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Introduction: Neurofilament light (NfL) can be detected in blood of healthy individuals and at elevated levels in those with different neurological diseases. We investigated if the choice of biological matrix can affect results when using NfL as biomarker in epidemiological studies.

Method: We obtained paired serum and EDTA-plasma samples of 299 individuals aged 37–67 years (BiDirect study) and serum samples of 373 individuals aged 65–83 years (MEMO study). In BiDirect, Passing–Bablok analyses were performed to assess proportional and systematic differences between biological matrices. Associations between serum or EDTA-plasma NfL and renal function (serum creatinine, serum cystatin C, glomerular filtration rate, and kidney disease) were investigated using linear or logistic regression, respectively. All regression coefficients were estimated (1) per one ng/L increase and (2) per one standard deviation increase (standardization using z-scores). In MEMO, regression coefficients were estimated (1) per one ng/L increase of serum or calculated EDTA-plasma NfL and (2) per one standard deviation increase providing a comparison to the results from BiDirect.

Results: We found proportional and systematic differences between paired NfL measurements in BiDirect, i.e., serum NfL [ng/L] = −0.33 [ng/L] + 1.11 × EDTA-plasma NfL [ng/L]. Linear regression coefficients for the associations between NfL and renal function did not vary between the different NfL measurements. In MEMO, one standard deviation increase in serum NfL was associated with greater changes in the outcomes than in BiDirect.

Conclusion: Although there are differences between serum and EDTA-plasma NfL, results can be used interchangeably if standardized values are used.
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INTRODUCTION

Neurofilaments are neuronal-specific proteins that consist of a triplet of light (NfL), medium (NfM) and heavy (NfH) chains (1). Analogous to the cardiologist's troponin, NfL is a structural protein that can be detected in the blood at elevated levels in a variety of neurological diseases (2–5). Although a powerful marker across various neurological diseases, the use of NfL in clinical practice and population-based epidemiological studies has been limited to date.

Historically, blood NfL has been measured using enzyme-linked immunosorbent assay (ELISA) and electro-chemiluminescence (ECL) technologies. The analytical sensitivity quantifying NfL in blood has been greatly increased by utilizing the single-molecule assay (Simoa) technology, as compared to the classical ELISA and ECL technologies (6), facilitating studies into NfL as biomarker for a wide range of clinical conditions on a large scale. Studies using serum as well as plasma NfL concentrations are abundant in the literature, but systematic reviews and meta-analyses encountered limitations when combining results from these studies (7–9).

Several research groups have investigated associations between blood NfL and different disease entities by combining patients from two or more cohorts (10–13). Due to differences in sample type (serum or plasma), results were stratified per cohort, which lead to a reduction of statistical power, while ideally one would convert concentrations between serum and plasma and use them combined. Differences between serum and plasma are known for other biomarkers, according to the release of intracellular substances caused by sample clotting (14).

Four studies have investigated if different blood processing protocols could produce consistent results when measuring NfL in the clinical setting with sample sizes ranging from eight to 88 paired plasma (collected in either ethylenediaminetetraacetic acid (EDTA) or lithium heparin tubes) and serum specimens (15–18). They consistently reported higher NfL levels in serum than in plasma. In all studies, however, strengths of correlation were tested via Spearman's correlation coefficient. Correlation describes linear relationship between two sets of data, but not their agreement; it does not quantify the proportional or systematic difference between two methods (19), so it does not allow to derive a formula for conversion between sampling methods.

We aimed to investigate if the choice of biological matrix can affect results when using NfL as biomarker in clinical and population-based epidemiological studies, i.e., if differences in blood processing result in different associations with outcomes of interest. If this was the case, researchers from different studies, who investigate the same outcome, might come to non-consistent conclusions although NfL would have the same biological effect across studies. We measured NfL in two cohort studies (MEMO, BiDirect) and chose commonly used study outcome measures to illustrate differences in regression coefficients, without assuming any causal relationship between NfL and these outcomes.



METHOD


Sample Selection

BiDirect is an observational cohort study that integrates three different cohorts (20). Cohort 3 (reference cohort) includes 912 community-dwelling adults (35–65 years of age) recruited between 2010 and 2013. The participants had been randomly sampled from the population registry of the city of Münster and were followed up every 2 years. Three hundred paired serum and EDTA-plasma samples from the first follow-up examination (2013–2015) were selected in a way to represent a uniform distribution of age and sex in BiDirect. One sample could not be measured for technical reasons.

The Memory and Morbidity in Augsburg Elderly (MEMO) is a 1997/98 re-examination of participants from the 1989/90 World Health Organization Monitoring Trends and Determinants in Cardiovascular Disease (MONICA) Survey Augsburg, Germany (21, 22). Initially in 1989, a random sample of the population of Augsburg, a city in southern Germany, was drawn from the office of registration. The sample's age range was 25–74 years and the response for the MONICA survey was 76.8% (4,940 participants). For the MEMO Study 8 years later, all participants of the MONICA survey aged 65 years and older on July 1, 1997 and living in the city of Augsburg or two large, adjacent suburbs were contacted. The overall response proportion for the MEMO study was 60.6% (385 participants). MEMO samples for 12 participants were not available for NfL measurements.



Laboratory Measurements

In both cohorts, non-fasting blood samples were collected from each consenting participant. Blood for serum specimens was drawn via venipuncture and collected in clot-activating 9 mL S-monovettes (Sarstedt AG & Co. KG, Nümbrecht, Germany). Samples were processed directly in the study centre within 2 h. They were centrifuged at 2.500 U/min (rpm) for 10 min. After centrifugation, serum and EDTA-plasma aliquots (500 μL) were prepared in 0.5 mL tubes (RNase- and DNase-free, Micronic, Lelystad, The Netherlands), initially stored at −20°C for 5–7 days and then transferred to long-term storage at −80°C. Samples have never been thawed prior to NfL analyses. Processing was done according to the standard operating procedures in BiDirect and MEMO.

In both serum and EDTA-plasma samples, NfL was quantified in 1:4 dilution using the commercial NF-Light Advantage kit (Quanterix, Lexington, MA, USA) applied on the single molecule array HD-X analyser (Quanterix), as previously described (23). In BiDirect, paired serum, and EDTA-plasma samples were consecutively included in the same run to avoid any inter- or intraplate variation influencing the results of the pairwise comparison. Samples were run in duplicate by board-certified technicians blinded to clinical information. The intra-assay and inter-assay coefficients of variation for all samples reported were <15%.

Serum creatinine was measured enzymatically and cystatin C nephelometrically (only in BiDirect) on a dimension vista 1500 analyser, applying commercially available reagents (Siemens Healthcare GmbH, Eschborn, Germany). These assays were performed according to the manufacturer's recommendations. The relevant quality criteria were considered (24).



Statistical Analysis

We used a Bland–Altman plot (25) and Passing–Bablok regression analysis (26) to compare the biological matrices (299 BiDirect samples) on proportional and systematic differences. The Bland–Altman plot is a simple way to evaluate any bias between the mean differences (27). We used the nonparametric Sfakianakis–Verginis estimator to define an agreement interval (28). Passing–Bablok regression analyses, in contrast to correlation coefficients and Bland–Altman plots, allow to estimate proportional and systematic differences between two measurements and to calculate parameters that allow for correction (19). Passing–Bablok regression analyses assume that measurement errors in both measurements have the same distribution, which not necessarily has to be normal, so we did not log-transform NfL values in these analyses (26). We decided to present formulas to calculate serum NfL from EDTA-plasma NfL because reference values for serum NfL have already been reported (29). As Passing–Bablok regression assumes a linear relationship between two measurements, the cumulative sum linearity test (cusum test) was used to investigate if residuals were randomly distributed above and below the regression line.

We chose commonly used study outcome measures to investigate if differences in blood processing result in different associations. In BiDirect, associations between serum or EDTA-plasma NfL and renal function [serum creatinine, serum cystatin C, glomerular filtration rate estimated via the CKD-EPI equation (30), and self-reported kidney disease (binary outcome)] at baseline (as they were not measured at the first follow-up examination) were investigated using linear or logistic regression models [adjusted for age, sex, and body mass index (31)], respectively. In case of missing outcome or independent variable values, we performed complete-case analyses. NfL was entered as a linear predictor term after confirming linearity of the associations with fractional polynomial analyses (32). Continuous outcome variables were approximately normally distributed so they were not transformed before applying the linear regression analyses. In the first step, regression coefficients and odds ratios (OR) with their corresponding 95% confidence intervals (CI) were estimated using the original NfL values so that effect estimates refer to an increase of one ng/L. In the second step, outcome and independent variables including NfL values were internally standardized using z-scores (33): Per variable, the sample population's mean of that variable was subtracted from each value and results were divided by the sample population's standard deviation (SD). This way, effect estimates refer to an increase of one SD, which makes the effect estimates comparable to each other. To investigate the impact of mixing untransformed NfL values from different biological matrices in a study, we repeated the regression analyses using (1) serum NfL for one half of participants and EDTA-plasma NfL for the other half of participants (randomly drawn) and (2) serum NfL for men and EDTA-plasma NfL for women (in this analysis, we did not adjust for sex). In both analyses, z-score standardization was done separately for serum and EDTA-plasma NfL.

In MEMO, we used the Passing–Bablok formula that was derived in BiDirect to calculate EDTA-plasma NfL values from serum NfL (as there was only serum NfL in MEMO, we had to calculate x using y with the Passing–Bablok formula). Associations between serum NfL and renal function (serum creatinine, glomerular filtration rate estimated via the CKD-EPI equation (30), and glomerular filtration rate ≤ 60 mL/min/1.73 m2 as indicator of kidney disease) were investigated using linear or logistic regression models [adjusted for age, sex, and body mass index (31)], respectively. As described above, regression coefficients were estimated (1) per one ng/L increase of serum or calculated EDTA-plasma NfL and (2) per one standard deviation increase, i.e. using standardized outcome and NfL values.




RESULTS

The BiDirect samples comprised paired sera and EDTA-plasma from 149 women and 150 men aged 37–67 years (Table 1). The MEMO samples comprised sera from 173 women and 200 men aged 65–83 years (Table 1). Serum NfL values were higher in MEMO than in BiDirect because of the different age ranges (Supplementary Figure 1).


Table 1. Sample characteristics in the BiDirect and MEMO studies.
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In BiDirect, there was a small bias (mean of the paired differences = 0.7; horizontal line in Figure 1A), but overall good agreement (95.3% of the 299 points fell within the Sfakianakis–Verginis limits). The two biological matrices exhibited a proportional difference (slope (95% CI) of regression line 1.12 [1.08; 1.15], as well as a systematic difference (intercept −0.35 [−0.61; −0.07] ng/L). The cusum test indicated a significant deviance from linearity (p < 0.001). Exclusion of one outlier (serum NfL level > 120 ng/L) yielded similar regression coefficients (slope: 1.11 [1.08; 1.15], intercept: −0.33 [−0.56; −0.06] ng/L; Figure 1B), but a non-significant cusum test (p = 0.082), i.e., no deviance from linearity. Based on these data, the formula for conversion from EDTA-plasma to serum measurements is:

[image: image]

Linear regression coefficients (β) per one ng/L increase for the associations between NfL and continuous variables of renal function (serum creatinine, serum cystatin C, and glomerular filtration rate) did not vary considerably between serum and EDTA-plasma NfL (Table 2), i.e., the absolute differences between the β of serum and EDTA-plasma NfL were <0.1% of the whole ranges (Table 1) of the outcome variables. Odds ratios for kidney disease did also not vary between the different NfL measurements (Table 2).


[image: Figure 1]
FIGURE 1. Agreement analyses of NfL measured in different biological matrices. (A) Bland–Altman plot: The solid line indicates the mean of the paired differences, the dotted lines represent the Sfakianakis–Verginis limits of agreement. (B) Passing–Bablok regression analysis: Red dots indicate individual samples (n = 299), the dashed line represents the equation x = y (identity line), and the gray area shows the 95% CIs of the regression line.



Table 2. Results of regression analyses in BiDirect.
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Standardizing outcomes and independent variables using z-scores revealed that the magnitudes of the associations between NfL and renal function were comparable across all three outcomes: While the β were positive for creatinine and cystatin C, but negative for glomerular filtration rate, the absolute values of the β coefficients ranged between 0.20 and 0.25 per one SD increase of NfL. Again, the differences between the β of serum and EDTA-plasma NfL did not vary considerably. For example, an increase of serum NfL by one SD was associated with a decrease of 0.23 SD in glomerular filtration rate; results for EDTA-plasma NfL were nearly the same. Mixing NfL values from different biological matrices (either original NfL values or internally standardized) resulted in similar regression coefficients as using only NfL values from a single biological matrix (Table 2).

In MEMO, the β and OR per one ng/L increase for the associations between NfL and renal function did also not vary considerably between serum and calculated EDTA-plasma NfL (Table 3). Standardizing outcomes and independent variables using z-scores resulted in identical regression coefficients because calculated EDTA-plasma NfL was just a linear transformation of serum NfL. One SD increase in NfL was associated with greater changes in the outcomes than in BiDirect, e.g., 0.44 SD vs. 0.25 SD increase in serum creatinine in MEMO vs. BiDirect (Table 3).


Table 3. Results of regression analyses in MEMO.
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DISCUSSION

This study investigated potential solutions for a better comparability of results based on different biological matrices to harmonize NfL findings across studies. We found proportional and systematic differences between NfL assays, but we show that results were similar when using standardized NfL and outcome values. In consequence, researchers should always report effect estimates that refer to an NfL increase of one SD, in addition to effect estimates that refer to an NfL increase of one measurement unit.

We confirm the numerical differences between serum and EDTA-plasma NfL levels that have been found in other studies (15–18). While these studies focused on the difference between serum and plasma NfL levels based on correlation coefficients, we show (using markers of renal function as examples) that these differences do not persist in regression analyses with NfL as independent variable. In our cohort, serum and EDTA-plasma NfL can even be used interchangeably without affecting the results.

We derived a formula to convert values from EDTA-plasma NfL to serum NfL so that reference values for serum NfL (29) can also be applied if only EDTA-plasma NfL is available. This offers one way to compare results among several studies. In other situations, it might be more convenient to use internally standardized NfL values because this conversion only uses study-specific parameters (mean and SD of NfL). As an example, we report regression coefficients based on data from two different cohort studies. At one glance, these regression coefficients can be compared to each other, revealing greater effect sizes among elderly individuals (MEMO) compared to 37–67-year-old individuals. This direct comparison is not possible without standardizing dependent variables and predictors because standardization removes the influence of different value ranges (34) on the regression coefficients.

The z-score standardization requires the calculation of the mean and standard deviation in a sample. Our results show that these parameters differ between serum and plasma among the same individuals. We, therefore, suggest to separately standardizing serum and plasma values if both are to be used in the same study.

We used markers of renal function as the example outcomes because Akamine et al. (11) have already reported on the relationship between blood NfL concentration and renal function in healthy individuals (based on serum NfL) and patients with diabetes mellitus (based on plasma NfL). They used blood NfL as a dependent variable, included age, sex, BMI, and serum creatinine in separate linear regression analyses. We are aware of this finding and can confirm the positive association between NfL (as dependent variable) and creatinine (as predictor) in our cohorts (data not shown). Our aim, however, was to compare regression coefficients for NfL between different models when only the biological matrix is changed. Therefore, we used NfL as an independent variable as it is usually done in epidemiological studies, e.g., in our previous analysis (35). Our aim was neither to predict renal function based on NfL nor to establish a causal relationship between the variables, but to investigate a cross-sectional association. It has to be kept in mind that renal function was not measured at the first follow-up examination in BiDirect (for which paired sera and EDTA-plasma samples were available), so we used renal function at baseline as outcome solely for illustrative purposes.

There are alternatives to internal standardization when using NfL from different biological matrices as independent variable. Lu et al. (13) combined serum and plasma NfL by using cohort-specific tertile cut-off levels in Cox regression analysis of survival. However, regression coefficients based on categorized independent variables are not comparable across studies. In addition, methods that keep covariates as continuous typically have higher power than methods which use categorization (36).

Although we show that the choice of serum vs. EDTA-plasma does not affect the statistical analyses, researchers have to keep in mind other factors during study planning when deciding whether to measure NfL in serum or in plasma, e.g., logistic constraints. Altmann et al. (18) report that reliability for prolonged storage was slightly better in serum than EDTA-plasma and conclude that native serum samples may be slightly more suitable for shipment or any case of delayed processing.



CONCLUSION

Although there are proportional and systematic differences between NfL assays, their results can be used interchangeably if standardized values are used. Our results may help NfL to further evolve as a biomarker in epidemiological studies.
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