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Background: Neurofilament light chain protein (NfL) and tau are plasma biomarkers
of neuronal injury which can be elevated in patients with neurodegenerative diseases.
N-terminal pro-brain natriuretic peptide (NT-proBNP) is an established marker of
volume status in patients with heart failure (HF) and plasma cBIN1 score (CS) is an
emerging biomarker of cardiac muscle health. It is not known if, in HF patients, there
is a correlation between cardiac markers and brain injury markers.

Methods: We studied ambulatory HF patients with either preserved and
reduced ejection fraction (N = 50 with 25 HFrEF and 25 HFpEF) and age and
sex matched healthy controls (N = 50). Plasma NT-proBNP and CS were
determined using commercial kits. A bead-based ELISA assay was used to
quantify femtomolar concentrations of plasma neuronal markers NfL and
total tau.

Results: Plasma levels of NT-proBNP and CS in heart failure patients were
significantly higher than those from healthy controls. In both patients with HFrEF
and HFpEF, we found independent and direct correlations between the volume
status marker NT-proBNP, but not the cardiomyocyte origin muscle health marker
CS, with NfL (r = 0.461, p = 0.0007) and tau (r = 0.333, p = 0.0183).

Conclusion: In patients with HF with or without preserved ejection fraction, plasma
levels of NfL and tau correlate with volume status rather than muscle health,
indicating volume overload-associated neuronal injury.
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Introduction

Heart failure (HF) is a growing epidemic currently
affecting near six million of Americans and is projected to
increase by 46% from 2012-2030 (Virani et al., 2021). One
major comorbidity occurring in over 40% of patients with
heart failure is brain damage and cognitive impairment, which
is associated with poor prognosis yet often overlooked in
2021).
Unfortunately, the relationships between plasma levels of

clinical  practice  (Villringer ~ and  Laufs,
brain injury markers and heart failure markers are not yet
known, preventing effective early diagnosis of brain injury in
heart failure patients. Neurofilament light chain (NfL), a brain
damage marker, is a 68-kDa scaffolding protein component of
the neural cytoskeleton that provides structural support for
axons and dendrites (Bacioglu et al., 2016). Injury to axons
releases NfL into the systemic circulation and plasma levels of
NfL the from
neurodegenerative etiologies (Bacioglu et 2016;
Gattringer et al., 2017; Mattsson et al., 2017). Plasma total

tau level, meaning tau whether or not it is phosphorylated, is

reflect extent of neuronal damage

al.,

also a known biomarker of general neuronal injury and
neurodegeneration with prognostic value of cognitive
decline (Mielke et al., 2017).

The etiology of brain injury and cognitive impairment in
patients with HF is linked to reduced cardiac output and
volume overload with a resultant poor brain perfusion
(Villringer and Laufs, 2021). However, the relationships
between plasma levels of brain injury markers (NfL, total
tau) and markers of clinical heart failure severity and volume
status (brain natriuretic peptides) versus markers of cardiac
muscle health are not yet known. N-terminal pro-brain
natriuretic peptide (NT-proBNP) is a 76-amino acid
N-terminal inactive peptide that is released into the
systemic circulation in response to volume overload and
myocardial wall stress (Sabbah, 2017). NT-proBNP is a
well-established biomarker of volume status and a predictor
of cardiovascular and all-cause mortality (Haug et al., 1993;
Doyama et al., 1998; Sabbah, 2017; Nikolova et al., 2018). On
the other hand, cardiac bridging integrator 1 (cBIN1) score
(CS), an inverse index of the plasma concentrations of the
cardiomyocyte specific membrane scaffolding protein ¢BIN1,
is an emerging heart failure biomarker assaying the intrinsic
biochemical health of cardiomyocytes (Xu et al, 2017;
Nikolova et al., 2018; Hitzeman et al., 2020). As a marker
of tubule  (t-tubule)
membrane microdomains (Xu et al., 2017) that are critical

intra-cardiomyocyte transverse
to cardiac inotropy and lusitropy (Hong et al., 2014; Fu et al,,
2016; Li et al,, 20205 Liu et al., 2020), CS helps determine
disease progression and establish prognosis in patients with
heart failure (Nikolova et al., 2018; Hitzeman et al., 2020).
Meanwhile, different from NT-proBNP that is sensitive to
alterations in volume status, CS more accurately measured
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steady-state cardiomyocyte health in patients with stable HF
(Nikolova et al., 2018).

Since neurodegeneration is common in patients with heart
failure with volume overload (Vogels et al., 2007a; Vogels et al.,
2007b; Sauve et al., 2009; Almeida et al., 2012; Alosco et al., 2013;
Athilingam et al., 2013; Huijts et al., 2013; Shimizu et al., 2014;
Alosco and Hayes, 2015), in this study, we investigated the
relationships among plasma concentrations of NfL with the
volume status marker NT-proBNP and the cardiac muscle
health marker CS in ambulatory patients with stable chronic
heart failure.

Materials and methods

This study was approved by the Cedars-Sinai Medical Center
Institutional Review Board and participants gave written
informed consent. We utilized plasma samples collected from
50 patients enrolled in a heart failure blood bank repository, of
whom 25 had heart failure with preserved ejection fraction
(HFpEF) and 25 had heart failure with reduced ejection
fraction (HFrEF). Plasma samples from 50 age and sex
matched controls were obtained from Innovative Research
with full clinical history and informed consent as previously
described (Nikolova et al., 2018). In brief, all enrolled control
patients are individuals with or without known cardiovascular
risk factors (obesity, hypertension, or diabetes, etc.), but without
heart failure. In all patients, venous blood was drawn in a K2-
EDTA tube, centrifuged at 2,250 g for 20 min at 4°C to separate
plasma, which was snap frozen and stored in aliquots at —80°C
prior to analysis, and thawed immediately prior to analysis.

Neurological biomarker quantification

Using a bead-based ELISA performed with a fully automated
Quanterix Simoa HD-1 Analyzer, we were able to quantify
femtomolar concentrations of plasma NfL and total tau
(Cat#102153, MA,
United States). Simoa HD-1 Analyzer assays are based on the

Quanterix ~ Corporation,  Lexington,
isolation of individual immunocomplexes on paramagnetic
beads in femtoliter-sized wells, allowing for a digital readout
of each individual bead bound to its target analyte. Within the
analyzer, protein concentrations were quantified using highly
sensitive bead-based sandwich immunoassay (Neurology-
4 PLEX A, Quanterix). The Neurology 4-PLEX A kit contains
eight calibrators and two controls per target analyte, sample
diluent, beads, detector reagent, streptavidin B-galactosidase and
fluorogenic B-galactosidase. All the reagents for this were set up
within the Simoa instrument as per the manufacturer’s protocol.
In brief, all Simoa calibrators, controls, and reagents were allowed
to reach room temperature and the capture bead reagent was
vortexed for 1 min immediately prior to performing the assay.
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Thawed plasma samples were gently vortexed and centrifuged at
12,000 g for 8 min to precipitate particulates, after which 100 pl
of plasma was diluted with Quanterix Sample Dilution Buffer to a
final volume of 400 pul. During the assay, each sample was mixed
with magnetic beads conjugated to capture antibodies, and
subsequently mixed with the detector antibody, streptavidin p-
galactosidase and fluorogenic B-galactosidase. Each sample was
run in duplicate. All samples with a coefficient of variation
beyond 20% were repeated with appropriate calibrators and
controls.

Quantification for each target (NfL and total tau) was based
on a fluorescent readout representing average enzyme per bead.
Plasma concentrations were derived from average enzyme per
bead values through the generation of an 8-point calibration
curve whose accuracy is verified with both a low- and high-
concentration recombinant control. This analysis was performed
by the Cedars-Sinai Protein and metabolomics Core.

N-terminal pro-brain natriuretic peptide
quantification

NT-proBNP concentrations were obtained from the plasma
of each of the study patients. Cedars-Sinai Medical Center
clinical laboratory sends out the plasma samples to Quest
Diagnostics Laboratory to perform the NT-proBNP assay
using electrochemiluminescence. NT-proBNP was chosen
instead of BNP due to its superior stability and higher mean
recovery when obtained from stored frozen plasma (Nowatzke
and Cole, 2003; Mueller et al., 2004).

Cardiac bridging integrator 1 score
quantification

Plasma CS was obtained by a previously reported ELISA
method (Nikolova et al., 2018) using commercially available kits
(Sarcotein Diagnostics, Inc.). Detailed CS measurement was
obtained following manufacture’s instruction.

Statistical analysis

Statistical analyses were performed using SAS 9.1 for
Windows (SAS Institute Inc. Cary, NC, United States) and
GraphPad Prism version 9.0 (GraphPad Software, La Jolla,
CA, United States). Student’s t-test or Mann-Whitney test was
used to test differences between two groups. For log transformed
data, one-way analysis of variance followed by uncorrected
Fisher’s LSD tests were used for comparisons among three
groups. For non-parametric data, a Kruskal-Wallis test
followed by uncorrected Dunn’s multiple comparison tests

were used for comparison among three groups. Pearson’s
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Correlations (1) were computed to assess correlations between
markers and linear regression modeling was used to test for
associations while controlling for patient factors. Data were log-
transformed prior to analysis where outliers present, and
to confirm fit. A
p-value<0.05 was considered statistically significant. Data are

residuals were inspected two-sided
presented as means with standard deviations (SD) or counts and

percentages.

Results

Demographic characteristics and individual patient data for both
control cohorts and the 50 patients with heart failure are shown in
Table 1. The mean age was 56.3 + 11.8 years and mean body-mass
index (BMI) was 29.1 + 5.6. There were no significant differences
noted across the different race/ethnic categories or by sex. Of the
50 patients enrolled, half of these patients (1 = 25) had HFrEF and the
other half HFpEF (n = 25). All patients were ambulatory with stable
heart failure with similar disease stages between HFrEF and HFpEF
cohorts (see Table 1 for disease stages by New York Heart Association
Functional Classification—NYHA FC). Compared to age and sex
matched healthy controls (1 = 50), both heart failure markers CS and
NT-proBNP were significantly elevated in patients with HFpEF and
HFrEF (Table 1), consistent with previous observations (Nikolova
et al, 2018). Patients with HFrEF had significantly higher NT-
proBNP concentrations (p = 0.022) and a trend of lower CS levels
(p = 0.067) than those with HFpEF (Table 2). Interestingly, HFrEF
patients had a trend of increased mean plasma levels of NfL. when
compared to HFpEF patients (p = 0.068). These data indicate that
brain injury markers may be associated with severity of heart failure
rather than cardiac muscle status in patients with heart failure.

We next explored correlations among plasma levels of brain
injury markers and heart failure markers. Plasma levels of NfL
were positively correlated with total tau (r = 0.395, p = 0.005),
validating shared capability of detecting brain injury. Increased
plasma concentrations of NfL were also associated with
0468, p =
associated neurodegeneration. Interestingly, there was a

increased age (r = 0.0006), indicating age-
significant positive correlation between NT-proBNP and NfL
or total tau (Figure 1A). Even after controlling for patient sex,
age, BMI, and type of heart failure, the significant positive
associations remain between NT-proBNP and NfL (p = 0.003)
and NT-proBNP and total tau (p = 0.040) in linear regression
modeling. When accounting for additional confounding risk
factors including hypertension, hyperlipidemia, diabetes, and
smoking, the positive association remains between NT-proBNP
and NfL (p = 0.005). Furthermore, subgroup analysis in HFrEF
(red symbols and lines) and HFpEF (blue symbols and lines)
cohorts indicates similar positive correlations between NT-
proBNP and NfL and total tau for both HFrEF and HFpEF
(Figures 1B,C). On the other hand, analysis between NT-
proBNP and CS did not identify a significant correlation
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TABLE 1 Characteristics of control and patients with heart failure.

Control (n = 50) Total HF (n = 50) HFrEF (n = 25) HFpEF (n = 25)
Age, years 559 +74 56.3 + 11.8 56.6 + 7.8 559 + 149
BMI 28.7 + 42 29.1 £5.6 29.7 £ 43 28.5 + 6.6
Sex
Male 25 (50%) 26 (52%) 13 (52%) 13 (52%)
Female 25 (50%) 24 (48%) 12 (48%) 12 (48%)
Race/Ethnicity
Non-hispanic caucasian 34 (68%) 25 (50%) 12 (48%) 13 (52%)
Hispanic 9 (18%) 11 (22%) 8 (32%) 3 (12%)
Non-hispanic A.A. 7 (14%) 10 (20%) 4 (16%) 6 (24%)
Asian 0 (0%) 3 (6%) 1 (4%) 2 (8%)
Other 0 (0%) 1 (2%) 0 (0%) 1 (4%)
Cause of heart of failure
Ischemic 6 (12%) 4 (16%) 2 (8%)
Non-ischemic 45 (90%) 22 (88%) 23 (92%)
Comorbidities
Diabetes 4 (8%) 12 (22%) 11 (44%) 1 (4%)
HTN 3 (6%) 21 (42%) 9 (36%) 12 (48%)
CAD 11 (22%) 6 (24%) 5 (20%)
COPD 1(2%) 2 (4%) 2 (8%) 0 (0%)
CKD 0 (0%) 9 (18%) 6 (24%) 3 (12%)
Hyperlipidemia 14 (28%) 10 (40%) 4 (12%)
Smoking 10 (20%) 4 (16%) 6 (24%)
SBP (mmHg) 114.9 = 189 112.8 £ 13.6 117.6 = 24.2
DBP (mmHg) 69.2 + 11.5 68.1 + 11.6 70.7 £ 11.6
LVEF (%) 409 + 18.5 242 +78 575+ 78
NYHA FC
NYHA I 11 (22%) 5 (20%) 6 (24%)
NYHA II 17 (34%) 8 (32%) 9 (36%)
NYHA III 20 (40%) 11 (44%) 9 (36%)
NYHA IV 2 (4%) 1 (4%) 1 (4%)
Medications
BB 42 (84%) 24 (96%) 18 (72%)
ACEI 37 (74%) 19 (76%) 18 (72%)
Diuretics 33 (66%) 18 (76%) 15 (60%)
Heart failure biomarkers
NT-proBNP (pg/ml) 449 + 40.0 1791 + 2747 2460 + 3419 1122 + 1669***
cBIN1 score (CS) -0.142 + 0.85 1.761 + 0.64*** 1.595 + 0.11%%* 1.927 + 0.14***
Neurological biomarkers
NfL (pg/ml) 22.7 £ 30.0 27.0 £ 347 18.4 + 243
Total tau (pg/ml) 1.15 £ 1.95 1.41 + 2.65 0.89 + 0.79

Data presented as means + SD, or counts (percentage). BMI, Body-mass index; LVEF, left ventricular ejection fraction; NT-proBNP, N-terminal pro-brain natriuretic peptide; NfL,
Neurofilament light chain protein. HTN, hypertension; CAD, coronary artery disease; COPD, chronic obstructive pulmonary disease; CKD, chronic kidney disease; SBP/DBP, systolic/
diastolic blood pressure: NYHA FC, New York Heart Association Functional Class; BB, beta blocker; ACEI, angiotensin converting enzyme inhibitor.

*** indicates p < 0.001 when compared to values from the control cohort.

between the two heart failure markers (r = —0.2471, p = 0.0836). by NfL is more a reflection of volume overload than muscle
Different from NT-proBNP, CS did not correlate with NfL (r = health.

0.01208, p = 0.9337) and total tau (r = —0.137, p = 0.3427) We next extracted available pulmonary capillary wedge
(Figure 2). These data indicate that neuronal injury identified pressure (PCWP) data obtained from right heart
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TABLE 2 Comparison of patients with heart failure with preserved ejection fraction (HFpEF) and heart failure with reduced ejection fraction (HFrEF).

HFpEF (n = 25)

Age, years 559 * 14.9
BMI 28.5 £ 6.6
LVEF (%) 57.5+78
NT-proBNP (pg/ml) 1122 + 1669
CS 1.927 £ 0.14
NfL (pg/ml) 18.4 £ 243
Total tau (pg/ml) 0.89 + 0.79

PCWP (mmHg) 17.2 £ 10.6 (n = 12)

HFrEF (n = 25) p-value

(HFpEF vs. HFrEF)

56.6 + 7.8 0.8318
29.7 + 43 0.4381
242+ 7.8 <0.0001
2460 + 3419 0.0223
1.595 + 0.1 0.0669
27.0 + 347 0.0679
141 + 2.65 0.6034
163 + 8.8 (n =9) 0.8504

Data presented as means + SD and tested across groups with t-test or non-parametric Mann-Whitney test depending on sample distribution. BMI, Body-mass index; LVEF, Left-ventricular

ejection fraction; NT-proBNP, N-terminal pro-brain natriuretic peptide; CS, ¢cBIN1 score; NfL, Neurofilament light chain protein. All plasma biomarkers expressed in pg/ml; PCWP,

pulmonary capillary wedge pressure (mmHg). All p-values less than 0.05 are considered significant and highlighted as bold-italic text.
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FIGURE 1
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Correlations between plasma concentrations of NT-proBNP and plasma neuronal markers NfL (A,B) and total Tau (A,C) in total heart failure
cohort (A) or separately in HFrEF (red symbols and lines) and HFpEF (blue symbols and lines) cohorts (B,C). All concentrations in pg/mL are log
transformed before analysis of correlation. r, correlation coefficient; NT-proBNP, N-terminal pro-brain natriuretic peptide; NfL, Neurofilament light

chain protein.

catheterization within 3 months of blood draw. As indicated
in Table 2, our results indicate that there were no differences
in PCWP levels between HFrEF and HFpEF patients.
Correlational analysis further indicates that PCWP
significantly correlates with NT-proBNP (r = 0.487, p
0.0252) and the neuronal markers (NfL, r = 0.456, p
0.0376; total tau, r = 0.542, p = 0.0111) (Figure 3).
Interestingly, subgroup analysis identified that the positive
correlations between blood markers and PCWP almost always
remain significant in the HFrEF cohort but not necessarily in
the HFpEF cohort (Figure 3). While this is a possible result
due to fewer data pairs available in the HFpEF group (n =

9 versus n = 12 for HFrEF), these data point out a possible
more complex etiology and pathophysiology of neuronal
injury in patients with HFpEF.

Frontiers in Drug Discovery

Discussion

In this study, we found a positive correlation between plasma
NfL and NT-proBNP concentrations but not CS levels in patients
with heart failure. These findings are consistent with prior studies
that implicate elevated right atrial pressure in the pathogenesis of
neurodegeneration in other populations and suggest that plasma
NfL may be a dynamic clinical biomarker that reflects the benefit
of reducing volume status (Zuccala et al.,, 2005; Alosco et al.,
2013; Lee et al,, 2017). The positive correlation between plasma
NT-proBNP and total tau concentrations provides additional
support that clinical severity of heart failure may contribute to
cerebral damage as tau is a known plasma biomarker of axonal
injury and cognitive impairment (Grundke-Igbal et al., 1986;
Zetterberg et al., 2013; Mattsson et al., 2016; Mielke et al., 2017).
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transformed before analysis of correlation. r, correlation coefficient; PCWP, pulmonary capillary wedge pressure (mmHg); NfL, Neurofilament light
chain protein. Black lines: total heart failure; red symbols and lines: HFrEF; blue symbols and lines: HFpEF.

Furthermore, lack of correlations between NfL or tau and CS
further indicates that the hypervolemic status in heart failure,
rather than cardiac muscle health, directly correlates with heart
failure-associated brain damage. Taken together, these findings
suggest that the hypervolemia of HF may contribute to
neurological injury, and that plasma NfL may be a dynamic
clinical biomarker that reflects the benefit of reducing volume
status.

The prevalence of heart failure is expected to increase over
the next 20 years as the population ages (Qiu et al., 2006; Yancy
et al., 2013; Jefferson et al., 2015; Troncone et al., 2016).
Neurodegeneration occurs in up to 80% of patients with heart
failure however the exact mechanisms that lead to this remain
unclear and there are few treatments (Vogels et al, 2007b;
Heidenreich et al, 2011; Mozaffarian et al., 2016), (Packer
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et al,, 2002; Sink et al., 2009; Huijts et al., 2013; Levi Marpillat
et al., 2013; Solfrizzi et al., 2013; McMurray et al., 2014). Cerebral
arrhythmias
hypoperfusion due to reduced ejection fraction are thought to

embolization due to atrial and cerebral
contribute to neurovascular injury; however, studies show that
neurodegeneration is prevalent even in patients who do not have
atrial fibrillation or reduced ejection fraction, suggesting that
other mechanisms Ito, 2009;
Kindermann et al., 2012; Huijts et al., 2013). Our results are
show that
concentrations of biomarkers of neurological injury did not
differ significantly between patients with HFrEF and those

with HFpEF. Furthermore, in the current cohort studied,

are involved (Suwa and

consistent with these findings and plasma

plasma levels of NfL and total tau are associated with the left

ventricular filling pressure (PCWP), indicating possible
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contributing mechanism of increased filling pressure and
neuronal damage. On the other hand, because NT-proBNP is
an established biomarker of volume status, and thus right atrial
pressure (Sallach et al., 2009; Nikolova et al., 2018), it is possible
that elevated right atrial pressure provokes retrograde cerebral
venous congestion and blood-brain barrier injury, thus
contributing to neurodegeneration (Lahiri et al, 2017; Lee
2017; 2017). This
pathophysiology is analogous to that of cardio-renal syndrome

et al, Meguro et al, putative
where elevated right atrial pressure is thought to promote kidney
injury due to retrograde renal-venous congestion in patients with
heart failure (Damman et al., 2009; Mullens et al., 2009).

In summary, we found independent correlations between
plasma NT-proBNP and NfL or tau concentrations in patients
with heart failure. Strengths of this study include the use of a
to detect

of

impairment at femtomolar concentrations in two distinct

high-sensitivity immunoassay technique and

sequentially ~measure novel biomarkers cognitive
cohorts of heart failure patients. However, the relatively small
sizes of heart failure cohorts and the lack of clinical data on
neurological disease status or neuroimaging remain limitations
that should be addressed in future studies. Future larger clinical
studies are also needed to establish the relationship, over time,

between volume status and direct evidence of neurological injury.
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