević A, Jagodić J, Perović T, Manojlović D, Pavlović S. Changes of target essential trace elements in Multiple 
Sclerosis: A Systematic Review and Meta-Analysis. Biomedicines. 2024;12(7):1589. doi:10.3390/biomedicines12071589 
17. Beauchet O, Launay C, Galery K, et al. Effects of Vitamin D and Calcium fortified yogurts on gait, cognitive 
performances, and serum 25-Hydroxyvitamin D concentrations in older community-dwelling females: results from the gait, 
memory, dietary and vitamin d (GAME-D2) randomized controlled trial. Nutrients. 2019;11(12):2880. 
doi:10.3390/nu11122880 
18. Takakusaki K. Functional neuroanatomy for posture and gait control. Journal of Movement Disorders. 2017;10(1):1. doi: 
10.14802/jmd.16062 
19. Chaves AR, Tremblay S, Pilutti L, Ploughman M. Lowered ratio of corticospinal excitation to inhibition predicts greater 
disability, poorer motor and cognitive function in multiple sclerosis. Heliyon. 2024;10(15):e35834. 
doi:https://doi.org/10.1016/j.heliyon.2024.e35834 
20. Cavallari M, Ceccarelli A, Wang G-Y, et al. Microstructural changes in the striatum and their impact on motor and 
neuropsychological performance in patients with Multiple Sclerosis. PLoS One. 2014;9(7):e101199-. 
https://doi.org/10.1371/journal.pone.0101199 
21. Chen Q, Hattori T, Tomisato H, et al. Turning and multitask gait unmask gait disturbance in mild-to-moderate multiple 
sclerosis: Underlying specific cortical thinning and connecting fibers damage. Human Brain Mapping. 2023;44(3):1193-1208. 
doi:https://doi.org/10.1002/hbm.26151 
22. Engström M, Flensner G, Landtblom A-M, Ek A-C, Karlsson T. Thalamo-striato-cortical determinants to fatigue in multiple 
sclerosis. Brain Behavior. 2013;3(6):715-728. doi:https://doi.org/10.1002/brb3.181 
23. LaRocca NG. Impact of Walking Impairment in Multiple Sclerosis. Patient. 2011;4(3):189-201. doi:10.2165/11591150-
000000000-00000 
24. Comber L, Galvin R, Coote S. Gait deficits in people with multiple sclerosis: A systematic review and meta-analysis. Gait 
and Posture. 2017;51:25-35. doi:10.1016/j.gaitpost.2016.09.026 
25. Kalron A, Dolev M, Givon U. Further construct validity of the timed up and go test as a measure of ambulation in persons 
with multiple sclerosis. European Journal of Physical Medicine and Rehabilitation. 2017;53:841-847. doi:10.23736/S1973-
9087.17.04599-3 
26. Oosterveer DM, van den Berg C, Volker G, Wouda NC, Terluin B, Hoitsma E. Determining the minimal important change 
of the 6-minute walking test in Multiple Sclerosis patients using a predictive modelling anchor-based method. Multiple 
Sclerosis and Related Disorders. 2022;57:103438. doi:10.1016/j.msard.2021.103438 
27. Zörner B, Hostettler P, Meyer C, et al. Prognosis of walking function in multiple sclerosis supported by gait pattern 
analysis. Multiple Sclerosis and Related Disorders. 2022;63:103802. doi:https://doi.org/10.1016/j.msard.2022.103802 
28. Brognara L, Luna OC, Traina F, Cauli O. Inflammatory biomarkers and gait impairment in older adults: A Systematic 
Review. International Journal of Molecular Sciences. 2024; 25(3):1368. doi:10.3390/ijms25031368 
29. Bizoń A, Chojdak-Łukasiewicz J, Budrewicz S, Pokryszko-Dragan A, Piwowar A. Exploring the relationship between 
antioxidant enzymes, oxidative stress markers, and clinical profile in relapsing–remitting Multiple Sclerosis. Antioxidants. 
2023;12(8):163. doi:10.3390/antiox12081638 
30. Thorning M, Lambertsen KL, Jensen HB, et al. Performance measures and plasma biomarker levels in patients with 
Multiple Sclerosis after 14 days of fampridine treatment: An Explorative study. International Journal of Molecular Sciences. 
2024;25(3):1592. doi:10.3390/ijms25031592 



BJMB          
Brazilian Journal of Motor Behavior 
 

de Oliveira et al. 2025 VOL.19 N.1 https://doi.org/10.20338/bjmb.v19i1.524 

 
 

10 of 11 

Research Article 

31. Santinelli FB, Sebastião E, Kuroda MH, et al. Cortical activity and gait parameter characteristics in people with multiple 
sclerosis during unobstructed gait and obstacle avoidance. Gait and Posture. 2021;86:226-232. 
doi:10.1016/j.gaitpost.2021.03.026 
32. Santinelli FB, Sebastião E, Simieli L, et al. Is BDNF related to spatial-temporal gait parameters in people with multiple 
sclerosis? An observational study. Multiple Sclerosis and Related Disorders. 2022;66:104064. 
doi:10.1016/j.msard.2022.104064 
33. Thompson AJ, Banwell BL, Barkhof F, et al. Diagnosis of multiple sclerosis: 2017 revisions of the McDonald criteria. 
Lancet Neurology. 2018;17(2):162-173. doi:10.1016/S1474-4422(17)30470-2 
34. Kurtzke JF. Rating neurologic impairment in multiple sclerosis: An expanded disability status scale (EDSS). Neurology. 
1983;33(11):1444-1452. doi:10.1212/WNL.33.11.1444 
35. Folstein MF, Folstein SE, McHugh PR. “Mini-mental state”. A practical method for grading the cognitive state of patients 
for the clinician. Journal of Psychiatric Research. 1975;12(3):189-198. doi:10.1016/0022-3956(75)90026-6 
36. Smith A. Symbol Digit Modalities Test. Western psychological services Los Angeles; 1973. 
37. Valko PO, Bassetti CL, Bloch KE, Held U, Baumann CR. Validation of the Fatigue Severity Scale in a Swiss Cohort. 
Sleep. 2008;31(11):1601-1607. doi:10.1093/sleep/31.11.1601 
38. Richter RC, Nóbrega JA, Pirola C. Think Blank: Clean Chemistry Tools for Atomic Spectroscopy. Ikonos; 2016. 
https://books.google.com.br/books?id=LBGVCwAAQBAJ 
39. Boss CB, Fredeen KJ. Concepts, Instrumentation and Techniques in Inductively Coupled Plasma Optical Emission 
Spectrometry. Third Edition. PerkinElmer; 2004. www.perkinelmer.com 
40. Sebastião E, Sandroff BM, Learmonth YC, Motl RW. Validity of the Timed Up and Go Test as a measure of functional 
mobility in persons with Multiple Sclerosis. Archives of Physical Medicine and Rehabilitation. 2016;97(7):1072-1077. 
doi:https://doi.org/10.1016/j.apmr.2015.12.031 
41. Matos Casano HA, Ahmed I, Anjum F. Six-Minute Walk Test. In: StatPearls. Treasure Island (FL): StatPearls Publishing; 
2025. 
42. ATS Committee on Proficiency Standards for Clinical Pulmonary Function Laboratories. ATS statement: guidelines for 
the six-minute walk test. American Journal of Respiratory and Critical Care Medicine. 2002;166(1):111-7. doi: 
10.1164/ajrccm.166.1.at1102. 
43. Cederberg KLJ, Sikes EM, Bartolucci AA, Motl RW. Walking endurance in multiple sclerosis: Meta-analysis of six-minute 
walk test performance. Gait and Posture. 2019;73:147-153. doi:https://doi.org/10.1016/j.gaitpost.2019.07.125 
44. Cohen J. Statistical Power Analysis for the Behavioral Sciences - 2nd Ed.; 1988. 
45. Green PE. Mathematical Tools for Applied Multivariate Analysis. Academic Press; 2014. 
46. Huberty CJ. Applied MANOVA and Discriminant Analysis Second Edition. 
47. García-Pérez MA. Use and misuse of corrections for multiple testing. Methods in Psychology. 2023;8:100120. 
doi:10.1016/j.metip.2023.100120 
48. Wilcox RR, Muska J. Comparing correlation coefficients. Publication Cover   
Communications in Statistics - Simulation and Computation. 2002;31(1):49-59. doi:10.1081/sac-9687281 
49. Wetzel JL, Fry DK, Pfalzer LA. Six-Minute walk test for persons with mild or moderate disability from Multiple Sclerosis: 
performance and explanatory factors. Physiotherapy Canada. 2011;63(2):166-180. doi:10.3138/ptc.2009-62 
50. Wagner JM, Kremer TR, Van Dillen LR, Naismith RT. Plantarflexor weakness negatively impacts walking in persons with 
multiple sclerosis more than plantarflexor spasticity. Archives of Physical Medicine and Rehabilitation. 2014;95(7):1358-1365. 
doi:https://doi.org/10.1016/j.apmr.2014.01.030 
51. Hershkovitz L, Malcay O, Grinberg Y, Berkowitz S, Kalron A. The contribution of the instrumented Timed-Up-and-Go test 
to detect falls and fear of falling in people with multiple sclerosis. Multiple Sclerosis and Related Disorders. 2019;27:226-231. 
doi:https://doi.org/10.1016/j.msard.2018.10.111 
52. Lorefice L, Coghe G, Fenu G, et al. ‘Timed up and go’ and brain atrophy: a preliminary MRI study to assess functional 
mobility performance in multiple sclerosis. Journal of Neurology. 2017;264(11):2201-2204. doi:10.1007/s00415-017-8612-y 
53. Roos PM, Vesterberg O, Syversen T, Flaten TP, Nordberg M. Metal concentrations in cerebrospinal fluid and blood 
plasma from patients with amyotrophic lateral sclerosis. Biological Trace Element Research. 2013;151(2):159-170. 
doi:10.1007/s12011-012-9547-x 
54. Kapel-Reguła A, Duś-Ilnicka I, Radwan-Oczko M. Relevance of saliva analyses in terms of etiological factors, 
biomarkers, and indicators of disease course in patients with Multiple Sclerosis—A Review. International Journal of 
Molecular Sciences. 2024;25(23):12559. doi:10.3390/ijms252312559 
55. Ontaneda D, Chitnis T, Rammohan K, Obeidat AZ. Identification and management of subclinical disease activity in early 
multiple sclerosis: a review. Journal of Neurology. 2024;271(4):1497-1514. doi:10.1007/s00415-023-12021-5 
56. Pamphlett R, Buckland ME, Bishop DP. Potentially toxic elements in the brains of people with multiple sclerosis. Scientific 
Reporters. 2023;13(1):655. doi:10.1038/s41598-022-27169-9 
57. Stojsavljević A, Vujotić L, Rovčanin B, Borković-Mitić S, Gavrović-Jankulović M, Manojlović D. Assessment of trace metal 
alterations in the blood, cerebrospinal fluid and tissue samples of patients with malignant brain tumors. Scientific Reporters. 
2020;10:3816. doi:10.1038/s41598-020-60774-0 
 

 

 



BJMB          
Brazilian Journal of Motor Behavior 
 

de Oliveira et al. 2025 VOL.19 N.1 https://doi.org/10.20338/bjmb.v19i1.524 

 
 

11 of 11 

Research Article 

Citation: De Oliveira M, Ferreira-Silva P, Santinelli FB, Kalva-Filho CA, Piacenti-Silva M, Lisboa-Filho PN, Barbieri FA. (2025) Discrimination of multiple sclerosis patients 
from healthy individuals using a combination of walking ability and blood metallic nanoparticle concentrations. Brazilian Journal of Motor Behavior, 19(1):e524. 
Editor-in-chief: Dr Fabio Augusto Barbieri - São Paulo State University (UNESP), Bauru, SP, Brazil.  
Associate editors: Dr José Angelo Barela - São Paulo State University (UNESP), Rio Claro, SP, Brazil; Dr Natalia Madalena Rinaldi - Federal University of Espírito Santo 
(UFES), Vitória, ES, Brazil; Dr Renato de Moraes – University of São Paulo (USP), Ribeirão Preto, SP, Brazil. 
Copyright:© 2025 Fernandes, Oliveira, Koch, Dhein and Paz and BJMB. This is an open-access article distributed under the terms of the Creative Commons Attribution-
Non Commercial-No Derivatives 4.0 International License which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and 
source are credited. 
Funding: This work was supported by the São Paulo Research Foundation (#2017/20032-5 and #2018/18078-0). 
Competing interests: The authors have declared that no competing interests exist.  
DOI: https://doi.org/10.20338/bjmb.v19i1.524 

 


	REFERENCES

