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Abstract

:

Conventional brain magnetic resonance imaging (MRI) in systemic diseases with central nervous system involvement (SDCNS) may imitate MRI findings of multiple sclerosis (MS). In order to better describe the MRI characteristics of these conditions, in our study we assessed brain volume parameters in MS (n = 58) and SDCNS (n = 41) patients using two-dimensional linear measurements (2DLMs): bicaudate ratio (BCR), corpus callosum index (CCI) and width of third ventricle (W3V). In SDCNS patients, all 2DLMs were affected by age (CCI p = 0.005, BCR p < 0.001, W3V p < 0.001, respectively), whereas in MS patients only BCR and W3V were (p = 0.001 and p = 0.015, respectively). Contrary to SDCNS, in the MS cohort BCR and W3V were associated with T1 lesion volume (T1LV) (p = 0.020, p = 0.009, respectively) and T2 lesion volume (T2LV) (p = 0.015, p = 0.009, respectively). CCI was associated with T1LV in the MS cohort only (p = 0.015). Moreover, BCR was significantly higher in the SDCNS group (p = 0.01) and CCI was significantly lower in MS patients (p = 0.01). The best predictive model to distinguish MS and SDCNS encompassed gender, BCR and T2LV as the explanatory variables (sensitivity 0.91; specificity 0.68; AUC 0.86). Implementation of 2DLMs in the brain MRI analysis of MS and SDCNS patients allowed for the identification of diverse patterns of local brain atrophy in these clinical conditions.
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1. Introduction


The accessibility and effectiveness of disease-modifying therapy (DMT) in multiple sclerosis (MS) have been constantly increasing in recent years. The current revision of the MS diagnostic criteria (McDonald 2017) [1] facilitated the diagnostic process; however, high percentages of misdiagnoses have been reported in both North American and European populations [2,3,4]. In systemic diseases with central nervous system involvement (SDCNS), clinical presentation and findings of magnetic resonance imaging (MRI) may be similar to those of MS. Our recently published review [5] summarized the latest data describing similarities and differences between MS and SDCNS, including radiological characteristics. Although MRI is one of the most important paraclinical tools in the diagnosis of MS, its specificity is not satisfactory [6]. Focal white matter lesions similar to those observed in MS have been described in many other neurological disorders including SDCNS. Gadolinium-enhancing T1 lesions and T2 hyperintense lesions on MRI correspond in vivo with inflammatory reactions and focal demyelination, but these findings do not cover the whole spectrum of MS pathology and in particular fail to demonstrate the extent of neurodegenerative processes [6,7]. Brain and spinal cord atrophy are considered as hallmarks of neurodegeneration in MS [8,9,10]. Both white and grey matter volume loss as well as local atrophy of particular brain structures (e.g., thalamus) have been repeatedly demonstrated as strong correlates of physical and cognitive disability progression in MS [11,12,13,14]. However, little is known about brain atrophy in SDCNS patients. Data published until now in patients with systemic lupus erythematosus (SLE) with CNS involvement (CNSI) showed a correlation between disease duration, activity and caudate and fronto-temporal atrophy [15,16]. In vivo brain atrophy is usually estimated by measurement of brain volume (BV) change [8,17,18]. Assessment of brain atrophy on MRI with the use of two-dimensional linear measurements (2DLMs), including bicaudate ratio (BCR), corpus callosum index (CCI) and width of third ventricle (W3V), has been proposed as an easy-to-use alternative in daily clinical routine [19,20,21]. BCR is suggested as a marker of deep frontal subcortical white matter atrophy, CCI is an accepted measurement of local white matter atrophy and W3V reflects central brain atrophy [19,20,21]. Recently published results indicate that 2DLMs applied in clinical practice may be useful as markers of long-term clinical progression and may correlate with neurological and cognitive impairment in MS patients [19,20,21]. Taking into consideration the above-mentioned limitations of conventional MRI, in our work we applied 2DMLs in order to characterize brain atrophy patterns in a group of newly diagnosed MS and SDCNS patients.




2. Materials and Methods


This cross-sectional, prospective study was conducted as a part of a larger, multiparametric study investigating the clinical, molecular and imaging characteristics of people undergoing differential diagnosis because of focal brain lesions detected on MRI [22]. The participants were recruited consecutively during or directly after the diagnostic process between July 2018 and October 2019 in the Department of Neurology and Neurology Outpatient Clinic, Medical University of Lodz, Poland. The participants were included in one of two groups: group 1—MS—or group 2—SDCNS. Inclusion criteria were as follows: Group 1: diagnosis of MS based on McDonald criteria 2017; relapsing–remitting course of MS; no disease exacerbation and/or steroid treatment within at least 3 months before enrolment into the study; no history of any disease-modified treatment. Group 2: diagnosis of SDCNS confirmed based on clinical criteria laboratory tests (including peripheral blood and cerebro-spinal fluid examination) and radiological assessment; no history of steroid or other disease-modified treatment. Patients from both groups had to be 18–55 years old and have brain MRI lesions indicating a demyelinating process suggestive of MS. Exclusion criteria for all participants included contraindication to MRI and diagnosis of diseases other than MS/SDCNS affecting CNS including infectious, metabolic and other neurologic disorders. Demographic and medical data were collected in a local medical database. The level of physical disability in MS patients was assessed with the Expanded Disability Status Scale (EDSS) [23].



The study was conducted according to the guidelines of the Declaration of Helsinki (1964) and its later amendments and received the approval of the Local Ethics Committee of the Medical University of Lodz (approval number/360/17/KE, 21 November 2017, RNN/231/18KE, 12 June 2018). All subjects gave their informed consent before participating in the study.



2.1. MRI Acquisition


All participants underwent brain MRI examinations performed on a 3.0 T scanner (Vida, Siemens, Munich, Germany) with a 20-channel head coil. The acquisition protocol was set according to the guidelines of the Polish Neurological Society and Polish Medical Society of Radiology [24]. The MRI protocol included the following sequences: a high- resolution axial 3-dimensional (3D) T1-weighted magnetization-prepared rapid gradient- echo (MPRAGE) (repetition time (TR) = 2200 ms; echo time (TE) = 2.46 ms; inversion time (TI) = 900 ms; field of view (FOV) = 256; number of slices = 167; pixel size = 1 × 1 × 1 mm), sagittal isotropic 3D T2-weighted fluid-attenuated inversion recovery (FLAIR) (TR = 2560 ms; TE = 135 ms; TI = 6700 ms; FOV = 256; number of slices = 192), proton density PD/T2-weighted (TR = 2560 ms; TE1/TE2 = 90/30 ms; FOV = 256; number of slices = 46; slice thickness = 3.0 mm) and 3D T1-MPARAGE (repetition time (TR) = 2200 ms; echo time (TE) = 2.46 ms; inversion time (TI) = 900 ms; field of view (FOV) = 256; number of slices = 167; pixel size = 1 × 1 × 1 mm) after intravenous contrast administration (gadolinium-based, gadobutrol 0.1 mmol/kg body weight).




2.2. MRI Postprocessing


MRI lesion analysis (T2-lesion volume on T2/FLAIR image (T2LV) and T1-lesion volume (T1LV)) was performed using a semi-automated, edge-finding tool in Jim software package (v7.0, Xinapse Systems Ltd. West Bergholt, Essex, CO6 3BW, UK, http://www.xinapse.com (accessed on 1 November 2023)) which is well established and widely used throughout the neuroimaging MS research community. MRI lesion analysis was performed by one of the co-authors (MS), with >20 years of experience in MRI analysis. All 2DLMs were assessed using the automatic Exhibeon (v.3) software (https://www.allerad.com/en/dicom-viewer, accessed on 1 May 2020), Pixel Technology Gmbh). Details of the Exhibeon pipeline have been previously reported elsewhere [13]. The CCI was measured based on the method described by Figueira et al. [25]. The measurement was performed on a mid-sagittal MPRAGE image, where the septum pellucidum was visible and all elements of the corpus callosum (CC) were well visualized (Figure 1A). The measurement was assessed by drawing the greatest anteroposterior and craniocaudal axes at their midpoint, leading to the points a, a’, b, b’ and c, c’. The anterior, medium and posterior segments of the CC were then measured and normalized using the greatest anteroposterior diameter. The final CCI was obtained according to the formula described elsewhere [25,26,27]. BCR was measured based on the method described by Bermel et al. [28] in the axial section of MPRAGE images where the frontal horns were clearly visible and the septum was the thinnest. The BCR was the minimum intercaudate distance divided by brain width along the same line (Figure 1B). W3V was assessed on 3D T1-weighted axial images based on the methods proposed by Bermel et al. [29]. The location where the third ventricle (3V) reaches its most optimal width was initially assessed (a slice between the adjacent slices where expansion or contraction of the ventricle was observed had been selected). The center of the 3V was then determined by measuring its length in the AP (anteroposterior) direction, and a linear measurement of the ventricle width in the RL (right–left) direction was performed at the determined location (Figure 1C).



CCI, BCR and W3V were assessed by two independent researchers: a neuroradiologist (TP with 8 years of experience in MRI) and an image analyst (KM with 7 years of experiences in MRI analysis) blinded to clinical diagnosis. Inter-rater reliability was measured with the intraclass correlation coefficient (ICC). The inter-rater ICCs for the two raters were 0.93, 0.94 and 0.97 for BCR, CCI and W3V, respectively.




2.3. Statistical Analysis


Statistical analysis was performed with Python 3.8 (www.python.org (accessed on 1 November 2023)) programming language, with the statistical libraries scikit-learn 1.0.2 (www.scikit-learn.org (accessed on 1 November 2023)), statsmodels 0.13.1 (www.statsmodels.org (accessed on 1 November 2023)) and optuna 2.10.0 (www.optuna.org (accessed on 1 November 2023)). The distribution of each variable was tested with the d’Agostino–Pearson normality test. The equality of means in subgroups was assessed with the t-Student test for all normally distributed variables and with the Mann–Whitney U test for the others. As gender is a categorical variable, the equality of its distribution between MS and SDCNS patients was tested with the chi-squared test. p values of <0.05 were considered statistically significant. Inter-rater agreement analysis was conducted using interclass correlation coefficients (ICCs). Based on statistical recommendation [30], ICC values of <0.40 were considered poor, 0.40–0.75 fair to good and >0.75 excellent. The impact of the demographics, disease duration, T1LV and T2LV on 2DLMs was determined by the slope of the regression line (β). For each of the 2DLMs, we estimated a series of univariate linear regression models containing one of the mentioned independent variables. The values of the coefficients corresponding to explanatory variables indicated the strength of the relation and the p-value implied whether the given relation is statistically significant. Stepwise logistic regression models and ROC curve analysis including demographic, clinical and MRI volumetric parameters were used to describe MS and SDCNS. We used the repeated k-fold cross-validation method to search for the best model [31,32]. As the independent variables in the best model selection procedure, we included all the 2DLMs, age, gender, disease duration, T1LV and T2LV.





3. Results


3.1. Patients


This was a prospective cohort study of 99 patients: 58 with MS (male/female = 17/41) and 41 with SDCNS (male/female = 5/36). In total, 14 patients in the SDCNS group were diagnosed with systemic lupus erythematosus (SLE), 12 with undifferentiated connective tissue disease, 9 with CNS vasculitis, 3 with Sjögren’s syndrome and 3 with neurosarcoidosis. Patients with SDCNS were significantly older than patients with MS (p = 0.001). There were no differences in gender distribution and disease duration between the MS and SDCNS groups. Demographic and clinical details of the MS and SDCNS patients are presented in Table 1.




3.2. MRI Results


Differences in the association of demographic factors and/or lesion volumes in brain MRI with 2DLMs were found between MS and SDCNS patients (Table 2). In SDCNS patients, all 2DLMs were significantly driven by age. Lower CCI as well as higher BCR and W3V were associated with older age in SDCNS patients (p = 0.005, β = −0.0017; p < 0.001, β = 0.0012; p < 0.001, β = 0.1090, respectively). In MS patients, higher BCR and higher W3V correlated with older age (p = 0.001, β = 0.0009; p = 0.015, β = 0.0576, respectively) but we did not observe an association of age with CCI (p = 0.768, β = 0.0002) (Table 2). Regarding radiological parameters, 2DLMs were driven by T1LV and T2LV in MS patients only. Lower CCI was associated with higher T1LV (p = 0.015, β = −0.0165) (Table 2). Moreover, higher BCR and higher W3V were associated with higher T1LV and T2LV (BCR: p = 0.020, β = 0.0076; p = 0.015, β = 0.0112; W3V: p = 0.009, β = 0.7467; p = 0.009, β = 1.0467, respectively) (Table 2). Gender and disease duration had no impact on 2DLMs in either the MS or SDCNS patients (Table 2).



After adjusting for age, we have also found differences in BCR and CCI between the MS and SDCNS groups (Table 3). BCR was significantly higher in SDCNS compared with MS patients (p = 0.01) and CCI was significantly lower in MS compared with SDCNS patients (p = 0.01). W3V was comparable between the MS and SDCNS groups (p = 0.16) (Table 3). Volumetric analysis of focal lesions showed that T2LV and T1LV in the MS patients were significantly higher than in the SDCNS patients (p < 0.001) (Table 3).



In the final step of the analysis, we assessed a combination of demographic, clinical and MRI variables in the MS and SDCNS patients in order to characterize the best set of parameters discriminating both groups. We identified gender, BCR and T2LV as the explanatory variables in the best predictive model to distinguish MS and SDCNS patients (sensitivity 0.91, specificity 0.68, AUC 0.86), where female gender, higher BCR and lower T2LV predisposed patients to a diagnosis of SDCNS. The ROC curve of the best predictive model is presented on Figure 2.





4. Discussion


The application of 2DLMs to estimate the brain volume loss in MS has been investigated in numerous studies in correlation with clinical presentation, cognitive impairment and MRI focal white matter lesions [19,20,28,33,34,35,36,37,38]. Brain atrophy parameters were also assessed in SLE patients with CNSI [15,16,39,40,41,42,43]. However, to the best of our knowledge, there are no published data describing the use of 2DLMs in order to compare brain atrophy in SDCNS and MS patients.



In our analysis, we demonstrated the different impact of demographic parameters and lesion volume on 2DLMs in MS and SDCNS patients. One of the investigated 2DLMs, CCI, a parameter assessing CC atrophy, was incorporated in multiple studies on MS [20,26,35,44]. CC atrophy was also explored in patients with SLE and primary Sjögren’s syndrome with CNSI [15,39,40,45]. In our study, we found that in contrast to SDCNS, in MS patients CCI was not driven by age. Our results remain in line with the findings of another study indicating that, in MS, CC atrophy represents an age-independent process [15]. The differences observed in the current study can be interpreted as a result of diverse pathological mechanisms underlying CC atrophy in particular diseases. In the SDCNS group, CC degeneration seems to be more dependent on age-related changes, whereas in MS the effect of age could be potentially neutralized by the extent of early disease-specific degenerative processes in CC—an anatomical structure known to be highly affected in the disease [25,26,27,46,47]. This assumption may remain in concordance with the observation that other 2DLMs (BCR and W3V) correlated with age in both the MS and SDCNS patients. BCR was applied as brain atrophy parameter in previous studies in MS [28,33,34,35], and correlation between BCR and age of patients was reported [19,28,44,48]. Additionally, in a recent study by Nishizawa et al., a BCR cut-off value of 0.1627909 was suggested for discriminating between MS patients with mild and severe total brain and grey matter volume loss, physical disability and cognitive impairment [44]. However, there are no data concerning the impact of age on BCR in SDCNS patients. Thus, based on the accepted interpretation that BCR reflects deep frontal subcortical white matter atrophy [28,33,34,35,49], our findings highlight a relationship between age and this process not only in MS but also in SDCNS patients. Another 2DLM commonly used to assess brain atrophy is 3VW. Enlargement of the 3V has been well documented in patients with MS [19,20,33,34,35,50,51]. This widening of the 3V is suggested to be a marker of central brain atrophy [50]. In this regard, in our study we found that both in MS and in SDCNS patients, W3V was driven by age. Our results are in agreement with findings described earlier by Kalinowska-Lyszczarz et al. regarding MS patients, but are still in contrast with data from the SLE-CNSI group, where an age-dependent enlargement of 3V in the SLE-CNSI group was not observed [15]. This discrepancy may be associated with the relative heterogeneity of our SDCNS group, which makes a direct comparison with the group investigated by Kalinowska-Lyszczarz et al. [15] difficult.



We also observed that T1LV and T2LV had different correlations with 2DLMs in MS and SDCNS patients. CCI was driven by T1LV only in the MS group, which stays in line with previous studies reporting correlations between T1LV and CCI/CC area [52,53]. We may speculate that in MS, CC white matter atrophy expressed as CCI and focal brain tissue destruction expressed as T1LV represent inter-related processes, whereas, as suggested above, in SDCNS, neurodegenerative processes employ other mechanisms. In contrast to the SDCNS patients, in the MS group the higher BCR was driven by higher T1LV and T2LV. These results are supported by similar data obtained earlier by Bermel et al. [28]. Additionally, 3V enlargement was also associated with higher T1LV and T2LV only in the MS group. Again, these observations might suggest that deep frontal subcortical white matter atrophy (measured by BCR) as well as central brain atrophy (represented by 3V enlargement) [28,33,34,35,49,50] are significantly dependent on inflammatory and/or degenerative processes represented by focal white matter pathology in MS but not in SDCNS patients.



The next important finding of our study is the differences in BCR and CCI between MS and SDCNS groups. BCR was significantly higher in SDCNS than in MS patients. Taking into account BCR interpretation as described above, this finding indicates that the atrophy of deep frontal subcortical white matter is more pronounced in SDCNS than in MS patients with the same disease duration. Such observation supports the assumption that neurodegenerative processes in these clinical conditions are driven by divergent pathological pathways. However, this area definitely needs to be further investigated with more advanced diagnostic tools allowing for molecular assessment of myelin and/or axonal pathology [54,55]. We also found that CCI was significantly lower in MS compared with SDCNS patients. Earlier studies showed that CCV is significantly lower in SLE-CNSI and SLE patients without CNS involvement than in healthy individuals both in adult [15,39,40,56,57] and pediatric populations [43]. In the work described above [15], the authors showed that the volume of the posterior part of CC is the best volumetric predictor distinguishing MS from SLE-CNSI patients. In our study, we measured CCV in MS and SDCNS patients using a CCI—a method potentially applicable in the real-world clinical settings of an average MS center. The lower CCI values observed in our MS patients may indicate that, at the same disease duration, local white matter atrophy is more advanced in MS than in SDCND patients.



In our study, we also found significantly higher T2LV and T1LV in MS than in SDCNS patients. These results underscore focal white matter destruction as a process more pronounced in MS than in SDCNS patients beginning from the earliest phases of the disease, which is concordant with the understanding of CNS pathology in MS [5,14,58]. Additionally, this observation seems to support a less clear association of CNS symptoms with focal brain pathology in systemic diseases. Importantly, our findings corroborate the results of a previously published study which also detected differences in white matter lesion load between patients with MS and SLE-CNSI [15].



Finally, we found that the multiparametric model including gender, BCR and T2LV optimally identifies MS from SDCNS patients. The final predictive model was an ensemble of multiple parameters trained on different training and validation data splits (repeated k-fold cross-validation method). Based on the analysis of the constituent models, we found that female gender, higher BCR and lower T2LV may predispose patients to a diagnosis of SDCNS. Stepwise logistic regression models and ROC curve analysis including demographic, clinical and MRI volumetric parameters to differentiate MS and SLE-CNSI patients were also performed in a previously cited study [15]. In this research, the fourth ventricle volume, posterior corpus callosum volume and third ventricle ratio were the best predictors which distinguished MS from SLE-CNSI patients. However, the statistical models mentioned above did not include BCR, which was the best predictor of all of the 2DLMs assessed in our study.



Limitations


One potential limitation of our study was the heterogeneity of the SDCNS group and the relatively low number of subjects included in this group. This is a direct consequence of the fact that SDCNS diseases are uncommon and larger cohorts of patients are very difficult to follow. The second limitation is the lack of a healthy control group, but the main goal of our study was to compare 2DLMs in MS and SDCNS patients. Such a situation also reflects the typical conditions of real-world clinical practice, where MRI scans are not routinely performed in healthy subjects. Finally, another limitation is the unbalanced distribution of patient age within MS and SDCNS group, but this parameter was included as one of the co-factors in statistical analysis.





5. Conclusions


Based on 2DLMs, we showed different patterns of local atrophy in newly diagnosed MS and SDCNS patients, with the same duration of disease. Most interestingly, our findings suggest that brain atrophy in these two different groups of patients is associated with distinct demographic and conventional MRI parameters. BCR combined with gender and T2LV was identified as the best set of variables distinguishing MS and SDCNS patients.







Author Contributions


Conceptualization: M.S. (Malgorzata Siger), M.Ś.-M. and M.S. (Mariusz Stasiolek). Data curation: M.S. (Malgorzata Siger), P.W., M.Ś.-M., M.P., J.W., T.P., K.M. and M.S. (Mariusz Stasiołek). Formal analysis: M.S. (Malgorzata Siger), P.W., M.P., J.W., K.M., T.P., M.Ś.-M. and M.S. (Mariusz Stasiolek). Funding acquisition: M.S. (Mariusz Stasiolek) and M.Ś.-M. Investigation: M.S. (Malgorzata Siger), P.W., M.P. and M.Ś.-M. Methodology: M.S. (Malgorzata Siger), P.W., M.P., J.W., M.Ś.-M., K.M. and M.S. (Mariusz Stasiolek). Software: M.P. and K.M. Writing—original draft: M.S. (Malgorzata Siger), M.Ś.-M., M.S. (Mariusz Stasiolek), M.P., J.W. and K.M. Writing—review and editing: M.S. (Mariusz Stasiolek) and M.Ś.-M. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Centre for Research and Development (grant POIR.04.01.04-00-0118/17).




Institutional Review Board Statement


All subjects gave their informed consent before participating in the study. This study was conducted according to the guidelines of the Declaration of Helsinki, and approved by the Local Ethics Committee of the Medical University of Lodz (approval number/360/17/KE, 21 November 2017, RNN/231/18KE, 12 June 2018).




Informed Consent Statement


Written informed consent has been obtained from all subjects involved in the study.




Data Availability Statement


Data and materials are available in local database and in a standardized format.




Acknowledgments


The authors thank Magdalena Kaczmarska (MK) for radiological assessment of MRI scans. The authors also thank all of the patients who participated in this project for their time and effort.




Conflicts of Interest


Authors J.W., M.P., T.P. and K.M. were employed by the company Pixel Technology LLC. The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.




References


	



Thompson, A.J.; Banwell, B.L.; Barkhof, F.; Carroll, W.M.; Coetzee, T.; Comi, G.; Correale, J.; Fazekas, F.; Filippi, M.; Freedman, M.S.; et al. Diagnosis of multiple sclerosis: 2017 revisions of the McDonald criteria. Lancet Neurol. 2018, 17, 162–173. [Google Scholar] [CrossRef] [PubMed]

	



Solomon, A.J. Diagnosis, Differential Diagnosis, and Misdiagnosis of Multiple Sclerosis. Contin. Lifelong Learn. Neurol. 2019, 25, 611–635. [Google Scholar] [CrossRef] [PubMed]

	



Solomon, A.J.; Naismith, R.T.; Cross, A.H. Misdiagnosis of multiple sclerosis: Impact of the 2017 McDonald criteria on clinical practice. Neurology 2019, 92, 26–33. [Google Scholar] [CrossRef] [PubMed]

	



Midaglia, L.; Sastre-Garriga, J.; Pappolla, A.; Quibus, L.; Carvajal, R.; Vidal-Jordana, A.; Arrambide, G.; Río, J.; Comabella, M.; Nos, C.; et al. The frequency and characteristics of MS misdiagnosis in patients referred to the multiple sclerosis centre of Catalonia. Mult. Scler. J. 2021, 27, 913–921. [Google Scholar] [CrossRef]

	



Wildner, P.; Stasiolek, M.; Matysiak, M. Differential diagnosis of multiple sclerosis and other inflammatory CNS diseases. Mult. Scler. Relat. Disord. 2020, 37, 101452. [Google Scholar] [CrossRef]

	



Mey, G.M.; Mahajan, K.R.; DeSilva, T.M. Neurodegeneration in multiple sclerosis. WIREs Mech. Dis. 2023, 15, e1583. [Google Scholar] [CrossRef]

	



Kolb, H.; Al-Louzi, O.; Beck, E.S.; Sati, P.; Absinta, M.; Reich, D.S. From pathology to MRI and back: Clinically relevant biomarkers of multiple sclerosis lesions. Neuroimage Clin. 2022, 36, 103194. [Google Scholar] [CrossRef]

	



Sastre-Garriga, J.; Pareto, D.; Battaglini, M.; Rocca, M.A.; Ciccarelli, O.; Enzinger, C.; Wuerfel, J.; Sormani, M.P.; Barkhof, F.; Yousry, T.A.; et al. MAGNIMS consensus recommendations on the use of brain and spinal cord atrophy measures in clinical practice. Nat. Rev. Neurol. 2020, 16, 171–182. [Google Scholar] [CrossRef]

	



Sastre-Garriga, J.; Pareto, D.; Rovira, A. Brain atrophy in multiple sclerosis: Clinical relevance and technical aspects. Neuroimaging Clin. N. Am. 2017, 27, 289–300. [Google Scholar] [CrossRef]

	



Rocca, M.A.; Battaglini, M.; Benedict, R.H.; De Stefano, N.; Geurts, J.J.; Henry, R.G.; Horsfield, M.A.; Jenkinson, M.; Pagani, E.; Filippi, M. Brain MRI atrophy quantification in MS: From methods to clinical application. Neurology 2017, 88, 403–413. [Google Scholar] [CrossRef]

	



Simmons, S.B.; Schippling, S.; Giovannoni, G.; Ontaneda, D. Predicting disability worsening in relapsing and progressive multiple sclerosis. Curr. Opin. Neurol. 2021, 34, 312–321. [Google Scholar] [CrossRef] [PubMed]

	



Bagnato, F.; Gauthier, S.A.; Laule, C.; Moore, G.R.W.; Bove, R.; Cai, Z.; Cohen-Adad, J.; Harrison, D.M.; Klawiter, E.C.; Morrow, S.A.; et al. Imaging Mechanisms of Disease Progression in Multiple Sclerosis: Beyond Brain Atrophy. J. Neuroimaging 2020, 30, 251–266. [Google Scholar] [CrossRef] [PubMed]

	



Rościszewska-Żukowska, I.; Podyma, M.; Stasiołek, M.; Siger, M. Thalamus Atrophy in the Peri-Pregnancy Period in Clinically Stable Multiple Sclerosis Patients: Preliminary Results. Brain Sci. 2021, 11, 1270. [Google Scholar] [CrossRef] [PubMed]

	



Lie, I.A.; Weeda, M.M.; Mattiesing, R.M.; Mol, M.A.; Pouwels, P.J.; Barkhof, F.; Torkildsen, Ø.; Bø, L.; Myhr, K.-M.; Vrenken, H. Relationship Between White Matter Lesions and Gray Matter Atrophy in Multiple Sclerosis: A Systematic Review. Neurology 2022, 98, e1562–e1573. [Google Scholar] [CrossRef] [PubMed]

	



Kalinowska-Lyszczarz, A.; Pawlak, M.A.; Pietrzak, A.; Pawlak-Bus, K.; Leszczynski, P.; Puszczewicz, M.; Paprzycki, W.; Kozubski, W.; Michalak, S. Distinct regional brain atrophy pattern in multiple sclerosis and neuropsychiatric systemic lupus erythematosus patients. Lupus 2018, 27, 1624–1635. [Google Scholar] [CrossRef] [PubMed]

	



Sarbu, N.; Toledano, P.; Calvo, A.; Roura, E.; Sarbu, M.I.; Espinosa, G.; Lladó, X.; Cervera, R.; Bargalló, N. Advanced MRI techniques: Biomarkers in neuropsychiatric lupus. Lupus 2017, 26, 510–516. [Google Scholar] [CrossRef] [PubMed]

	



Wattjes, M.P.; Ciccarelli, O.; Reich, D.S.; Banwell, B.; de Stefano, N.; Enzinger, C.; Fazekas, F.; Filippi, M.; Frederiksen, J.; Gasperini, C.; et al. MAGNIMS-CMSC-NAIMS consensus recommendations on the use of MRI in patients with multiple sclerosis. Lancet Neurol. 2021, 20, 653–670. [Google Scholar] [CrossRef] [PubMed]

	



Popescu, V.; Ran, N.C.; Barkhof, F.; Chard, D.T.; Wheeler-Kingshott, C.A.; Vrenken, H. Accurate GM atrophy quantification in MS using lesion-filling with co-registered 2D lesion masks. Neuroimage Clin. 2014, 4, 366–373. [Google Scholar] [CrossRef]

	



Pontillo, G.; Cocozza, S.; Di Stasi, M.; Carotenuto, A.; Paolella, C.; Cipullo, M.B.; Perillo, T.; Vola, E.A.; Russo, C.; Masullo, M.; et al. 2D linear measures of ventricular enlargement may be relevant markers of brain atrophy and long-term disability progression in multiple sclerosis. Eur. Radiol. 2020, 30, 3813–3822. [Google Scholar] [CrossRef]

	



Cappelle, S.; Pareto, D.; Tintoré, M.; Vidal-Jordana, A.; Alyafeai, R.; Alberich, M.; Sastre-Garriga, J.; Auger, C.; Montalban, X.; Rovira, À. A validation study of manual atrophy measures in patients with Multiple Sclerosis. Neuroradiology 2020, 62, 955–964. [Google Scholar] [CrossRef]

	



Ajitomi, S.; Fujimori, J.; Nakashima, I. Usefulness of two-dimensional measurements for the evaluation of brain volume and disability in multiple sclerosis. Mult. Scler. J. Exp. Transl. Clin. 2022, 8, 20552173211070749. [Google Scholar] [CrossRef] [PubMed]

	



Świderek-Matysiak, M.; Oset, M.; Domowicz, M.; Galazka, G.; Namiecińska, M.; Stasiołek, M. Cerebrospinal Fluid Biomarkers in Differential Diagnosis of Multiple Sclerosis and Systemic Inflammatory Diseases with Central Nervous System Involvement. Biomedicines 2023, 11, 425. [Google Scholar] [CrossRef] [PubMed]

	



Kurtzke, J.F. Rating neurologic impairment in multiple sclerosis: An expanded disability status scale (EDSS). Neurology 1983, 33, 1444–1452. [Google Scholar] [CrossRef] [PubMed]

	



Sąsiadek, M.; Hartel, M.; Siger, M.; Katulska, K.; Majos, A.; Kluczewska, E.; Bartosik-Psujek, H.; Kułakowska, A.; Słowik, A.; Steinborn, B.; et al. Recommendations of the Polish Medical Society of Radiology and the Polish Society of Neurology for a protocol concerning routinely used magnetic resonance imaging in patients with multiple sclerosis. Neurol. Neurochir. Pol. 2020, 54, 410–415. [Google Scholar] [CrossRef] [PubMed]

	



Figueira, F.F.; Santos, V.S.; Figueira, G.M.; Silva, A.C. Corpus callosum index: A practical method for long-term follow-up in multiple sclerosis. Arq. Neuro-Psiquiatr. 2007, 65, 931–935. [Google Scholar] [CrossRef]

	



Fujimori, J.; Uryu, K.; Fujihara, K.; Wattjes, M.P.; Suzuki, C.; Nakashima, I. Measurements of the corpus callosum index and fractional anisotropy of the corpus callosum and their cutoff values are useful to assess global brain volume loss in multiple sclerosis. Mult. Scler. Relat. Disord. 2020, 45, 102388. [Google Scholar] [CrossRef] [PubMed]

	



Gonçalves, L.I.; Dos Passos, G.R.; Conzatti, L.P.; Burger, J.L.P.; Tomasi, G.H.; Zandoná, M.É.; Azambuja, L.S.; Gomes, I.; Franco, A.; Sato, D.K.; et al. Correlation between the corpus callosum index and brain atrophy, lesion load, and cognitive dysfunction in multiple sclerosis. Mult. Scler. Relat. Disord. 2018, 20, 154–158. [Google Scholar] [CrossRef]

	



Bermel, R.A.; Bakshi, R.; Tjoa, C.; Puli, S.R.; Jacobs, L. Bicaudate ratio as a magnetic resonance imaging marker of brain atrophy in multiple sclerosis. Arch. Neurol. 2002, 59, 275–280. [Google Scholar] [CrossRef]

	



Bermel, R.A.; Bakshi, R. The measurement and clinical relevance of brain atrophy in multiple sclerosis. Lancet Neurol. 2006, 5, 158–170. [Google Scholar] [CrossRef]

	



Granberg, T.; Bergendal, G.; Shams, S.; Aspelin, P.; Kristoffersen-Wiberg, M.; Fredrikson, S.; Martola, J. MRI-Defined Corpus Callosal Atrophy in Multiple Sclerosis: A Comparison of Volumetric Measurements, Corpus Callosum Area and Index. J. Neuroimaging 2015, 25, 996–1001. [Google Scholar] [CrossRef]

	



Kim, J.-H. Estimating classification error rate: Repeated cross-validation, repeated hold-out and bootstrap. Comput. Stat. Data Anal. 2009, 53, 3735–3745. [Google Scholar] [CrossRef]

	



Simone, B.; Di Ciaccio, A. Measuring the prediction error. A comparison of cross-validation, bootstrap and covariance penalty methods. Comput. Stat. Data Anal. 2010, 54, 2976–2989. [Google Scholar]

	



Butzkueven, H.; Kolbe, S.C.; Jolley, D.J.; Brown, J.Y.; Cook, M.J.; van der Mei, I.A.; Groom, P.S.; Carey, J.; Eckholdt, J.; Rubio, J.P.; et al. Validation of linear cerebral atrophy markers in multiple sclerosis. J. Clin. Neurosci. 2008, 15, 130–137. [Google Scholar] [CrossRef] [PubMed]

	



Martola, J.; Stawiarz, L.; Fredrikson, S.; Hillert, J.; Bergstrom, J.; Flodmark, O.; Aspelin, P.; Kristoffersen Wiberg, M. Rate of ventricular enlargement in multiple sclerosis: A nine-year magnetic resonance imaging follow-up study. Acta Radiol. 2008, 49, 570–579. [Google Scholar] [CrossRef] [PubMed]

	



Muller, M.; Esser, R.; Kotter, K.; Voss, J.; Muller, A.; Stellmes, P. Third ventricular enlargement in early stages of multiple sclerosis is a predictor of motor and neuropsychological deficits: A crosssectional study. BMJ Open 2013, 3, e003582. [Google Scholar] [CrossRef]

	



Yaldizli, Ö.; Atefy, R.; Gass, A.; Sturm, D.; Glassl, S.; Tettenborn, B.; Putzki, N. Corpus callosum index and long-term disability in multiple sclerosis patients. J. Neurol. 2010, 257, 1256–1264. [Google Scholar] [CrossRef] [PubMed]

	



Ciampi, E.; Pareto, D.; Sastre-Garriga, J.; Vidal-Jordana, A.; Tur, C.; Río, J.; Tintoré, M.; Auger, C.; Rovira, A.; Montalban, X. Grey matter atrophy is associated with disability increase in natalizumab-treated patients. Mult. Scler. J. 2017, 23, 556–566. [Google Scholar] [CrossRef]

	



Sánchez, M.P.; Nieto, A.; Barroso, J.; Martín, V.; Hernández, M.A. Brain atrophy as a marker of cognitive impairment in mildly disabling relapsing-remitting multiple sclerosis. Eur. J. Neurol. 2008, 15, 1091–1099. [Google Scholar] [CrossRef]

	



Appenzeller, S.; Rondina, J.M.; Li, L.M.; Costallat, L.T.L.; Cendes, F. Cerebral and corpus callosum atrophy in systemic lupus erythematosus. Arthritis Rheum. 2005, 52, 2783–2789. [Google Scholar] [CrossRef]

	



Appenzeller, S.; Bonilha, L.; Rio, P.A.; Li, L.M.; Costallat, L.T.; Cendes, F. Longitudinal analysis of gray and white matter loss in patients with systemic lupus erythematosus. Neuroimage 2007, 34, 694–701. [Google Scholar] [CrossRef]

	



Cagnoli, P.C.; Sundgren, P.C.; Kairys, A.; Graft, C.C.; Clauw, D.J.; Gebarski, S.; McCune, W.J.; Schmidt-Wilcke, T. Changes in regional brain morphology in neuropsychiatric systemic lupus erythematosus. J. Rheumatol. 2012, 39, 959–967. [Google Scholar] [CrossRef] [PubMed]

	



Zivadinov, R.; Shucard, J.L.; Hussein, S.; Durfee, J.; Cox, J.L.; Bergsland, N.; Dwyer, M.G.; Benedict, R.; Ambrus, J.; Shucard, D.W. Multimodal imaging in systemic lupus erythematosus patients with diffuse neuropsychiatric involvement. Lupus 2013, 22, 675–683. [Google Scholar] [CrossRef] [PubMed]

	



Lapa, A.T.; Postal, M.; Sinicato, N.A.; Ferreira, W.G.; Bellini, B.S.; Fernandes, P.T.; Rittner, L.; Marini, R.; Cendes, F.; Appenzeller, S. Reduction of Cerebral and Corpus Callosum Volumes in Childhood-Onset Systemic Lupus Erythematosus: A Volumetric Magnetic Resonance Imaging Analysis. Arthritis Rheumatol. 2016, 68, 2193–2199. [Google Scholar] [CrossRef] [PubMed]

	



Nishizawa, K.; Fujimori, J.; Nakashima, I. Two-dimensional measurements with cut-off values are useful for assessing brain volume, physical disability, and processing speed in multiple sclerosis. Mult. Scler. Relat. Disord. 2022, 59, 103543. [Google Scholar] [CrossRef]

	



Muscal, E.; Traipe, E.; de Guzman, M.M.; Myones, B.L.; Brey, R.L.; Hunter, J.V. Cerebral and cerebellar volume loss in children and adolescents with systemic lupus erythematosus: A review of clinically acquired brain magnetic resonance imaging. J. Rheumatol. 2010, 37, 1768–1775. [Google Scholar] [CrossRef]

	



Sotgiu, M.A.; Piga, G.; Mazzarello, V.; Zarbo, I.R.; Carta, A.; Saderi, L.; Sotgiu, S.; Conti, M.; Saba, L.; Crivelli, P. Corpus callosum volumetrics and clinical progression in early multiple sclerosis. Eur. Rev. Med. Pharmacol. Sci. 2022, 26, 225–231. [Google Scholar] [CrossRef]

	



Platten, M.; Ouellette, R.; Herranz, E.; Barletta, V.; Treaba, C.A.; Mainero, C.; Granberg, T. Cortical and white matter lesion topology influences focal corpus callosum atrophy in multiple sclerosis. J. Neuroimaging 2022, 32, 471–479. [Google Scholar] [CrossRef]

	



Caon, C.; Zvartau-Hind, M.; Ching, W.; Lisak, R.P.; Tselis, A.C.; Khan, O.A. Intercaudate nucleus ratio as a linear measure of brain atrophy in multiple sclerosis. Neurology 2003, 60, 323–325. [Google Scholar] [CrossRef]

	



Serag, D.; Ragab, E. Bi-caudate ratio as a MRI marker of white matter atrophy in multiple sclerosis and ischemic leukocencephalopathy. Egypt. J. Radiol. Nucl. Med. 2019, 50, 99. [Google Scholar] [CrossRef]

	



Lutz, T.; Bellenberg, B.; Schneider, R.; Weiler, F.; Köster, O.; Lukas, C. Central Atrophy Early in Multiple Sclerosis: Third Ventricle Volumetry versus Planimetry. J. Neuroimaging 2017, 27, 348–354. [Google Scholar] [CrossRef]

	



Okada, K.; Kakeda, S.; Tahara, M. Olfactory identification associates with cognitive function and the third ventricle width in patients with relapsing-remitting multiple sclerosis. Mult. Scler. Relat. Disord. 2020, 38, 101507. [Google Scholar] [CrossRef] [PubMed]

	



Paolillo, A.; Pozzilli, C.; Gasperini, C.; Giugni, E.; Mainero, C.; Giuliani, S.; Tomassini, V.; Millefiorini, E.; Bastianello, S. Brain atrophy in relapsing-remitting multiple sclerosis: Relationship with ’black holes’, disease duration and clinical disability. J. Neurol. Sci. 2000, 174, 85–91. [Google Scholar] [CrossRef] [PubMed]

	



Yaldizli, Ö.; Penner, I.K.; Frontzek, K.; Naegelin, Y.; Amann, M.; Papadopoulou, A.; Sprenger, T.; Kuhle, J.; Calabrese, P.; Radü, E.W.; et al. The relationship between total and regional corpus callosum atrophy, cognitive impairment and fatigue in multiple sclerosis patients. Mult. Scler. J. 2014, 20, 356–364. [Google Scholar] [CrossRef] [PubMed]

	



Thomas, A.M.; Barkhof, F.; Bulte, J.W.M. Opportunities for Molecular Imaging in Multiple Sclerosis Management: Linking Probe to Treatment. Radiology 2022, 303, 486–497. [Google Scholar] [CrossRef] [PubMed]

	



Ben-Shalom, I.; Karni, A.; Kolb, H. The Role of Molecular Imaging as a Marker of Remyelination and Repair in Multiple Sclerosis. Int. J. Mol. Sci. 2021, 23, 474. [Google Scholar] [CrossRef]

	



Lee, S.P.; Wu, C.S.; Cheng, J.Z.; Chen, C.M.; Chen, Y.C.; Chou, M.C. Automatic Segmentation of the Corpus Callosum Using a Cell-Competition Algorithm: Diffusion Tensor Imaging-Based Evaluation of Callosal Atrophy and Tissue Alterations in Patients with Systemic Lupus Erythematosus. J. Comput. Assist. Tomogr. 2015, 39, 781–786. [Google Scholar] [CrossRef]

	



Cannerfelt, B.; Nystedt, J.; Jönsen, A.; Lätt, J.; van Westen, D.; Lilja, A.; Bengtsson, A.; Nilsson, P.; Mårtensson, J.; Sundgren, P.C. White matter lesions and brain atrophy in systemic lupus erythematosus patients: Correlation to cognitive dysfunction in a cohort of systemic lupus erythematosus patients using different definition models for neuropsychiatric systemic lupus erythematosus. Lupus 2018, 27, 1140–1149. [Google Scholar] [CrossRef]

	



Pongratz, V.; Bussas, M.; Schmidt, P.; Grahl, S.; Gasperi, C.; El Husseini, M.; Harabacz, L.; Pineker, V.; Sepp, D.; Grundl, L.; et al. Lesion location across diagnostic regions in multiple sclerosis. Neuroimage Clin. 2023, 37, 103311. [Google Scholar] [CrossRef]








[image: Jcm 13 00333 g001] 





Figure 1. Two-dimensional linear measurements of brain atrophy: (A) corpus callosum index (CCI), (B) bicaudate ratio (BCR), (C) width of third ventricle (W3V). (A) CCI was calculated by drawing the greatest anteroposterior and craniocaudal axes at their midpoint, leading to the points a, a’, b, b’ and c, c’. The anterior, medium and posterior segments of the CC were then measured and normalized by the greatest anteroposterior diameter (segment ab). (B) Measurement of BCR was defined as the minimum intercaudate distance (red line “b” divided by brain width along the same line (dotted line “w”). (C) MR image in transverse plane showing measurement of third ventricle width (red line). 
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Figure 2. Receiver Operating Characteristic (ROC) curve analysis based on the best predictive model discriminating MS and SDCNS patients, including gender, BCR and T2LV as the explanatory variables. 
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Table 1. Demographic and clinical characteristics of the study population.
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	Characteristic
	MS

n = 58
	SDCNS

n = 41
	p-Value





	Age (years) mean
	36.69
	44.15
	0.001 #



	Age (years) range (SD)
	33.92–39.45 (10.43)
	40.52–47.76 (11.33)
	



	Female-to-male ratio
	17/41
	5/36
	0.08



	Disease duration (years)

mean (SD)
	2.37 (2.74)
	3.27 (5.86)
	0.51



	EDSS median
	1.25 (1.00)
	n/a
	n/a







Abbreviations: MS—multiple sclerosis; SDCNS—systemic disease with central nervous system involvement; EDSS—Expanded Disability Status Scale; SD—standard deviation; n/a—not applicable; # statistically significant (p value < 0.05).













 





Table 2. The impact of demographic, clinical and radiological parameters on 2DLMs in MS and SDCNS patients.
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Variable

	
Index

	
MS

	
SDCNS




	
β

	
p-Value

	
β

	
p-Value






	
age

	
CCI

	
0.0002

	
0.768

	
–0.0017

	
0.005 #




	
BCR

	
0.0009

	
0.001 #

	
0.0012

	
<0.001 #




	
W3V

	
0.0576

	
0.015 #

	
0.1090

	
<0.001 #




	
gender

	
CCI

	
−0.0120

	
0.360

	
−0.0241

	
0.282




	
BCR

	
−0.0099

	
0.116

	
0.0026

	
0.822




	
W3V

	
−0.5127

	
0.353

	
1.0128

	
0.354




	
disease duration

	
CCI

	
0.0042

	
0.734

	
0.0002

	
0.985




	
BCR

	
0.0089

	
0.133

	
–0.0008

	
0.899




	
W3V

	
0.8982

	
0.081

	
–0.1638

	
0.778




	
T1LV

	
CCI

	
–0.0165

	
0.015 #

	
0.0062

	
0.336




	
BCR

	
0.0076

	
0.020 #

	
–0.0027

	
0.414




	
W3V

	
0.7467

	
0.009 #

	
–0.2589

	
0.396




	
T2LV

	
CCI

	
–0.0188

	
0.050

	
–0.0026

	
0.729




	
BCR

	