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Abstract: Background: Heart rate variability (HRV) indices have been shown to be associated with
prognosis in various types of cancer. This study aims to assess the ability of these indices to predict
survival in hepatocellular carcinoma (HCC) patients after diagnosis. Methods: We retrospectively
collected data from 231 patients diagnosed with HCC between January 2014 and March 2018. The
baseline clinical-pathological variables and HRV indices (extracted from Holter electrocardiogram
recordings) were analyzed. Results: Univariate and multivariate analyses were performed to identify
the predictive value of the above factors for overall survival (OS). The univariate analysis revealed
that an age > 60 years, hepatitis C, portal vein involvement (thrombosis), a tumor size > 5 cm,
alpha-fetoprotein (AFP) > 400 ng/mL, serum albumin, and C-reactive protein (CRP) were risk
factors for poor OS. Multivariable Cox regression analyses identified that a tumor size > 5 cm and
AFP > 400 ng/mL predict poorer outcomes in HCC patients. It should be mentioned that, in both
the univariate analysis and in the multivariate analysis, between HRV indices, SDNN (standard
deviation of all normal-to-normal (NN) intervals) < 110 ms was an independent risk factor for OS
with an HR of 3.646 (95% CI 2.143 to 6.205). Conclusion: This study demonstrates that HRV indices
identify HCC patients at high risk of death and suggests that such monitoring might guide the need
for early therapy in these types of patients, as well as the fact that HRV can be a potential noninvasive
biomarker for HCC prognosis.

Keywords: hepatocellular carcinoma; heart rate variability; biomarker prognosis

1. Introduction

Hepatocellular carcinoma (HCC) was the most common type of liver cancer recorded
worldwide in 2020, affecting both genders and all ages, with 905,677 new cases (5%),
ranking sixth after breast, lung, prostate, colon, and stomach cancer [1,2]. If the incidence
is 5% worldwide, mortality for this type of cancer occupies the third position (after lung
and colorectum), and in 2020, there were approximately 830,180 deaths, accounting for
approximately 8.3% of all cancer deaths [1,2]. Since the 5-year survival rate for this primary
malignancy of the liver is 18%, HHC has thus become the second most lethal type of
tumor after pancreatic cancer [3,4]. Most cases of HCC occur in patients who have liver
disease, who consume excessive alcohol, who are infected with hepatitis B or C virus,
or, as in Western countries, in patients with nonalcoholic fatty liver disease (NAFLD),
metabolic syndrome, or obesity [5]. A diagnosis of HHC is established primarily by
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imaging explorations (ultrasonography (US), computed tomography, magnetic resonance
imaging (MRI), and angiography) and via serum biomarkers (the most used biomarker
being Alpha-fetoprotein (AFP)) [5–7]. Therefore, not only to obtain a good prognosis
but also to improve clinical outcomes, the identification of new and reliable noninvasive
biomarkers, or a combination of markers, is of paramount importance.

Heart rate variability (HRV) is the change in time intervals between consecutive
heartbeats [8]. In the case of a healthy heart, they are complex and constantly changing. This
allows the cardiovascular system to adapt quickly to sudden physical and psychological
changes in order to maintain homeostasis [8]. In terms of the clinical relevance of HRV,
it was first discussed in 1965 by Hon and Lee, who identified that fetal distress was
preceded by changes in inter-beat intervals before the heart rate changed significantly [9].
Twenty years ago, Sayers and others described the fact that physiological rhythms are
part of the beat-to-beat heart rate signal [10]. In recent years, the assessment of heart rate
variability (HRV) has become an easily applicable and reliable tool in clinical practice for
the analysis of sympathetic and parasympathetic influences in patients with neurological
and psychiatric disorders [11,12], cardiovascular disorders [13,14], or cancer [15–17]. In
cancer, several studies indicate that a reduction in HRV is common in these patients, with
this observation signifying the existence of an autonomous dysfunction that is associated
with the disease [18]. In addition, several studies have reported a correlation between HRV
indices and the overall progression and survival of cancer patients. An increase in HRV
indices may be associated with a better prognosis in patients suffering from different types
of cancer [18].

This study aims to assess the ability of HRV indices to predict survival in hepatocellular
carcinoma (HCC) patients after diagnosis.

2. Materials and Methods

This study was approved by the Ethics Committee of the University of Medicine and
Pharmacy of Craiova, Romania, and it was conducted in accordance with the Declaration of
Helsinki and other international regulations in the field. Each patient included in our study
signed an informed consent form so that data found in their medical records could be used
for research purposes. No data could be used to identify a patient because each patient
was assigned a specific code, and every piece of information that could lead to patient
identification was deleted from the study database. The results of the study were reported
in accordance with the Transparent Reporting of a Multi-Variable Prediction Model for the
Individual Prognosis or Diagnosis statement [19,20].

2.1. Study Design and Patient Selection

We retrospectively reviewed the medical records of 231 patients who were newly
diagnosed with HCC between January 2014 and March 2018 at the Emergency County
Hospital of Craiova (Romania), which is affiliated with the University of Medicine and
Pharmacy of Craiova. These patients were monitored by Holter electrocardiogram (ECG)
for 24 h before the initiation of any therapy. In accordance with the European Society
for Medical Oncology (ESMO) clinical practice guidelines, a diagnosis of HCC is based
on histological analysis and/or contrast-enhanced imaging findings [21]. In patients
with liver cirrhosis and specific imaging criteria, the formal pathological proof is not
mandatory for diagnosis, and the clinician can rely on the contrast-enhanced (CE) imaging
criteria for the assessed lesion [21]. These criteria require a multi-phasic CECT (computed
tomography) or CEMRI (magnetic resonance imaging). A diagnosis can be established if
the typical vascular hallmarks of HCC are identified in a nodule of >1 cm in diameter using
one of these two modalities. Serum alfa-fetoprotein (AFP) has no role in the diagnostic
algorithm [21]. Patients who were <18 years of age, had an active infection or had received
any medications that could affect HRV, such as beta-blockers, or other anti-arhythmic drugs,
were excluded from our study. All patients included in this study had a sinus rhythm.
Additionally, arrhythmias were part of the exclusion criteria of the study (both electrical
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stimulus production disorders and conduction disorders).To determine the cut-off values of
HRV, 24 h Holter ECG recordings were analyzed for 250 healthy subjects while maintaining
the proportions for age and gender groups with the patients included in the study. It
should be noted that 274 newly diagnosed patients with HCC were initially evaluated for
eligibility, but 52 of them were excluded: 29 did not accept 24-h Holter ECG monitoring,
21 took antiarrhythmic drugs, and 2 declined to participate for other reasons. Finally,
231 patients were enrolled in the study, of whom 72 survived at least until follow-up at
36 months, while 159 patients died within 36 months after receiving their diagnosis. The
design of the study is shown in Figure 1.

Figure 1. The design of the study. HCC: hepatocellular carcinoma; HRV: heart rate variability; ECG:
electrocardiogram.

2.2. Follow-up of the Patients

Serum AFP level and other laboratory tests were monitored upon patients’ inclusion
in the study. The various demographic, medical history, serum biochemical, and clinical
characteristics were analyzed at baseline. The clinical and pathological features assessed
included age, gender, history of alcohol use, history of smoking, and hepatitis B or C. The
following serum biochemical variables were analyzed: total bilirubin, serum albumin,
alanine aminotransferase (ALT), aspartate aminotransferase (AST), serum creatinine, In-
ternational Normalized Ratio (INR), AFP, white blood cell (WBC) count, absolute platelet
count (PLT) and C-reactive protein (CRP). All patients were followed until death or until
28 February 2021.

2.3. Heart Rate Variability Assessment

Each patient included in our study was monitored by Holter ECG for 20–30 h. Pa-
tients who were subsequently diagnosed with HCC were eligible for the study, and those
in whom the diagnosis was not confirmed were not included in the study. Holter ECG
monitoring was performed using a TLC5000 Holter ECG (Contec Medical Systems, Qin-
huangdao, Hebei Province, China) capable of performing an HRV analysis in both the
time and frequency domains. The main indices analyzed in the time domain were the
mean successive difference in normalized R–R intervals (MSD), the standard deviation
of all normal-to-normal (NN) intervals (SDNN), the square root of the mean of the sum
of the squares of differences between adjacent NN intervals (rMSSD), and the number of
successive NN intervals differing by more than 50 ms divided by the total number of all
NN intervals (pNN50) [22]. In the frequency domain, the following indices were analyzed:
the ultra-low-frequency (ULF) band (≤0.003 Hz), the power of the very-low-frequency
band (0.0033–0.04 Hz) of the HRV spectrum (VLF), the power of the low-frequency band
(0.04–0.15 Hz) of the HRV spectrum (LF), and the power of the high-frequency band
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(0.15–0.4 Hz) of the HRV spectrum (HF) [22]. All HRV indices included in our study were
analyzed for the entire monitored period, usually between 20 and 30 h, for each patient
included in the study.

2.4. Assessment of Norepinephrine Transporter

To analyze nervous influences at the local level, we chose to evaluate the expression
of the norepinephrine transporter. We included 48 patients with HCC who underwent
surgery. The formalin-fixed and paraffin-embedded resection tissues of those patients
were sectioned to 3 µm in thickness and de-paraffinized, then rehydrated and processed
for antigen retrieval. The slides were further incubated with norepinephrine transporter
monoclonal primary antibody (CL3063)/NBP2-62704 (dilution 1:20; Novus Biological,
Abingdon, UK) at 4 ◦C for 18 h. Finally, the signal was found via 3, 3′-diaminobenzidines
(DAB) (Dako, Glostrup, Denmark). Subsequently, after hematoxylin and eosin staining, the
slides were cover-slipped in DPX (Sigma-Aldrich, St. Louis, MO, USA).

2.5. Statistical Analysis

All of the statistical analyses were performed using the latest version of SPSS software
(IBM, Armonk, NY, USA) or, where appropriate, the latest version of GraphPad software
(San Diego, CA, USA). The categorical data are reported as the number or percentage of
observations, and continuous variables are reported as the mean and standard deviation.
To compare the means of the two groups, we used the Student’s t-test. To compare the
means of more than two groups, we used an ANOVA test. Univariate and multivariate
analyses of the relationships between overall survival (OS) and the study variables were
assessed using Cox proportional hazard models. Variables that were shown to be associated
with OS in the univariate analysis were evaluated in the multivariate Cox proportional
hazard model. A receiver operating characteristic (ROC) curve was designed to establish
the cut-off value for each HRV study variable, and the area under the curve (AUC) was
calculated to evaluate the discriminatory capacity of each. It should be noted that the
cut-off value was calculated keeping a balance between sensitivity and specificity, and the
patients were divided into two groups based on the HRV indices’ cut-off values. A Kaplan–
Meier survival analysis was performed to compare the OS of the patients included in
different groups, and the significance of the intergroup difference was evaluated using the
log-rank test. A Pearson correlation analysis was performed to determine the relationship
between HRV and clinical-pathological features. In all cases, p < 0.05 was considered
statistically significant.

3. Results
3.1. Assessment of Cut-off Value

We used an overall survival (OS) of 3 years as the primary endpoint. For each param-
eter in the HRV analysis, we determined a cut-off value, according to which the patients
were included in two groups—a value that struck a balance between sensitivity and speci-
ficity. The optimal cut-off values for HRV indices in the time domain were SDNN 110 ms
(AUC = 0.8404, SE = 0.01794, 95% CI = 0.8052 to 0.8756, p < 0.000), MSD 49.2 ms (AUC = 0.7436,
SE = 0.02213, 95% CI = 0.7002 to 0.7870, p < 0.0001), rMSSD 91 ms (AUC = 0.6059, SE = 0.02561,
95% CI = 0.5557 to 0.6561, p < 0.0001), PNND50% 23.44 ms (AUC = 0.7819, SE = 0.02096, 95%
CI = 0.7408 to 0.8229, p < 0.0001). In the frequency domain, we established the following cut-off
values by means of ROC curves: ULF 860.3 (AUC = 0.8327, SE = 0.01979, 95% CI = 0.7939
to 0.8715, p < 0.0001), VLF 2438 (AUC = 0.8596, SE = 0.01763, 95% CI = 0.8251 to 0.8942,
p < 0.0001), LF 911 (AUC = 0.8586, SE = 0.01721, 95% CI = 0.8249 to 0.8923, p < 0.0001), HF
805.2 (AUC = 0.7084, SE = 0.02324, 95% CI = 0.6629 to 0.7540, p < 0.0001). The ROC curves for
HRV indices are shown in Figure 2. Representative images with HRV indices are shown in
Figure 3.



Diagnostics 2021, 11, 890 5 of 12

Figure 2. Receiver operating characteristic (ROC) curve analysis in the time domain (A) and in the frequency domain
(B). MSD: mean successive difference in normalized R–R intervals; SDNN: standard deviation of all normal-to-normal
(NN) intervals; rMSSD: square root of the mean of the sum of the squares of differences between adjacent NN intervals;
pNN50: number of successive NN intervals differing more than 50 ms divided by the total number of all NN intervals. ULF:
the ultra-low-frequency band; VLF: the power of the very-low-frequency band of the HRV spectrum; LF: the power of a
low-frequency band of the HRV spectrum; HF: the power of a high-frequency band of the HRV spectrum.

Figure 3. Representative images with HRV indices automatically determined by the ECG Holter
software in a patient with HCC (A) and in a healthy subject (B).
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3.2. Patients and Tumor Clinicopathological Features

Between January 2014 and March 2018, the patients included in our study were
monitored by Holter ECG for 24 h from the time of diagnosis of hepatocellular carcinoma.
Overall, 231 patients were followed up for up to 36 months post-recruitment. Of these,
148 (64.1%) were male, while 83 (35.9%) were female. We also observed that 106 (45.9%)
patients were diagnosed with hepatitis B, while only 46 (19.9%) were diagnosed with
hepatitis C. The mean tumor size (determined on imaging evaluation) was 7.73 cm (with
an interval between 1.2 and 27 cm) at the greatest diameter, and 123 (53.2%) patients
had tumors ≥ 5 cm in diameter. Increased AFP levels (> 400 ng/mL) were observed
in 51 patients (22.1%). We highlight all the variables evaluated at baseline in Table 1,
depending on the SDNN 110 ms cut-off value.

Table 1. Baseline clinical–pathological characteristics of hepatocellular carcinoma patients, stratified
by SDNN 110 ms cut-off value.

SDNN < 110 ms SDNN > 110 ms

Variable Category Value Value p-Value

Age (years) <60 105 (45.5%) 50 (21.6%)
0.001*>60 73 (31.6%) 3 (1.3%%)

Gender
Female 59 (25.5%) 24 (10.4%)

0.106Male 119 (51.5%) 29 (12.6%)

Hepatitis B Yes 85 (36.8%) 21 (9.1%)
0.297No 93 (40.3%) 32 (13.9%)

Hepatitis C Yes 36 (15.6%) 10 (4.3%)
0.828No 142 (61.5%) 43 (18.6%)

History of alcohol use Yes 36 (15.6%) 9 (3.9%)
0.601No 142 (61.5%) 44 (19%)

History of smoking Yes 54 (23.4%) 13 (5.6%)
0.413No 124 (53.7%) 40 (17.3%)

Portal vein
involvement

Yes 49 (21.2%) 13 (5.6%)
0.665No 129 (55.8%) 40 (17.3%)

Tumor size (>5 cm)
Yes 102 (44.2%) 21 (9.1%)

0.024 *No 76 (32.9%) 32 (13.9%)

AFP (>400 ng/mL) Yes 42 (18.2%) 9 (3.9%)
0.302No 136 (58.9%) 44 (19.0%)

ALT (U/L) 77.3 ± 24.3 73.9 ± 31.3 0.410

AST (U/L) 88.6 ± 24.8 84.2 ± 32.2 0.287

Bilirubin (mg/dL) 0.96 ± 0.28 0.98 ± 0.29 0.735

INR 1.31 ± 0.85 1.26 ± 0.21 0.684

Albumin (g/dL) 3.95 ± 0.38 4.04 ± 0.44 0.202

Creatinine (mg/dL) 0.92 ± 0.20 0.91 ± 0.20 0.802

Platelets/mm3 162,608.3 ±
35,398.6

166,131.2 ±
39,530.1 0.536

WBC (×103)/mm3 8.17 ± 2.69 8.44 ± 2.58 0.519

CRP (mg/L) 6.55 ± 2.57 6.26 ± 2.52 0.476
AFP: alfa-fetoprotein; ALT: alanine aminotransferase; AST: aspartate aminotransferase; INR: International Normal-
ized Ratio; WBC: white blood cell count; PLT: absolute platelet count; CRP: C-reactive protein; SDNN: standard
deviation of all normal-to-normal (NN) intervals; * p < 0.05.

3.3. Risk Factors for Poor Overall Survival

Univariate analysis demonstrated that age > 60 years, hepatitis C, portal vein involve-
ment (thrombosis), tumor size > 5 cm, AFP > 400 ng/mL, serum albumin, and CRP were
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risk factors for poor OS (Table 2). Gender, hepatitis B, a history of alcohol use, a history
of smoking, serum ALT, serum AST, total bilirubin, INR, creatinine, platelets, and white
blood cells were not significantly related to OS. The variables that showed a statistically
significant difference in the univariate analysis were introduced in the multivariate analy-
sis, and we found that only AFP > 400 ng/mL and tumor size > 5 cm were independent
risk factors for poor OS. Regarding HRV indices, the univariate analysis indicated that
SDNN < 110 ms, MSD < 49.2 ms, PNN50 < 23.4%, ULF < 860.3 ms * ms, VLF < 2438 ms
* ms, LF < 911.2 ms * ms, and HF < 805.2 ms * ms were risk factors for poor OS, while
rMSSD < 91 ms was not significantly related to OS. The same statistically significant differ-
ences were found in the multivariate analysis, with the exception of MSD < 49.2ms and
rMSSD < 91 ms (Table 2). It should be mentioned that in both the univariate analysis and
in the multivariate analysis, among the HRV SDNN indices, <110 ms was an independent
risk factor for OS with an HR of 3.646 (95% CI 2.143 to 6.05).

Table 2. Univariate and multivariate assessment to identify predictors of overall survival in hepatocellular carcinoma
patients.

Variable Hazard Ratio (95% CI) p-Value Hazard Ratio (95% CI) p Value

Gender (male) 1.240 (0.890–1.728) 0.204
Age (>60 years) 1.615 (1.172–2.224) 0.003 # 1.159 (0.833–1.613) 0.382
Hepatitis B (yes) 1.084 (.7941.481) 0.610
Hepatitis C (yes) 1.457 (1.004–2.115) 0.047 # 1.189 (0.810–1.747) 0.377

History of alcohol use (yes) 1.220 (0.832–1.790) 0.309
History of smoking (yes) 1.289 (0.920–1.805) 0.139

Portal vein involvement (yes) 1.422 (1.013–1.996) 0.042 # 1.310 (0.930–1.845) 0.123
Tumor size (>5 cm) 2.367 (1.708–3.279) 0.000 # 2.117 (1.509–2.972) 0.000 #

AFP (>400 ng/mL) 1.655 (1.159–2.364) 0.006 # 1.658 (1.141–2.409) 0.008 #

ALT (U/L) 1.004 (0.999–1.010) 0.132
AST (U/L) 1.005 (1.000–1.011) 0.071

Bilirubin (mg/dL) 0.931 (0.532–1.629) 0.802
INR 1.077 (0.930–1.247) 0.321

Albumin (g/dL) 0.663 (0.456–0.964) 0.031 # 1.008 (0.676–1.504) 0.967
Creatinine (mg/dL) 1.663 (0.782–3.539) 0.186

Platelets/mm3 0.946 (0.835–1.233) 0.141
WBC (×103)/mm3 1.021 (0.962–1.083) 0.503

CRP (mg/L) 1.378 (0.946–2.009) 0.023 # 1.319 (1.237–1.406) 0.075
SDNN < 110 ms 3.501 (2.138–5.732) 0.000 # 3.646 (2.143–6.205) 0.000 #

MSD < 49.2 ms 1.693 (1.192–2.404) 0.003 # 1.378 (0.946–2.009) 0.095
rMSSD < 91 ms 1.082 (0.789–1.484) 0.626
PNN50 < 23.4% 2.790 (1.816–4.287) 0.000 # 2.430 (1.523–3.877) 0.000 #

ULF < 860.3 ms * ms 3.479 (2.172–5.574) 0.000 # 3.436 (2.056–5.745) 0.000 #

VLF < 2438 ms * ms 3.229 (2.016–5.172) 0.000 # 3.227 (1.940–5.368) 0.000 #

LF < 911.2 ms * ms 3.147 (1.984–4.992) 0.000 # 2.832 (1.754–4.572) 0.000 #

HF < 805.2 ms * ms 1.577 (1.127–2.206) 0.008 # 1.441 (1.011–2.054) 0.043 #

CI: confidence interval; AFP: alfa-fetoprotein; ALT: alanine aminotransferase; AST: aspartate aminotransferase; INR: International
Normalized Ratio; WBC: white blood cell count; PLT: absolute platelet count; CRP: C-reactive protein; MSD: mean successive difference in
normalized R–R intervals; SDNN: standard deviation of all normal-to-normal (NN) intervals; rMSSD: square root of the mean of the sum of
the squares of differences between adjacent NN intervals; pNN50: number of successive NN intervals differing more than 50 ms divided
by the total number of all NN intervals. ULF: the ultra-low-frequency band; VLF: the power of the very-low-frequency band of the HRV
spectrum; LF: the power of a low-frequency band of HRV spectrum; HF: the power of a high-frequency band of HRV spectrum; # p < 0.05.

3.4. Association between HRV Indices and Survival

At 3 years of enrollment in the study, the survival rate for patients was 31.16%, with
72 patients surviving a full follow-up of 36 months. Patients with SDNN > 110 ms had a
36-month survival rate of 66.03% compared to SDNN < 110 ms, where the survival rate
was only 20.78% (HR = 3.432, 95% CI of ratio 2.448 to 4.811, p < 0.000). High survival
rates were also recorded in patients with MSD > 49.2 ms (46.83% vs. 23.02% at the 3-year
follow-up, HR = 1.731, 95% CI of ratio 1.257 to 2.383, p = 0.010) and PNN50 > 23.44 ms
(61.01% vs. 20.71% at the 3-year follow-up, HR = 2.789, 95% CI of ratio = 1.997 to 3.896,
p < 0.000) as opposed to rMSSD, where no different survival rates were recorded at the
cut-off value of 91 ms (29.10% vs. 34.02%, HR = 1.093, 95% CI of ratio = 0.7938 to 1.504,
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p = 0.5865). In the frequency domain, for all four analyzed indices, high survival rates
were recorded in people with values above the cut-off value, as follows: for ULF > 64.91%
vs. 20.11% (HR = 3.412, 95% CI of ratio = 2.451 to 4.750, p < 0.000), for VLF > 64.28% vs.
20.57% (HR = 3.282, 95% CI of ratio = 2.352 to 4.579, p < 0.000), for LF > 61.81% vs. 21.59%
(HR = 3.096, 95% CI of ratio = 2.219 to 4.320, p < 0.000) and for HF > 43.18% vs. 23.77%
(HR = 1.572, 95% CI of ratio = 1.147 to 2.155, p = 0.027). All of these data are shown in
Figure 4. We also performed an analysis of the HRV indices by combining them. We
observed that patients who presented with a decrease in all HRV indices in the time
domain (SDNN < 110 ms, MSD < 49.2 ms, rMSSD < 91 ms, and PNND50% < 23.44 ms)
were associated with a 3-year follow-up survival of only 18.5% compared to patients who
did not have low values for all of these indices (45.79%, p = 0.006, HR = 1.565, 95% CI of
ratio = 1.136 to 2.156). Additionally, patients who presented with a decrease in all HRV
indices in the frequency range (ULF <860.3, VLF < 2438, LF < 911, and HF < 805.2) had a
3-year follow-up survival of 23.42%, compared to patients who did not have low values for
all of these indices (38.33%, p = 0.000, HR = 1.715, 95% CI of ratio = 1.248 to 2.358).

Figure 4. Cont.
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Figure 4. Kaplan–Meier survival curves according to HRV indices. (A,C,E,G): survival by time-domain indices. (B,D,F,H):
survival by frequency domain indices.

3.5. Assessment of Norepinephrine Transporter

Since we observed that in patients with HCC, low values of HRV indices predominate,
we concluded that they are caused by the increased activity of the sympathetic nervous
system. Thus, we attempted to ascertain whether we could identify this at the tumor
level by analyzing the immunohistochemical expression of the norepinephrine transporter
(NET). The control tissue was obtained by analyzing the margins of tumor resection. For
the analysis of the immunohistochemical expression of NET, we used integrated optical
density (IOD). Thus, we found an average IOD for NET in the control tissue of 16,289
± 8518; in the tissue with low-grade tumor tissue, the average was 58,506 ± 141,177;
and, in the tissue with high-grade tumor tissue, the average was 73,262 ± 139018. We
found a higher mean NET in the tumor tissue, but due to the very high variability of NET
expression, no statistically significant differences were noted (Figure 5).

Figure 5. (A): Immunohistochemical expression of the norepinephrine transporter (IOD). Examples of microscopic images
with normal liver tissue, (B) low-grade (C), and high-grade (D) tumor tissue. NET expression is observed in brown.
Magnification: 400×. IOD: integrated optical density; NET: norepinephrine transporter.
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4. Discussion

The present study described 24 h HRV indices using the time domain and frequency
domain in patients with HCC at the time of diagnosis, as previously described [10,22,23].
We found that low HRV indices correlate with low survival rates. The first study that
looked at the influences of the autonomic nervous system via HRV and survival in HCC
was conducted 10 years ago. That study was prospective and concluded that there was a
link between low survival rates and HRV indices [23]. The main limitation of the study was
the short duration of the follow-up period (3 months), and the small number of patients
included. Compared to this, the duration of the follow-up period in our study was 3 years.
Among the other notable aspects of our study are the cut-off values of HRV indices, which
were determined by comparison with healthy subjects.

Several studies have been performed on the correlation between HRV indices and the
prognoses of cancer patients. Giese-Davis et al. demonstrated in 2015 that vagal activity,
objectified by elevated HF-HRV values, would predict a longer survival time in patients
with metastatic or recurrent breast cancer [24]. Another study showed that a cut-off value
of SDNN < 70 ms is associated with a shorter survival time in patients with different
cancers [25]. It should be noted that, in our study, the cut-off value of SDNN was 110 ms,
but this was determined by comparing the group of HCC patients with healthy subjects. An
SDNN value < 121 ms, alongside other low parameters in the HRV time-domain (rMSSD,
PNN50, and SDANN), was found in patients with acute leukemia [26]. As such, there
is no consensus on the cut-off values for HRV indices. These depend very much on the
duration of HRV analysis. On the other hand, a recent study published by Strous MTA
et al. highlighted the fact that HRV was found to have no prognostic value in patients with
primary colorectal cancer who underwent curative surgical treatment because low HRV
indices were not associated with reduced overall survival [27]. Moreover, low HRV was
not significantly associated with elevated CEA levels during follow-up or postoperative
complications [27]. The duration of HRV analysis was only 10 s because, in that study, only
standard electrocardiograms were used for HRV analysis, which records cardiac electrical
activity for only 10 s. In comparison, the duration of HRV analysis in our study was
between 20 and 30 h. Other cancers in which the prognostic value of HRV reduction was
analyzed were pancreatic cancer [17], prostate and non-small cell lung cancer [28], and
gastric cancer [29].

The main hypothesis that explains why reduced HRV is associated with a negative
prognosis in cancers is represented by the fact that, at the molecular level, the sympathetic
nervous system predominates to the detriment of parasympathetic nervous activity [18].
A study on cell cultures showed that hepatocellular carcinoma cells expressed adrenergic
receptors [30]. This observation supports the results of our analysis, especially since, at the
molecular level, it is well known that epinephrine and norepinephrine have the ability to
increase the migratory capacity of cancer cells [31]. Taking these observations into account,
we analyzed the immunohistochemical expression of the norepinephrine transporter in
liver tumor tissue and observed an increase in tumor tissue compared to normal liver tissue,
without being able to show a statistically significant difference. Moreover, a meta-analysis
of 23 clinical trials that included over 2600 patients with cirrhosis indicated that the use
of non-selective sympathetic beta-blockers (such as propranolol) reduces the risk of these
patients developing hepatocellular carcinoma [32]. At the opposite pole is the activity
of the parasympathetic nervous system, which, according to HRV indices, is reduced
in HCC patients. This reduction contributes to increased oxidative stress and excessive
inflammation [33,34]. Last but not least, it should be noted that the reduction in vagal
activity may be due to the use of chemotherapeutics in the treatment of cancer [35].

5. Conclusions

HRV measurement is an easy and safe method to assess autonomic dysfunction. This
study demonstrates that HRV indices identify HCC patients at high risk of death and
suggests that such monitoring might guide the need for early therapy in such patients, as
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well as the fact that HRV can potentially be a noninvasive biomarker for HCC prognosis.
More large prospective multicenter randomized controlled trials are needed to validate
these observations.

Author Contributions: Conceptualization, A.-M.C., M.S., D.I.G., G.C.T., and C.C.V.; methodology,
A.M.M.; software, G.C.T.; validation, A.-M.C., M.S., D.I.G., G.C.T., and C.C.V.; formal analysis, M.S.;
investigation, A.-M.C., G.C.T., and C.C.V.; data curation, G.C.T.; writing—original draft preparation,
A.-M.C.; writing—review and editing, D.I.G. and C.C.V.; visualization, A.M.M.; supervision, D.I.G.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Ethics Committee (No. 103; 15 November 2018)of the
University of Medicine and Pharmacy of Craiova, Romania.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding authors.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global cancer statistics 2020: GLOBOCAN

estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA A Cancer J. Clin. 2021, 71, 209–249. [CrossRef]
[PubMed]

2. Ferlay, J.; Colombet, M.; Soerjomataram, I.; Parkin, D.M.; Piñeros, M.; Znaor, A.; Bray, F. Cancer statistics for the year 2020: An
overview. Int. J. Cancer 2021. [CrossRef] [PubMed]

3. Villanueva, A. Hepatocellular carcinoma. N. Engl. J. Med. 2019, 380, 1450–1462. [CrossRef] [PubMed]
4. Jemal, A.; Ward, E.M.; Johnson, C.J.; Cronin, K.A.; Ma, J.; Ryerson, B.; Mariotto, A.; Lake, A.J.; Wilson, R.; Sherman, R.L.; et al.

Annual report to the nation on the status of cancer, 1975–2014, featuring survival. J. Natl. Cancer Inst. 2017, 109, djx030. [CrossRef]
[PubMed]

5. Younossi, Z.; Stepanova, M.; Ong, J.P.; Jacobson, I.M.; Bugianesi, E.; Duseja, A.; Eguchi, Y.; Wong, V.W.; Negro, F.; Yilmaz, Y.;
et al. Nonalcoholic steatohepatitis is the fastest growing cause of hepatocellular carcinoma in liver transplant candidates. Clin.
Gastroenterol. Hepatol. Off. Clin. Pract. J. Am. Gastroenterol. Assoc. 2019, 17, 748–755.e3. [CrossRef]

6. Lee, C.W.; Tsai, H.I.; Lee, W.C.; Huang, S.W.; Lin, C.Y.; Hsieh, Y.C.; Kuo, T.; Chen, C.W.; Yu, M.C. Normal alpha-fetoprotein
hepatocellular carcinoma: Are they really normal? J. Clin. Med. 2019, 8, 1736. [CrossRef]

7. Bai, D.S.; Zhang, C.; Chen, P.; Jin, S.J.; Jiang, G.Q. The prognostic correlation of AFP level at diagnosis with pathological grade,
progression, and survival of patients with hepatocellular carcinoma. Sci. Rep. 2017, 7, 12870. [CrossRef]

8. Jansen, C.; Chatterjee, D.A.; Thomsen, K.L.; Al-Kassou, B.; Sawhney, R.; Jones, H.; Gallego-Leon, A.; Lehmann, J.; Pohlmann, A.;
Nickenig, G.; et al. Significant reduction in heart rate variability is a feature of acute decompensation of cirrhosis and predicts
90-day mortality. Aliment. Pharmacol. Ther. 2019, 50, 568–579. [CrossRef]

9. Hon, E.H.; Lee, S.T. Electronic evaluation of the fetal heart rate. VIII. Patterns preceding fetal death, further observations. Am. J.
Obstet. Gynecol. 1963, 87, 814–826.

10. Task Force of the European Society of Cardiology and the North American Society of Pacing and Electrophysiology. Heart rate
variability. Standards of measurement, physiological interpretation, and clinical use. Eur. Heart J. 1996, 17, 354–381.

11. Clamor, A.; Lincoln, T.M.; Thayer, J.F.; Koenig, J. Resting vagal activity in schizophrenia: Meta-Analysis of heart rate variability as
a potential endophenotype. Br. J. Psychiatry J. Ment. Sci. 2016, 208, 9–16. [CrossRef] [PubMed]

12. Lotufo, P.A.; Valiengo, L.; Benseñor, I.M.; Brunoni, A.R. A systematic review and meta-analysis of heart rate variability in epilepsy
and antiepileptic drugs. Epilepsia 2012, 53, 272–282. [CrossRef] [PubMed]

13. Pagani, M.; Lucini, D. Autonomic dysregulation in essential hypertension: Insight from heart rate and arterial pressure variability.
Auton. Neurosci. Basic Clin. 2001, 90, 76–82. [CrossRef]

14. Piya, M.K.; Shivu, G.N.; Tahrani, A.; Dubb, K.; Abozguia, K.; Phan, T.T.; Narendran, P.; Pop-Busui, R.; Frenneaux, M.; Stevens,
M.J. Abnormal left ventricular torsion and cardiac autonomic dysfunction in subjects with type 1 diabetes mellitus. Metab. Clin.
Exp. 2011, 60, 1115–1121. [CrossRef]

15. Chauhan, A.; Sequeria, A.; Manderson, C.; Maddocks, M.; Wasley, D.; Wilcock, A. Exploring autonomic nervous system
dysfunction in patients with cancer cachexia: A pilot study. Auton. Neurosci. Basic Clin. 2012, 166, 93–95. [CrossRef] [PubMed]

16. Vigo, C.; Gatzemeier, W.; Sala, R.; Malacarne, M.; Santoro, A.; Pagani, M.; Lucini, D. Evidence of altered autonomic cardiac
regulation in breast cancer survivors. J. Cancer Surviv. Res. Pract. 2015, 9, 699–706. [CrossRef]

http://doi.org/10.3322/caac.21660
http://www.ncbi.nlm.nih.gov/pubmed/33538338
http://doi.org/10.1002/ijc.33588
http://www.ncbi.nlm.nih.gov/pubmed/33818764
http://doi.org/10.1056/NEJMra1713263
http://www.ncbi.nlm.nih.gov/pubmed/30970190
http://doi.org/10.1093/jnci/djx030
http://www.ncbi.nlm.nih.gov/pubmed/28376154
http://doi.org/10.1016/j.cgh.2018.05.057
http://doi.org/10.3390/jcm8101736
http://doi.org/10.1038/s41598-017-12834-1
http://doi.org/10.1111/apt.15365
http://doi.org/10.1192/bjp.bp.114.160762
http://www.ncbi.nlm.nih.gov/pubmed/26729841
http://doi.org/10.1111/j.1528-1167.2011.03361.x
http://www.ncbi.nlm.nih.gov/pubmed/22221253
http://doi.org/10.1016/S1566-0702(01)00270-3
http://doi.org/10.1016/j.metabol.2010.12.004
http://doi.org/10.1016/j.autneu.2011.09.006
http://www.ncbi.nlm.nih.gov/pubmed/22014539
http://doi.org/10.1007/s11764-015-0445-z


Diagnostics 2021, 11, 890 12 of 12

17. De Couck, M.; Maréchal, R.; Moorthamers, S.; Van Laethem, J.L.; Gidron, Y. Vagal nerve activity predicts overall survival in
metastatic pancreatic cancer, mediated by inflammation. Cancer Epidemiol. 2016, 40, 47–51. [CrossRef]

18. Kloter, E.; Barrueto, K.; Klein, S.D.; Scholkmann, F.; Wolf, U. Heart rate variability as a prognostic factor for cancer survival—A
systematic review. Front. Physiol. 2018, 9, 623. [CrossRef]

19. Ye, J.Z.; Chen, J.Z.; Li, Z.H.; Bai, T.; Chen, J.; Zhu, S.L.; Li, L.Q.; Wu, F.X. Efficacy of postoperative adjuvant transcatheter arterial
chemoembolization in hepatocellular carcinoma patients with microvascular invasion. World J. Gastroenterol. 2017, 23, 7415–7424.
[CrossRef]

20. Jin, Y.J.; Lee, J.W.; Lee, O.H.; Chung, H.J.; Kim, Y.S.; Lee, J.I.; Cho, S.G.; Jeon, Y.S.; Lee, K.Y.; Ahn, S.I.; et al. Transarterial
chemoembolization versus surgery/radiofrequency ablation for recurrent hepatocellular carcinoma with or without microvascular
invasion. J. Gastroenterol. Hepatol. 2014, 29, 1056–1064. [CrossRef]

21. Vogel, A.; Cervantes, A.; Chau, I.; Daniele, B.; Llovet, J.M.; Meyer, T.; Nault, J.C.; Neumann, U.; Ricke, J.; Sangro, B.; et al.
Hepatocellular carcinoma: ESMO clinical practice guidelines for diagnosis, treatment and follow-up. Ann. Oncol. Off. J. Eur. Soc.
Med. Oncol. 2018, 29, iv238–iv255. [CrossRef]

22. Shaffer, F.; Ginsberg, J.P. An overview of heart rate variability metrics and norms. Front. Public Health 2017, 5, 258. [CrossRef]
[PubMed]

23. Chiang, J.K.; Koo, M.; Kuo, T.B.; Fu, C.H. Association between cardiovascular autonomic functions and time to death in patients
with terminal hepatocellular carcinoma. J. Pain Symptom Manag. 2010, 39, 673–679. [CrossRef] [PubMed]

24. Giese-Davis, J.; Wilhelm, F.H.; Tamagawa, R.; Palesh, O.; Neri, E.; Taylor, C.B.; Kraemer, H.C.; Spiegel, D. Higher vagal activity as
related to survival in patients with advanced breast cancer: An analysis of autonomic dysregulation. Psychosom. Med. 2015, 77,
346–355. [CrossRef] [PubMed]

25. Guo, Y.; Koshy, S.; Hui, D.; Palmer, J.L.; Shin, K.; Bozkurt, M.; Yusuf, S.W. Prognostic value of heart rate variability in patients
with cancer. J. Clin. Neurophysiol. Off. Publ. Am. Electroencephalogr. Soc. 2015, 32, 516–520. [CrossRef] [PubMed]

26. Nevruz, O.; Yokusoglu, M.; Uzun, M.; Demirkol, S.; Avcu, F.; Baysan, O.; Koz, C.; Cetin, T.; Sag, C.; Ural, A.U.; et al. Cardiac
autonomic functions are altered in patients with acute leukemia, assessed by heart rate variability. Tohoku J. Exp. Med. 2007, 211,
121–126. [CrossRef] [PubMed]

27. Strous, M.; Daniels, A.M.; Zimmermann, F.M.; van Erning, F.N.; Gidron, Y.; Vogelaar, F.J. Is pre-operative heart rate variability
a prognostic indicator for overall survival and cancer recurrence in patients with primary colorectal cancer? PLoS ONE 2020,
15, e0237244. [CrossRef]

28. De Couck, M.; van Brummelen, D.; Schallier, D.; De Grève, J.; Gidron, Y. The relationship between vagal nerve activity and
clinical outcomes in prostate and non-small cell lung cancer patients. Oncol. Rep. 2013, 30, 2435–2441. [CrossRef]

29. Wang, L.; Shi, B.; Li, P.; Zhang, G.; Liu, M.; Chen, D. Short-Term heart rate variability and blood biomarkers of gastric cancer
prognosis. IEEE Access 2020, 8, 15159–15165. [CrossRef]

30. Zhang, L.; Wu, L.L.; Huan, H.B.; Chen, X.J.; Wen, X.D.; Yang, D.P.; Xia, F. Sympathetic and parasympathetic innervation in
hepatocellular carcinoma. Neoplasma 2017, 64, 840–846. [CrossRef]

31. Entschladen, F.; Drell, T.L.; Lang, K.; Joseph, J.; Zaenker, K.S. Tumour-Cell migration, invasion, and metastasis: Navigation by
neurotransmitters. Lancet Oncol. 2004, 5, 254–258. [CrossRef]

32. Parent, R.; Gidron, Y.; Lebossé, F.; Decaens, T.; Zoulim, F. The potential implication of the autonomic nervous system in
hepatocellular carcinoma. Cell. Mol. Gastroenterol. Hepatol. 2019, 8, 145–148. [CrossRef] [PubMed]

33. Maki, A.; Kono, H.; Gupta, M.; Asakawa, M.; Suzuki, T.; Matsuda, M.; Fujii, H.; Rusyn, I. Predictive power of biomarkers of
oxidative stress and inflammation in patients with hepatitis C virus-associated hepatocellular carcinoma. Ann. Surg. Oncol. 2007,
14, 1182–1190. [CrossRef]

34. Mantovani, A.; Allavena, P.; Sica, A.; Balkwill, F. Cancer-Related inflammation. Nature 2008, 454, 436–444. [CrossRef] [PubMed]
35. Tjeerdsma, G.; Meinardi, M.T.; van Der Graaf, W.T.; van Den Berg, M.P.; Mulder, N.H.; Crijns, H.J.; de Vries, E.G.; van Veldhuisen,

D.J. Early detection of anthracycline induced cardiotoxicity in asymptomatic patients with normal left ventricular systolic
function: Autonomic versus echocardiographic variables. Heart Br. Card. Soc. 1999, 81, 419–423. [CrossRef] [PubMed]

http://doi.org/10.1016/j.canep.2015.11.007
http://doi.org/10.3389/fphys.2018.00623
http://doi.org/10.3748/wjg.v23.i41.7415
http://doi.org/10.1111/jgh.12507
http://doi.org/10.1093/annonc/mdy308
http://doi.org/10.3389/fpubh.2017.00258
http://www.ncbi.nlm.nih.gov/pubmed/29034226
http://doi.org/10.1016/j.jpainsymman.2009.09.014
http://www.ncbi.nlm.nih.gov/pubmed/20413055
http://doi.org/10.1097/PSY.0000000000000167
http://www.ncbi.nlm.nih.gov/pubmed/25886831
http://doi.org/10.1097/WNP.0000000000000210
http://www.ncbi.nlm.nih.gov/pubmed/26629761
http://doi.org/10.1620/tjem.211.121
http://www.ncbi.nlm.nih.gov/pubmed/17287595
http://doi.org/10.1371/journal.pone.0237244
http://doi.org/10.3892/or.2013.2725
http://doi.org/10.1109/ACCESS.2020.2966378
http://doi.org/10.4149/neo_2017_605
http://doi.org/10.1016/S1470-2045(04)01431-7
http://doi.org/10.1016/j.jcmgh.2019.03.002
http://www.ncbi.nlm.nih.gov/pubmed/30981632
http://doi.org/10.1245/s10434-006-9049-1
http://doi.org/10.1038/nature07205
http://www.ncbi.nlm.nih.gov/pubmed/18650914
http://doi.org/10.1136/hrt.81.4.419
http://www.ncbi.nlm.nih.gov/pubmed/10092570

	Introduction 
	Materials and Methods 
	Study Design and Patient Selection 
	Follow-up of the Patients 
	Heart Rate Variability Assessment 
	Assessment of Norepinephrine Transporter 
	Statistical Analysis 

	Results 
	Assessment of Cut-off Value 
	Patients and Tumor Clinicopathological Features 
	Risk Factors for Poor Overall Survival 
	Association between HRV Indices and Survival 
	Assessment of Norepinephrine Transporter 

	Discussion 
	Conclusions 
	References

