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Abstract: Both perfusion-weighted imaging (PWI) measures and serum neurofilament light (sNfL)
chain levels have been independently associated with disability in multiple sclerosis (MS) patients.
This study aimed to determine whether these measures are correlated to each other or independently
describe different MS processes. For this purpose, 3T MRI dynamic susceptibility contrast (DSC)–PWI
and single-molecule assay (Simoa)-based sNfL methods were utilized when investigating 86 MS
patients. The perfusion measures of mean transit time (MTT), cerebral blood volume (CBV),
and cerebral blood flow (CBF) were derived for the normal-appearing whole brain (NAWB),
the normal-appearing white matter (NAWM), the gray matter (GM), the deep GM (DGM), and the
thalamus. The normalized CBV and CBF (nCBV and nCBV) were calculated by dividing by the
corresponding NAWM measure. Age- and sex-adjusted linear regression models were used to
determine associations between the DSC–PWI and sNfL results. False discovery rate (FDR)-adjusted
p-values < 0.05 were considered statistically significant. A greater age and thalamic MTT were
independently associated with higher sNfL levels (p < 0.001 and p = 0.011) and explained 36.9% of
sNfL level variance. NAWM MTT association with sNfL levels did not survive the FDR correction.
In similar models, a lower thalamic nCBF and nCBV were both associated with greater sNfL levels
(p < 0.001 and p = 0.022), explaining 37.8% and 44.7% of the variance, respectively. In conclusion,
higher sNfL levels were associated with lower thalamic perfusion.

Keywords: multiple sclerosis; perfusion; serum neurofilament light chain; DSC–PWI; hypoperfusion;
biomarkers

1. Introduction

Multiple sclerosis (MS) is an inflammatory disease of the central nervous system (CNS) that presents
as variable levels of demyelination, neurodegeneration, and axonal loss [1]. Moreover, MS is linked
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with heterogeneous susceptibility and progression processes that involve genetics, environmental
factors, and cardiovascular and perfusion deficits. [2] These intertwined pathophysiological processes
lead to intermittent neurological impairments that progressively accumulate and result in physical
and cognitive disability. To provide timely disease treatment, multiple methods for early detection
have been proposed. They range from traditional magnetic resonance imaging (MRI) measures to
emerging serum-derived disease markers and non-conventional MRI sequences. Given that each
disease biomarker may specifically describe different pathophysiological processes, it is important to
determine their divergent or concurrent utility [3,4].

The measurement of neurofilament light chain (NfL) levels is emerging as a promising biomarker
for the monitoring and management of neurodegenerative diseases, such as Alzheimer’s disease, MS,
and Parkinson’s disease. [5] The NfL is a constituent of the axonal cytoskeleton and its concentrations
in bodily fluids reflect the degree of ongoing axonal pathology [5]. Because of the analytical limitations
of previous generation assays, NfL levels were originally measurable only in samples with high
concentrations, e.g., cerebrospinal fluid (CSF) [6]. However, with the development of fourth-generation
single-cell array assays, such as Simoa, it is possible to measure concentrations in serum (sNfL). As such,
sNfL has been utilized in various MS studies and successfully verified as a reliable proxy of axonal
neuroinflammatory and neurodegenerative pathology [7].

Brain perfusion is an integral part of a larger homeostatic mechanism that allows for the sufficient
delivery of oxygen and nutrients necessary for optimal neuronal functioning. In particular, perfusion
deficits may result in insufficient MS lesion repair and exacerbate mitochondrial failure. This lack of
lesion repair may contribute to a greater accumulation of severe MS pathology (T1 hypointensities and
black holes) in hypoperfused brain regions [8]. Perfusion deficits can be monitored in vivo with specific
MRI protocols, such as dynamic contrast-enhanced (DCE), dynamic susceptibility contrast (DSC),
and arterial spin labeling (ASL) acquisitions [9]. Discrepant results have been published regarding
perfusion alterations in MS. Some studies do demonstrate a significant decrease in cerebral perfusion
and correlations with both physical and cognitive MS changes [10]. These positive associations were
reported in the absence of or in addition to existing structural pathology [10,11]. In particular, one study
demonstrated that the only factor differentiating cognitively impaired from non-impaired MS patients
was lower cortical perfusion, which argues against associations between neuronal loss and the resulting
hypoperfusion [10]. This finding was also suggested in an MRI-based MS study that demonstrated
that hypoperfusion and cortical atrophy can occur in different areas of the brain and do not necessarily
depend on each other [12].

With this background, the question remains regarding whether perfusion-weighted imaging
(PWI)-based measures and sNfL levels describe the same or independent pathophysiological MS
processes. We aimed to determine whether the perfusion measures in MS patients would be related to
the sNfL levels or are independent.

2. Materials and Methods

2.1. Study Population

The study population was derived from a larger cardiovascular, environmental, and genetic study
in MS (CEG-MS) [13,14]. The inclusion criteria consisted of (1) a diagnosis of MS per McDonald’s
2010 criteria [15] or clinically isolated syndrome (CIS), (2) aged 18–75 years old, (3) availability of
the DSC–PWI sequence as part of the MRI protocol, and (4) availability of a blood sample for sNfL
level quantification. The blood sample was acquired at the time of the MRI and within 30 days of the
clinical examination. The exclusion criteria consisted of (1) being pregnant or a nursing mother, (2) the
presence of other major neurological disorders, (3) the presence of a cerebral vascular pathology and
malformations that may affect the PWI measures, and (4) a relapse or having received intravenous
corticosteroids within the last 30 days at the time of the MRI examination. An experienced neurologist
examined the patients and the Expanded Disability Status Scale (EDSS) scores were calculated [16].
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The MS patients were classified into relapsing-remitting MS (RRMS) and progressive MS (PMS).
Due to sample size limitations, primary-progressive MS (PPMS) and secondary-progressive MS (SPMS)
patients were merged into a single PMS group. A standardized questionnaire was used to collect
additional data regarding the patient’s body mass index (BMI) and disease-modifying treatment (DMT).
The study was approved by the University at Buffalo Institutional Review Board (IRB ID 030-603069,
last update 2/26/2020) and all patients signed a written informed consent form.

2.2. MRI Acquisition and Analysis

All study subjects underwent a 3T MRI protocol with a Signa Excite HD 12 Twin-Speed scanner
(GE, Milwaukee, WI, USA) equipped with an eight-channel head and neck coil. For this analysis,
a high-resolution 3-dimensional (3D) T1-weighted imaging (WI) sequence, a 2D fluid-attenuated
inverse recovery (FLAIR)-T2 sequence, and a DSC–PWI sequence were utilized. In particular, the 3D
T1-WI used a spoiled-gradient recalled (SPGR) protocol with an echo time (TE), an inversion time (TI),
and a repetition time (TR) of 2.8 ms, 900 ms, and 5.9 ms, respectively; isotropic voxel of 1 × 1 × 1 mm3;
field of view (FOV) of 25.6 × 25.6 cm2; flip angle (FLIP) of 10◦. A 2D T2-FLAIR sequence was
constructed using a TE, a TI, and a TR of 120 ms, 2100 ms, and 8500 ms; the same isotropic voxel size
of 1 × 1 × 3 mm3; an FOV of 25.6 × 25.6 cm2; an FLIP of 90◦. A 2D T1-WI spin echo (SE) was used
with a TE/TR of 16 ms/600 ms, an FLIP of 90 degrees, an FOV of 25.6 × 25.6 cm2, and a voxel size of
1 × 1 × 3 mm3. Lastly, the DSC–PWI sequence was acquired during and after 15 mL of 0.1 mM/kg
gadolinium-diethylenetriamine penta-acetic acid was injected with a power injector at a speed of
5 mL/s. It utilized single-shot echo-planar imaging with a TR/TE of 2275 ms/45 ms, an FLIP of 90◦,
an FOV of 25.6 × 25.6 cm2, an echo train length of 1, a bandwidth of 250 kHz, and a voxel size of
2 × 2 × 4 mm3. A total of 40 volumes were acquired.

A semi-automated thresholding/contouring method was used to determine the T1 and T2 lesion
volumes (LV) on the T1-WI and T2-FLAIR sequences, respectively. Brain volumes for the whole brain
(WB), white matter (WM), gray matter (GM), deep GM (DGM), and thalamus were determined with 3D
T1-WI using cross-sectional Structural Image Evaluation, using Normalisation of Atrophy (SIENAX)
and FMRIB’s Integrated Registration and Segmentation Tool (FIRST) protocols [17]. To prevent tissue
misclassification, T1 hypointensities were inpainted before segmentation [18]. By excluding the regions
of interest derived from the T2 LV map, volumes of the normal-appearing (NA) WB and NAWM were
also produced.

The Java Image Manipulation (JIM) Perfusion Toolkit (Xinapse Systems, version 6.0, Essex, U.K.)
was utilized for calculating the PWI-derived cerebral blood volume (CBV), cerebral blood flow (CBF),
and mean transit time (MTT). This procedure included a motion correction and automatic identification
of the arterial input function (AIF) before deriving the CBV, CBF, and MTT maps. The selected AIF
voxels were manually inspected to ensure accurate identification. The structural and perfusion-based
segmentations were co-registered in the same MRI space. The mean values of the CBV, CBF, and MTT
measures for the brain regions were calculated. The MTT was taken as an absolute measure in
seconds (s), whereas the CBF and CBV were relative and unique for each patient as we did not
have a method to quantify the T1 changes. Thus, the CBV and CBF measures were divided by the
corresponding NAWM value to obtain the normalized CBV (nCBV) and CBF (nCBF) [19].

2.3. Serum Neurofilament Light Chain Analysis

Blood samples were collected and appropriately stored until the batch analysis. Anticoagulant
ethylenediaminetetraacetic acid (EDTA) vials were used for the collection of blood samples
(100 µL of volume) and stored at −80 ◦C without a prior thaw cycle. The sNfL levels were derived
with a validated single-molecule array assay (Simoa, Quanterix Corporation, Lexington, MA, USA)
and quantified in picograms per milliliter. The assay analytical sensitivity was at 0.32 pg/mL, with the
coefficient of variation below 8%. All assay analyses were conducted at University Hospital, Basel,
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Switzerland as part of a larger collaborative project [20]. A description and the validation of the Simoa
assay can be found elsewhere [21].

2.4. Statistical Analyses

Statistical analyses were performed using SPSS version 26.0 (IBM, Armonk, NY, USA). The data
distributions of the demographic, clinical, MRI, and serum-based variables were assessed using
the Kolmogorov–Smirnov test for normality. Data with normal and non-normal distributions were
described as either mean (standard deviation (SD)) or median (interquartile range (IQR)), respectively.
Age- and sex-adjusted multivariable linear regression models assessed the association between
sNfL and PWI-based measures (MTT, nCBV, and nCBF). The models were built with two blocks;
first, a enter-based step was used, which adjusted for the main effects of age and sex, and second,
a stepwise-based step was used, which included perfusion measures if they significantly explained
the greater sNfL level variance (significant R2 change with the stepping method criteria with an
entry F probability of 0.05 and removal of 0.1). Regression model variables of R2, standard error of
estimate, t-statistics, standardized β, and p-values are reported. This type of analysis allowed for the
identification of PWI predictors that would independently explain the additional variance in sNfL
levels while correcting for the known effect of age. A false discovery rate (FDR) correction for multiple
comparisons was performed using a Benjamini–Hochberg (BH) procedure. Post-hoc analyses included
measures of the whole brain volume (WBV) and thalamic volume as adjusting variables in either the
stepwise block or as variables in the initial adjusting block. Models with additional corrections for BMI
and DMT were performed. Corrected p-values lower than 0.05 were considered statistically significant.

3. Results

3.1. Patient Characteristics

The sample consisted of 86 MS patients (64 females, 74.4%), with an average age of 54.1 years,
disease duration of 20.8 years, and median disability level of 2.5 on the Expanded Disability Status
Scale (EDSS). In terms of subtypes, five patients were classified as having CIS, 51 as having RRMS,
and 30 as having PMS (25 SPMS and 5 PPMS). Furthermore, the MS patients had an average BMI
of 27.3 and a median sNfL level of 24.3 pg/mL. In terms of DMT, the MS patients were treated with
interferon-β (n = 24, 27.9%), glatiramer acetate (n = 26, 30.2%), natalizumab (n = 3, 3.5%), oral medications
(fingolimod n = 3, 3.5%; teriflunomide n = 3, 3.5%; dimethyl fumarate n = 1, 1.2%), off-label medications
(rituximab, intravenous immunoglobulins, methotrexate, mitoxantrone, and azathioprine, each n = 1,
1.2%), and 21 were not on any medication (24.4%). Twenty-seven MS patients (31.4%) had at least one
relapse in the past 5 years and the overall 5-year annualized relapse rate (ARR) was 0.166.

All DSC–PWI measures are shown in Table 1. The MTT ranged from the longest 3.52 s in the
NAWM to the shortest with 3.18 s in the thalamus. Similarly, the nCBV and nCBF ratios ranged from
1.8 and 1.9 in the GM to 1.5 and 1.7 in the thalamus. The thalamic PWI measures were relatively lower
in comparison to the total DGM region. Similar descriptive data regarding the CIS/RRMS and PMS
subtypes are shown in Table 2. PMS patients had a significantly longer thalamic MTT when compared
to the CIS/RRMS group (3.04 vs. 3.42 s, p = 0.049).
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Table 1. PWI characteristics of the MS (n = 86) population.

ROI MTT nCBV nCBF

NAWB 3.46 (0.74) 1.4 (0.08) 1.4 (0.13)
NAWM 3.52 (0.73) - -
GM 3.44 (0.75) 1.8 (0.18) 1.9 (0.32)
DGM 3.25 (0.78) 1.6 (0.14) 1.9 (0.29)
Thalamus 3.18 (0.85) 1.5 (0.17) 1.7 (0.29)

PWI: perfusion-weighted imaging, MS: multiple sclerosis, ROI: region of interest, NAWB: normal-appearing whole
brain, NAWM: normal-appearing white matter, GM: gray matter, DGM: deep gray matter, MTT: mean transit
time, nCBV: normalized cerebral blood volume, nCBF: normalized cerebral blood flow. SD: standard deviation.
The values are given as mean (SD). The MTT is shown in seconds. nCBF and nCBV are unitless measures as they are
the ratio relative to the corresponding region of the NAWM.

Table 2. Demographic, clinical, and PWI characteristics of the MS subgroups.

Demographic and Clinical
Characteristics

CIS/RRMS
(n = 56)

PMS
(n = 30) p-Value

Female, n (%) 43 (76.8) 21 (70.0) 0.605
Age, mean (SD) 49.6 (11.9) 62.5 (6.4) <0.001
BMI, mean (SD) 27.0 (4.9) 27.8 (5.6) 0.531

Disease duration, mean (SD) 17.2 (9.9) 27.5 (10.3) <0.001

EDSS, median (IQR) 2.0
(1.0–4.0)

6.0
(3.5–6.0) <0.001

sNfL, median (IQR) 22.0
(13.3–27.9)

29.2
(21.8–44.6) <0.001

CIS/RRMS (n = 56) PMS (n = 30)

ROI MTT nCBV nCBF MTT nCBV nCBF

NAWB 3.38 (0.69) 1.38 (0.07) 1.45 (0.15) 3.61 (0.81) 1.36 (0.09) 1.42 (0.87)
NAWM 3.47 (0.7) - - 3.62 (0.79) - -

GM 3.34 (0.69) 1.81 (0.16) 1.94 (0.34) 3.61 (0.84) 1.78 (0.22) 1.91 (0.2)
DGM 3.14 (0.7) 1.56 (0.17) 1.84 (0.29) 3.45 (0.89) 1.54 (0.15) 1.88 (0.38)

Thalamus 3.04 (0.73) 1.45 (0.15) 1.73 (0.31) 3.42 (1.0) 1.52 (0.17) 1.66 (0.25)

PWI: perfusion-weighted imaging, MS: multiple sclerosis, BMI: body mass index, CIS: clinically isolated
syndrome, RRMS: relapsing-remitting MS, PMS: progressive MS, EDSS: Expanded Disability Status Scale, sNfL:
serum neurofilament light chain, ROI: region of interest, NAWB: normal-appearing whole brain, NAWM:
normal-appearing white matter, GM: gray matter, DGM: deep gray matter, MTT: mean transit time, nCBV:
normalized cerebral blood volume, nCBF: normalized cerebral blood flow, SD: standard deviation, IQR: interquartile
range. χ2, Student’s t-test, and the Mann–Whitney U-test were used for categorical, normally distributed numerical,
and not-normally distributed numerical variables, respectively. p-values lower than 0.05 were considered statistically
significant and shown as bold. The MTT is shown in seconds (s). nCBF and nCBV are shown as a ratio relative to
the corresponding region of the NAWM.

3.2. Associations between sNfL and DSC–PWI-Based Measures

The regression models showing the age- and sex-adjusted associations between sNfL and
PWI-based measures are presented in Table 3. In addition to the sNfL variance explained by age and sex
(R2 = 0.329), both the thalamic and NAWM MTT measures provided a significant increase in R2 to 0.369
(p = 0.005) and 0.402 (p = 0.037), respectively. In particular, a longer thalamic MTT time (indicative of
lower perfusion) was associated with greater sNfL levels (standardized β = 0.648, t-statistics = 2.868,
adjusted p-value = 0.011). (Figure 1) The effect of the NAWM MTT did not survive the multiple
comparison correction (BH-adjusted p-value = 0.053). In the post-hoc analysis, the thalamic MTT
remained a significant predictor of the sNfL level variance (standardized β = 0.679, t-statistics = 2.906,
p-value = 0.005), whereas the WBV and thalamic volume were excluded. Moreover, when the thalamic
volume was adjusted in the first block, the thalamic MTT still remained a significant predictor of the
sNfL level variance (standardized β = 0.207, t-statistics = 2.202, adjusted p-value = 0.031).

Similar findings were seen in the regression models for nCBV and nCBF with increases in R2 to
0.378 and 0.447, respectively (Table 3). In addition to age and sex effects, a lower nCBV of the thalamus



Diagnostics 2020, 10, 685 6 of 10

was associated with greater sNfL levels (standardized β = −0.221, t-statistics = −2.529, p = 0.013,
adjusted p-value = 0.022). Correspondingly, a lower nCBF of the thalamus was also associated with
greater sNfL levels (standardized β = −0.346, t-statistics = −4.188, p < 0.001, adjusted p-value = 0.001).

After further adjusting for the BMI, the DSC–PWI variables did not remain as significant factors
in the analysis. The potential confounding effects of BMI on the PWI-based and sNfL measures
are discussed further below. After adjusting only for the effects of age, sex, and DMT, the thalamic
PWI-based measures remained statistically significant (r = 0.248, p = 0.025 for the MTT; r = −0.423,
p < 0.001 for the nCBF; and r = −0.27, p = 0.014 for the nCBV).

Table 3. The linear regression models that were used to determine the associations between the sNfL
levels using DSC–PWI-based measures.

MTT R2 SE of the Estimate t-Statistic Standardized β p-Value BH
p-Value

Block 1 0.329 0.568
Sex 1.09 0.093 0.309 0.309
Age 5.338 0.479 <0.001 <0.001

Block 2
Thalamus MTT 0.369 0.554 2.868 0.648 0.005 0.011
NAWM MTT 0.402 0.543 −2.119 −0.48 0.037 0.053

nCBV R2 SE of the Estimate t-Statistic Standardized β p-Value BH
p-Value

Block 1 0.329 0.568
Sex 1.118 0.098 0.267 0.297
Age 6.357 0.56 <0.001 <0.001

Block 2
Thalamus nCBV 0.378 0.55 −2.529 −0.221 0.013 0.022

nCBF R2 SE of the Estimate t-Statistic Standardized β p-Value BH
p-Value

Block 1 0.329 0.568
Sex 1.389 0.115 0.168 0.211
Age 6.175 0.515 <0.001 <0.001

Block 2
Thalamus nCBF 0.447 0.519 −4.188 −0.346 <0.001 <0.001

sNfL: serum neurofilament light chain, DSC–PWI: dynamic susceptibility contrast–perfusion-weighted imaging,
MTT: mean transit time, NAWM: normal-appearing white matter, nCBV: normalized cerebral blood volume, nCBF:
normalized cerebral blood flow, SE: standard error, BH: Benjamini–Hochberg. Each sNfL level linear regression
model was built with a first block that force-entered and corrected for the effects of age and sex. The second stepwise
block determined which PWI-based measure provided additional and significant explanatory power. The sNfL level
was normalized using a natural logarithmic transformation. The false discovery rate (FDR) for multiple comparisons
utilized the Benjamini–Hochberg procedure. Variables with a significant effect on the sNfL level are shown in bold.
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Figure 1. Example of regression-based associations between the sNfL level and the MTT-based model.
sNfL: serum neurofilament light chain, MTT: mean transit time. The scatterplot demonstrates the
association between the sNfL levels with the standardized residuals derived from the three regression
predictors (age, sex, and thalamic mean transit time). This scatter plot is equivalent to an age- and
sex-adjusted partial correlation between the sNfL level and thalamic MTT.

Lastly, the sNfL levels were not associated with any PWI-based measures within the T1 and T2
lesions. In particular, the MTTs of the T1 and T2 LVs were not associated with the sNfL level (age- and
sex-adjusted r = 0.236, p = 0.08 and r = 0.354, p = 0.104). Similarly, the sNfL levels were not associated
with the T1 nCBV (r = 0.017, p = 0.903) and the T2 nCBV (r = −0.053, p = 0.638), or with the T1 nCBF
(r = 0.075, p = 0.583) and the T2 nCBF (r = 0.021, p = 0.853).

4. Discussion

In addition to the age and sex effects, this cross-sectional biomarker study demonstrated that
lower thalamic perfusion explained the significantly greater sNfL level variance. Although marginal,
the PMS patients had significantly longer MTTs when compared to the CIS/RRMS counterparts.

Regardless of the PWI technique utilized, a recent systematic review has described a total of twelve
different studies that investigate associations between clinical MS disability and perfusion metrics [22].
Seven out of the twelve studies describe positive findings, where three analyses demonstrated significant
associations between a longer MTT and clinical disability scores (either the EDSS or the Multiple
Sclerosis Severity Score) [23–25]. Corroborating our findings, these studies implicate pathology within
the thalamus or the overall DGM region. These GM structures are considered to be major structural
and functional connectivity hubs through which axons traverse and connect cortical regions [26].
Therefore, thalamic injury (through direct axonal transection, hypoperfusion, or neurodegeneration)
would result in the release of free NfL into the CSF and serum. As an alternative explanation for the
sNfL-perfusion association, we should also consider that the hypoperfusion may be a result of the
lower energy/blood flow demand of previously damaged axons. However, sNfL levels are generally
considered to be biomarkers with a relatively short temporal window in which changes relate to
the acute state of axonal damage [5]. Conversely to our hypoperfusion association, these acute MS
changes, commonly seen as contrast-enhancing MS lesions, are accompanied by inflammation-induced
hyperperfusion [7]. Regardless of the proposed directionality in the casual relationship between
hypoperfusion and sNfL levels, we demonstrated that both changes in perfusion and neurodegeneration
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may describe overlapping MS pathophysiological mechanisms. That said, without a longitudinal
study, both explanations remain equally plausible.

After adjusting for the BMI and DMT, our models did not include any PWI measures as factors
explaining the additional sNfL level variance. These findings can be explained by the fact that the
BMI can significantly modulate both perfusion and sNfL measures and act as a mediator between
them. Since sNfL levels are relatively proportional to the number of damaged axons, its serum
concentration is directly dependent on the compartment denominator [27]. Therefore, sNfL levels are
highly dependent on the total body blood volume, and thus, on the patient’s BMI (heavier patients
with greater blood volume will have lower sNfL levels when compared to lighter patients with an
equivalent pathology) [27]. On the other hand, the BMI significantly modulates the patient vessel
size and the CBV/CBF [28]. A similar argument can be made for the model adjustment with DMTs.
Traditionally, the type of medication is prescribed according to the disease activity and disability levels,
which have been associated with both biomarkers utilized in this study. Therefore, adjusting for DMT
would bridge and lower the significance of the correlation.

This study has several design limitations. First, our DSC–PWI acquisition did not allow for the
calculation of absolute CBV and CBF measures. We attempted to mitigate this limitation by normalizing
the cortical and thalamic perfusion data with the perfusion measure of the corresponding NAWM
region. However, the degree of NAWM pathology can vary across individual MS patients and between
the MS subtypes. Due to ethical considerations, the use of gadolinium-based contrast perfusion imaging
additionally prevented the acquisition of such metrics in a healthy control population. Both limitations
can be effectively bypassed via the future use of an ASL sequence. Lastly, the cross-sectional study
design can only provide associations between the two identified disease biomarkers without any
temporal connotation. Future longitudinal studies should determine whether the lower perfusion is
due to already existing thalamic axonal pathology (lower need for perfusion) or whether the perfusion
contributes to greater axonal damage (ischemia leading to neuronal loss).

In conclusion, decreased thalamic perfusion, measured as a longer MTT and a lower nCBV
and nCBF, was associated with greater sNfL levels in a heterogeneous population of MS patients.
In addition to age effects, perfusion measures explained the significantly greater sNfL level variance.

Author Contributions: Conceptualization, D.J. and R.Z.; methodology, D.J., M.G.D., N.B., M.R., and R.Z.; software,
M.G.D. and N.B.; formal analysis, D.J.; investigation, D.J.; resources, R.Z.; data curation, D.J., M.G.D., N.B., M.R.,
D.P.R., B.W.-G., and R.Z.; writing—original draft preparation, D.J.; writing—review and editing, D.J., M.G.D.,
N.B., M.R., D.P.R., B.W.-G., and R.Z.; supervision, D.J., and R.Z.; project administration, D.J., M.G.D., N.B., M.R.,
D.P.R., B.W.-G., and R.Z.; funding acquisition, R.Z. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding. The APC was funded by internal Buffalo Neuroimaging
Analysis Center (BNAC) resources.

Conflicts of Interest: D.J., N.B., and D.P.R. have nothing to disclose. M.G.D. has received research grant support
from Novartis and Keystone Heart. M.R. received research funding or consulting fees from the National Multiple
Sclerosis Society, the Department of Defense, the National Institutes of Health, National Science Foundation,
and Otuska Pharmaceutical Development. B.W.-G. received honoraria as a speaker and/or as a consultant for
Biogen Idec, EMD Serono, Genentech, Novartis, Mallinckrodt, Celgene, and Abbvie. B.W-G. received research
funds from Biogen Idec, EMD Serono, Genentech, and Novartis. R.Z. received personal compensation from
EMD Serono, Sanofi, Novartis, and Bristol Myers Squibb for speaking and consultant fees. He received financial
support for research activities from Sanofi, Novartis, Bristol Myers Squibb, Keystone Heart, V-VAWE Medica,
Boston Scientific, and Protembo.

References

1. Thompson, A.; Baranzini, S.E.; Geurts, J.; Hemmer, B.; Ciccarelli, O. Multiple sclerosis. Lancet 2018, 391,
1622–1636. [CrossRef]

2. Jakimovski, D.; Topolski, M.; Genovese, A.V.; Guttman, B.W.; Zivadinov, R. Vascular aspects of multiple
sclerosis: Emphasis on perfusion and cardiovascular comorbidities. Expert Rev. Neurother. 2019, 19, 445–458.
[CrossRef] [PubMed]

http://dx.doi.org/10.1016/S0140-6736(18)30481-1
http://dx.doi.org/10.1080/14737175.2019.1610394
http://www.ncbi.nlm.nih.gov/pubmed/31003583


Diagnostics 2020, 10, 685 9 of 10

3. Comabella, M.; Montalban, X. Body fluid biomarkers in multiple sclerosis. Lancet Neurol. 2014, 13, 113–126.
[CrossRef]

4. Zivadinov, R.; Jakimovski, D.; Gandhi, S.; Ahmed, R.; Dwyer, M.G.; Horakova, D.; Weinstock-Guttman, B.;
Benedict, R.R.H.; Vaneckova, M.; Barnett, M.; et al. Clinical relevance of brain atrophy assessment in multiple
sclerosis. Implications for its use in a clinical routine. Expert Rev. Neurother. 2016, 16, 777–793. [CrossRef]
[PubMed]

5. Khalil, M.; Teunissen, C.E.; Otto, M.; Piehl, F.; Sormani, M.P.; Gattringer, T.; Barro, C.; Kappos, L.; Comabella, M.;
Fazekas, F.; et al. Neurofilaments as biomarkers in neurological disorders. Nat. Rev. Neurol. 2018, 14, 577–589.
[CrossRef] [PubMed]

6. Kuhle, J.; Barro, C.; Andreasson, U.; Derfuss, T.; Lindberg, R.; Sandelius, Å.; Liman, V.; Norgren, N.; Blennow, K.;
Zetterberg, H. Comparison of three analytical platforms for quantification of the neurofilament light chain in
blood samples: ELISA, electrochemiluminescence immunoassay and Simoa. Clin. Chem. Lab. Med. 2016, 54,
1655–1661. [CrossRef]

7. Jakimovski, D.; Kuhle, J.; Ramanathan, M.; Barro, C.; Tomic, D.; Hagemeier, J.; Kropshofer, H.; Bergsland, N.;
Leppert, D.; Dwyer, M.G.; et al. Serum neurofilament light chain levels associations with gray matter
pathology: A 5-year longitudinal study. Ann. Clin. Transl. Neurol. 2019, 6, 1757–1770. [CrossRef]

8. Narayana, P.A.; Zhou, Y.; Hasan, K.M.; Datta, S.; Sun, X.; Wolinsky, J.S. Hypoperfusion and T1-hypointense
lesions in white matter in multiple sclerosis. Mult. Scler. J. 2013, 20, 365–373. [CrossRef]

9. Lapointe, E.; Li, D.; Traboulsee, A.; Rauscher, A. What Have We Learned from Perfusion MRI in Multiple
Sclerosis? Am. J. Neuroradiol. 2018, 39, 994–1000. [CrossRef]

10. Hojjat, S.-P.; Cantrell, C.G.; Carroll, T.J.; Vitorino, R.; Feinstein, A.; Zhang, L.; Symons, S.P.; Morrow, S.A.;
Lee, L.; O’Connor, P.; et al. Perfusion reduction in the absence of structural differences in cognitively impaired
versus unimpaired RRMS patients. Mult. Scler. J. 2016, 22, 1685–1694. [CrossRef]

11. Jakimovski, D.; Benedict, R.H.; Marr, K.; Gandhi, S.; Bergsland, N.; Weinstock-Guttman, B.; Zivadinov, R.
Lower total cerebral arterial flow contributes to cognitive performance in multiple sclerosis patients.
Mult. Scler. J. 2019, 26, 201–209. [CrossRef] [PubMed]

12. Lagana, M.M.; Mendozzi, L.; Pelizzari, L.; Bergsland, N.; Pugnetti, L.; Cecconi, P.; Baselli, G.; Clerici, M.;
Nemni, R.; Baglio, F. Are Cerebral Perfusion and Atrophy Linked in Multiple Sclerosis? Evidence for a
Multifactorial Approach to Assess Neurodegeneration. Curr. Neurovascular Res. 2019, 15, 282–291. [CrossRef]
[PubMed]

13. Jakimovski, D.; Ramanathan, M.; Weinstock-Guttman, B.; Bergsland, N.; Ramasamay, D.P.; Carl, E.;
Dwyer, M.G.; Zivadinov, R. Higher EBV response is associated with more severe gray matter and lesion
pathology in relapsing multiple sclerosis patients: A case-controlled magnetization transfer ratio study.
Mult. Scler. J. 2019, 26, 322–332. [CrossRef]

14. Jakimovski, D.; Topolski, M.; Kimura, K.; Marr, K.; Gandhi, S.; Ramasamy, D.P.; Bergsland, N.; Hagemeier, J.;
Weinstock-Guttman, B.; Zivadinov, R. Abnormal venous postural control: Multiple sclerosis-specific change
related to gray matter pathology or age-related neurodegenerative phenomena? Clin. Auton. Res. 2018, 29,
329–338. [CrossRef] [PubMed]

15. Polman, C.H.; Reingold, S.C.; Banwell, B.; Clanet, M.; Cohen, J.A.; Filippi, M.; Fujihara, K.; Havrdova, E.K.;
Hutchinson, M.; Kappos, L.; et al. Diagnostic criteria for multiple sclerosis: 2010 Revisions to the McDonald
criteria. Ann. Neurol. 2011, 69, 292–302. [CrossRef] [PubMed]

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

17. Smith, S.M.; Zhanga, Y.; Jenkinson, M.; Chenab, J.; Matthews, P.M.; Federico, A.; De Stefano, N. Accurate,
Robust, and Automated Longitudinal and Cross-Sectional Brain Change Analysis. NeuroImage 2002, 17,
479–489. [CrossRef]

18. Gelineau-Morel, R.; Tomassini, V.; Jenkinson, M.; Johansen-Berg, H.; Matthews, P.M.; Palace, J. The effect
of hypointense white matter lesions on automated gray matter segmentation in multiple sclerosis.
Hum. Brain Mapp. 2011, 33, 2802–2814. [CrossRef]

19. Jakimovski, D.; Bergsland, N.; Dwyer, M.G.; Traversone, J.; Hagemeier, J.; Fuchs, T.A.; Ramasamy, D.P.;
Weinstock-Guttman, B.; Benedict, R.H.B.; Zivadinov, R. Cortical and Deep Gray Matter Perfusion Associations
With Physical and Cognitive Performance in Multiple Sclerosis Patients. Front. Neurol. 2020, 11. [CrossRef]

http://dx.doi.org/10.1016/S1474-4422(13)70233-3
http://dx.doi.org/10.1080/14737175.2016.1181543
http://www.ncbi.nlm.nih.gov/pubmed/27105209
http://dx.doi.org/10.1038/s41582-018-0058-z
http://www.ncbi.nlm.nih.gov/pubmed/30171200
http://dx.doi.org/10.1515/cclm-2015-1195
http://dx.doi.org/10.1002/acn3.50872
http://dx.doi.org/10.1177/1352458513495936
http://dx.doi.org/10.3174/ajnr.A5504
http://dx.doi.org/10.1177/1352458516628656
http://dx.doi.org/10.1177/1352458518819608
http://www.ncbi.nlm.nih.gov/pubmed/30625030
http://dx.doi.org/10.2174/1567202616666181123164235
http://www.ncbi.nlm.nih.gov/pubmed/30468125
http://dx.doi.org/10.1177/1352458519828667
http://dx.doi.org/10.1007/s10286-018-0555-6
http://www.ncbi.nlm.nih.gov/pubmed/30120624
http://dx.doi.org/10.1002/ana.22366
http://www.ncbi.nlm.nih.gov/pubmed/21387374
http://dx.doi.org/10.1212/WNL.33.11.1444
http://dx.doi.org/10.1006/nimg.2002.1040
http://dx.doi.org/10.1002/hbm.21402
http://dx.doi.org/10.3389/fneur.2020.00700


Diagnostics 2020, 10, 685 10 of 10

20. Jakimovski, D.; Zivadinov, R.; Ramanthan, M.; Hagemeier, J.; Weinstock-Guttman, B.; Tomic, D.; Kropshofer, H.;
Fuchs, T.A.; Barro, C.; Leppert, D.; et al. Serum neurofilament light chain level associations with clinical and
cognitive performance in multiple sclerosis: A longitudinal retrospective 5-year study. Mult. Scler. J. 2019.
[CrossRef]

21. Disanto, G.; Barro, C.; Benkert, P.; Naegelin, Y.; Schädelin, S.; Giardiello, A.; Zecca, C.; Blennow, K.; Zetterberg, H.;
Leppert, D.; et al. Serum Neurofilament light: A biomarker of neuronal damage in multiple sclerosis. Ann. Neurol.
2017, 81, 857–870. [CrossRef] [PubMed]

22. Lagana, M.M.; Pelizzari, L.; Baglio, F. Relationship between MRI perfusion and clinical severity in multiple
sclerosis. Neural Regen. Res. 2019, 15, 646–652. [CrossRef]

23. Sowa, P.; Nygaard, G.O.; Bjørnerud, A.; Celius, E.G.; Harbo, H.F.; Beyer, M.K. Magnetic resonance imaging
perfusion is associated with disease severity and activity in multiple sclerosis. Neuroradiol. 2017, 59, 655–664.
[CrossRef] [PubMed]

24. Paling, D.; Petersen, E.T.; Tozer, D.J.; Altmann, D.R.; Wheeler-Kingshott, C.; Kapoor, R.; Miller, D.H.; Golay, X.
Cerebral Arterial Bolus Arrival Time is Prolonged in Multiple Sclerosis and Associated with Disability.
Br. J. Pharmacol. 2013, 34, 34–42. [CrossRef] [PubMed]

25. Garaci, F.; Marziali, S.; Meschini, A.; Fornari, M.; Rossi, S.; Melis, M.; Fabiano, S.; Stefanini, M.; Simonetti, G.;
Centonze, D.; et al. Brain Hemodynamic Changes Associated with Chronic Cerebrospinal Venous
Insufficiency Are Not Specific to Multiple Sclerosis and Do Not Increase Its Severity. Radiology 2012, 265,
233–239. [CrossRef]

26. Fuchs, T.; Carolus, K.; Benedict, R.; Bergsland, N.; Ramasamy, D.; Jakimovski, D.; Weinstock-Guttman, B.;
Kuceyeski, A.; Zivadinov, R.; Dwyer, M.G. Impact of Focal White Matter Damage on Localized Subcortical
Gray Matter Atrophy in Multiple Sclerosis: A 5-Year Study. Am. J. Neuroradiol. 2018, 39, 1480–1486.
[CrossRef]

27. Manouchehrinia, A.; Piehl, F.; Hillert, J.; Kuhle, J.; Alfredsson, L.; Olsson, T.; Kockum, I. Confounding effect
of blood volume and body mass index on blood neurofilament light chain levels. Ann. Clin. Transl. Neurol.
2020, 7, 139–143. [CrossRef]

28. Belov, P.; Jakimovski, D.; Krawiecki, J.; Magnano, C.; Hagemeier, J.; Pelizzari, L.; Weinstock-Guttman, B.;
Zivadinov, R. Lower Arterial Cross-Sectional Area of Carotid and Vertebral Arteries and Higher Frequency
of Secondary Neck Vessels Are Associated with Multiple Sclerosis. Am. J. Neuroradiol. 2017, 39, 123–130.
[CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1177/1352458519881428
http://dx.doi.org/10.1002/ana.24954
http://www.ncbi.nlm.nih.gov/pubmed/28512753
http://dx.doi.org/10.4103/1673-5374.266906
http://dx.doi.org/10.1007/s00234-017-1849-4
http://www.ncbi.nlm.nih.gov/pubmed/28585082
http://dx.doi.org/10.1038/jcbfm.2013.161
http://www.ncbi.nlm.nih.gov/pubmed/24045400
http://dx.doi.org/10.1148/radiol.12112245
http://dx.doi.org/10.3174/ajnr.A5720
http://dx.doi.org/10.1002/acn3.50972
http://dx.doi.org/10.3174/ajnr.A5469
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Study Population 
	MRI Acquisition and Analysis 
	Serum Neurofilament Light Chain Analysis 
	Statistical Analyses 

	Results 
	Patient Characteristics 
	Associations between sNfL and DSC–PWI-Based Measures 

	Discussion 
	References

