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Objective

Identifying new modifiable prognostic markers is important for ovarian cancer (OC). Low parasympathic activity is associated with inflammation, oxidative stress and sympathetic nervous system activation. Previous studies reported that low vagal nerve activity, measured by low heart rate variability (HRV), may predict poor cancer prognosis. We aimed to examine the prognostic value of HRV in OC.



Methods

This bicentric retrospective study included patients diagnosed with serous OC FIGO stage ≥IIB, between January 2015 and August 2019, with electrocardiograms (ECG) available around diagnosis. HRV was measured from ECG using the time domain parameter of standard deviation of all normal-to-normal heartbeat intervals (SDNN). Optimal SDNN cut-off was determined using the Youden index criteria of time-dependent ROC curves. We used multivariate cox proportional hazard models to investigate the association between HRV and overall survival (OS), while adjusting for well-known OC prognostic factors.



Results

The 202 patients included were 65.7 years-old on average, 93% had stage FIGO IIIC/IV, 56% had complete surgical resection. Median OS was 38.6 months [95%CI:34.4-47.4]. The median SDNN was 11.1ms, with an optimal cut-off of 10ms to predict OS. OS was shorter for patients with low HRV compared to high HRV (26.4 vs 45.1 months; p<0.001). In multivariate analysis, HRV remained an independent prognostic factor with a two-fold higher risk of death among patients with low SDNN compared to those with high SDNN (HR=2.03, 95%CI=1.35-3.06, p<0.001).



Conclusion

Low HRV, was associated with worse OS in OC patients, supporting previous studies on the prognostic role of HRV in cancer. If replicated in prospective studies, vagal nerve activity may be a new therapeutic target in OC.
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Introduction

The management of ovarian cancer (OC) has evolved with improvements in the techniques and indications of surgery and with the recent development of new treatments, such as PARP or VEGF inhibitors (1). However, the 5 years survival remains poor at approximately 44% (1). Although stage, residual disease after surgery, breast cancer gene (BRCA) 1 and 2 mutations, and levels of the serum marker cancer antigen 125 (CA125) are known prognostic factors for OC survival, there is a need to identify new prognostic factors to better target patients requiring more aggressive treatment or increased monitoring (1, 2). The ultimate objective is to identify new independent prognostic factors that could be modified by specific actions.

Inflammation and immune responses play a determining role in the different stages of tumor development (initiation, promotion, angiogenesis, invasion, and metastasis) (3, 4). In OC, the pro-inflammatory tumor microenvironment contributes to metastasis and chemoresistance (3). In addition, the nervous system has recently emerged as a crucial facilitator of cancer growth in many types of cancers (5). The autonomic nervous system, particularly the parasympathetic branch, has been shown to be one of the systems which control inflammatory processes (6, 7). Activation of the sympathetic nervous system (SNS) plays a role in the initiation and progression of cancer through the activation of stress hormones such as catecholamines (8, 9). More than two-thirds of all patients with cancer present autonomic dysfunction (10). In contrast, the parasympathetic nervous system (PNS), which mainly involves the vagus nerve, reduces oxidative stress, inhibits inflammation, and inhibits sympathetic overactivity. The vagus inhibits inflammation through a reflex neuro-hormonal circuit by activating the hypothalamic-pituitary-adrenal axis, leading to cortisol secretion, and by activating sympathetic innervation of the spleen, leading to certain T-cells suppressing macrophages from synthesizing inflammatory cytokines (11, 12). Hence, high parasympathetic activity may result in antitumor activity (7, 11, 13).

Vagal nerve activity can be indexed in a non-invasive manner by measuring the heart rate variability (HRV) in electrocardiograms (ECG). HRV refers to fluctuations in the intervals between successive normal R-R intervals (the time between each QRS complex of an ECG) (14, 15). Given that parasympathetic nerve traffic regulates the heart-rate faster than sympathetic outflow, heart beat-to-beat changes are considered mostly a reflection of vagal activity (14, 16, 17). There is a strong correlation between lower HRV activity and morbidity/mortality in a certain number of diseases associated with excessive inflammation, including cancer (11). Some studies showed an association between a high HRV value and better survival rate in several cancers (e.g. breast, pancreas, prostate) (18–24). However, these studies were heterogeneous, and several had small sample sizes. Finally, none of the published studies focused on OC.

Higher HRV at baseline may also predict decreases in biological markers (e.g., tumor and inflammatory markers). For example, in colorectal cancer, high HRV has been associated with lower carcinoembryonic antigen (CEA) level other time (25). In pancreatic cancer, it was found that the association between initial HRV and survival was statistically mediated by inflammatory biomarkers namely C-reactive protein (23). Among the inflammatory prognostic factors, the neutrophil-to-lymphocyte ratio (NLR) is strongly associated with overall survival (OS) in OC (26, 27). However, the potential link between the NLR and vagal nerve activity, which modulates inflammation, remains unknown.

The primary objective of this study was to examine whether vagus nerve activity, indexed through the measurement of HRV, is an independent prognostic factor for OS during the initial management of ovarian cancer. The second objective was to explore the association of HRV with progression-free survival and other strong biological prognostic factors, such as CA125 and NLR.



Materials and methods


Study design and population

We conducted a retrospective (pseudo-prospective), bicentric observational study.



Patient cohort

We exhaustively included all patients newly diagnosed and treated at the Comprehensive Cancer Center François Baclesse (Caen, France) or Oscar Lambret (Lille, France) between January 1, 2015, and August 31, 2019, for epithelial OC FIGO stage IIB-IV, for whom an ECG was available. We excluded patients who had cardiac comorbidities, rendering the intervals between each QRS complex uninterpretable (e.g., active atrial fibrillation), and patients who opposed the collection and processing of their data.



Vagal nerve activity and heart rate variability

We collected the 10 second ECG used in clinical routine, closest to the time of diagnosis within 12 months of the diagnosis. All the ECGs were analyzed and interpreted by a confirmed cardiologist, and he also carried out the measurements of the R-R intervals. The ECG was deemed uninterpretable if the rhythm was not sinus or if the quality of the ECG was not sufficient for reliable analysis. Vagal nerve activity was measured by deriving time-domain parameters of HRV, according to a method previously described in other studies (15, 28). The time-domain parameters used in our study included the standard deviation of all normal RR intervals (SDNN) in milliseconds (ms) and the square root of the mean of the squared differences between adjacent normal RR intervals (RMSSD) in ms.



Background

General patient characteristics (age, weight, performance status, tobacco use), disease-related information (histology, FIGO stage, BRCA status), and treatment details were collected from the patients’ medical records. A history of cardiovascular disease (ischemic/rhythmic heart disease, hypertension, stroke, autoimmune disease) and use of other treatments that could alter HRV (antiarrhythmics, beta-blockers, anti-inflammatory, or corticosteroid medications) were also noted.



Outcomes

Overall survival (OS) was determined from the time of diagnosis to the last follow-up or death. Progression-free survival (PFS) was determined from the time of diagnosis to disease progression or the last evaluation.

CA125 data were collected near the end of chemotherapy (CT) (or approximately 6 months after diagnosis for those not treated by CT), with values less than or equal to 35 UI/ml considered as normal (2). We examined the evolution of CA 125 over time by taking the measurements of the initial CA125, at 3, 6, 9, and 12 months, and progression, removing the post-progression measurements if it had occurred before 12 months. The neutrophil-to-lymphocyte ratio (NLR) was calculated from neutrophil and lymphocyte counts in blood tests available at the time of the ECG, with NLR higher than 4 considered as high NLR (26, 27).



Statistical analysis

Patients clinical characteristics were described by means, standard deviation, and range for quantitative variables and by frequency and proportions for categorical factors and compared between study centers using Student t-tests and chi-squared tests.

In the primary analysis, we investigated the association between SDNN and OS. We identified the optimal SDNN cut-off for OS using the Youden index criteria of the time-dependent ROC curve and computed survival curves stratified by SDNN categories (low vs. high) using the Kaplan-Meier method. Multivariate associations of SDNN with OS were then tested using Cox proportional hazards regression models, adjusted for study center, age, cancer stage, ECOG performance status, NLR, CA125, and the result of surgery (R0 if complete, R1 if subtotal, or no surgery). SDNN was primarily considered a categorical variable (low vs. high HRV) and was also studied as a continuous measure using log-transformation.

In secondary analyses, we studied the association between SDNN and PFS using similar univariate and multivariate Cox regression models. We also assessed the association between SDNN and both CA125 levels at the end of first-line treatment and NLR at the time of ECG using chi-squared tests.

In the sensitivity analyses, we repeated the analyses using the RMSSD as a measure of HRV.



Statement of ethics

This study respects French regulations for medical research. The registration number in the Health Data Hub was N° F20201023132151. Informed consent was obtained from all participants.




Results


Patient characteristic and treatment

In this study, 619 medical records of OC patients from two comprehensive cancer centers were identified (see Figure 1 for flowchart). Among the 319 records of patients who met the inclusion criteria, the ECG was not available or analyzable for 117 patients. In total, 202 records were included in the final analysis.




Figure 1 | Flow chart. CFB, Francois Baclesse Center; Caen, COL; Oscar Lambret Center, Lille; ECG, Electrocardiograms.





Patient description and treatment

The patient population is shown in Table 1. The median follow-up time was 31 months (range, 0.7 to 74.2). The mean age of the population was 65.7 (range: 20.0-87.0) years, and 173 (86%) had an ECOG score of 0/1. The majority of patients had high-grade serous OC (86%), with an advanced stage (93% with FIGO stage IIIC/IV). In addition, 17 patients (8%) had a cardiac history that included mostly resolved atrial fibrillation. Thirty-three patients (16%) were treated with beta-blockers at the time of ECG, in most cases, to manage high blood pressure. The recruitment was different between the two centers, with the inclusion of older and less performing patients in Caen.


Table 1 | Patient and tumor characteristics of the global population and in each cancer center.



Almost all patients (96%) received chemotherapy with carboplatin and paclitaxel as the first-line treatment, and 114 (57%) received maintenance bevacizumab. One hundred and forty patients (69%) underwent surgery either first or after neoadjuvant chemotherapy. In total, 114 patients (56%) benefited from R0 resection (complete surgery). The median number of chemotherapy treatment lines after the initial surgery was 2.5 (0–8), with 93 patients (46%) receiving ≥3 lines.

The NLR was available for 95% of patients, with a median of 3.5 (IQR:2.1,5.7; range: 0.05,88.7). Seventy-six patients (40%) had high NLR (>4). The median CA 125 (measured the closest to the end of first line treatment) was 34.4 UI/ml (IQR:11.9,128.0; range: 2,9760).

The median time between the date of ECG and diagnosis was 2 days prior to diagnosis (IQR: -10, 107; range: -196, 368), and 136 (97%) were performed before surgery.



HRV analysis

The median SDNN was 11.1 ms (min=1.93; max=74.5 ms) and RMSSD was 11.5 ms (min=1.70; max=84.8 ms). Using the Youden index, we found an optimal SDNN cut-off for OS at 10 ms, differentiating high from low HRV, and we applied the same cut-off for RMSDD due to similar results. Eighty patients (40%) were categorized as having low SDNN, and 122 (60%) as having high SDNN. There were no statistically significant differences in age, ECOG status, stage, diabetes history, beta-blocker treatment, number of surgeries, or R0 resection between the two HRV groups (Table 2). A total of 123 ECG were collected before chemotherapy (63%), without statistical differences between the two groups (p=0.6).


Table 2 | Patient and tumor characteristics between low and high HRV.





Relationship between HRV and OS/PFS


Univariate analysis of OS

During the study 110 (54%) died at the time of the analysis, the median OS was 38.6 months (95% CI, 34.4 to 47.4). In univariate analysis we found a statically worse overall survival for patients with low HRV (SDNN <10) compared to high HRV, with median OS of 26.4 vs. 45.1 months, respectively (p<0.001) (Figure 2A). Other factors significantly associated with OS in univariate analysis were cancer center, ECOG status, history of diabetes, FIGO stage, R1 surgery (incomplete or no surgery), high NLR and abnormal CA 125 level at the end of first-line treatment (Table 3).




Figure 2 | Overall Survival (A) and progression free survival (B) according to heart rate variability activity (lower versus high).




Table 3 | Univariable and multivariable Cox analysis of overall survival.





Multivariate analysis of OS

In multivariate analyses, SDNN remained significantly predictive of OS, with a two-fold higher risk of death among patients with low SDNN compared to those with high SDNN (HR = 2.03, 95%CI = [1.35 - 3.06], p<0.001) (Table 3). Other factors significantly associated with OS in the multivariate model included ECOG performance status, R1 surgery, cancer center, high NLR and CA125 levels.

The results were similar when SDNN was analyzed as a continuous parameter, with a higher risk of death observed at lower SDNN values (HR [95%CI] per 1 SD decrease in log-SDNN = 1.46 [1.17 - 1.82], p<0.001 in the multivariate model). It should be noted that if we interpreted age as a continuous variable, it remained non-significant in the multivariate analysis.



RMSSD analysis for OS

We confirmed our results using the RMSSD parameter, and 89 patients were considered to have low HRV according to RMSSD. We also found a statistically worse OS for patients with low HRV compared to those with high HRV in the univariate analysis with RMSSD (HR = 2.12, 95%CI= [1.44 - 3.10] (p <0.001) and multivariate analysis (HR = 2.05, 95%CI= [1.37 - 3.06] (p <0.001). Likewise, the results did not change when RMSSD was entered as a continuous parameter in the multivariate model (HR [95%CI] per 1SD decrease in log-RMSSD = 1.44 [95%CI:1.16 - 1.79], p<0.001).



HRV and PFS

One hundred and one (75%) patients had disease progression with a median PFS of 18.1 months (95% confidence interval [CI], 15.7 to 20.6). We did not find any association between SDNN and PFS in the univariate analysis with median PFS of 14.7 and 20 months for low SDNN and high SDNN, respectively; HR= 1.31, 95%CI:0.95 - 1.82], p=0.104) (Figure 2B). In the multivariate analysis, we did not find any association between HRV and PFS; only R1 resection and CA 125 level above 35UI/ml at the end of the first-line treatment were still significantly associated with PFS. (Table 4). The results using RMSSD were similar to those using SDNN in terms of PFS.


Table 4 | Univariable and multivariable Cox analysis of progression free survival.






Relationship between HRV and CA125/NLR

Among the 80 individuals with low HRV, 52% had abnormal CA125 at the end of the first-line treatment and 47% had abnormal NLR compared to 46% and 35% of individuals with high HRV (p=0.44 and p=0.145, respectively) (Table 2). In multivariate model adjusted for age, FIGO stage, ECOG, diabetes and quality of surgery, low HRV (SDNN<10) was associated with higher risk of death (HR=2.15; 95%CI=[1.44-3.20]). The magnitude of association remained similar when further controlling the model for NLR and CA125 levels at the end of the first-line treatment (HR=2.03 [1.35-3.06]), suggesting little mediation by either prognostic factor.

There was no time by HRV interaction with respect to the trajectory of the CA125 levels over time (SDNN, p=0.49; RMSSD, p=0.094) suggesting that the trajectory of CA125 was unrelated to initial HRV.




Discussion

This study examined the prognostic role of vagal nerve activity in OC. We found that vagal nerve activity indexed by HRV was a strong and independent prognostic factor of overall survival in patients with advanced OC. Patients with low vagal activity had a two-fold higher risk of death than those with high vagal activity, independent of other known prognostic factors.

Our study is one of the largest in this field, focusing on OC. Our results confirm the previous results of studies on other cancer types (colon, lung, breast, etc.) and HRV measures that showed that lower HRV was linked to poorer survival (19, 29). There is no defined cut-off for low vagal activity owing to the high heterogeneity among studies of different tumor types, stages, ECG recordings, and derived HRV parameters (19). In the literature, there is no standard cut-off, which is why we used an ROC curve to determine the optimal cut-off which was 10ms. The cut-off of 20 ms has been mostly used in previous studies on cancer but not for all, and it is often the median that is used (16, 18, 22–25, 30). Some studies used frequency-domain HRV parameters and not time-domain HRV parameters, making comparisons between studies difficult (21). De Cook et al. (16) retrospectively analyzed the norms of vagal nerve activity using SDNN/RMSSD in cancer, which was the only other study to include OC. Among the 58 OC patients, the mean SDNN was 18.95 and the mean RMSSD was 18.17, lower than the mean of other tumor types and lower than the pooled mean across all cancer types (SDNN=21.65 ms, RMSSD=23.19 ms). The median HRV remained higher than that in our study, which may be explained by including patients with earlier cancer stages and younger patients than in the present study, thus a healthier population. It has been shown that HRV decreases with high age and worse stage. Moreover, healthy populations have a higher HRV than patients with cancer (15, 16).

RMSSD has been less explored in cancer patients in the literature, but it is more suitable for the measurement of cardiac vagal nerve activity with less influence from breathing rate (14, 15, 31, 32). Our two parameters of vagal nerve activity, namely SDNN and RMSSD, were strongly associated with each other and with survival, in the same direction and magnitude - the lower the HRV level, the worse was the survival.

In our study, abnormal CA 125 levels at the end of first-line treatment were correlated with OS, independent of HRV level. We did not confirm the results observed in colon cancer patients with low HRV (SDNN ≤20 ms), who had significantly higher CEA levels at 12 months than those with higher HRV, independent of other clinical variables (25). The patients in our study with a high NLR had worse OS in ovarian cancer, as previously reported in the literature (26, 27).

The vagus inhibits inflammation and sympathetic activity (33) which could explain why a high vagal activity predicts better survival. In a study of pancreatic cancer patients, levels of the inflammatory marker C-reactive protein (CRP) mediated the association between HRV and OS (23). We had no sufficient CRP measures available to replicate this finding in patients with OC, but such a mechanism deserves further investigation. Other specific inflammatory markers such as Interleukine-6 or tumor necrosis factor-alpha, may mediate HRV-OS relationships. High NLR, which is another inflammatory biomarker, was significantly associated in multivariate analysis with a worse survival, as observed in literature (34). An inflammatory environment is indeed involved in the progression and survival of OC. However, we found that HRV had a stronger and independent association with OS than NLR in multivariate analysis, which was not in support of a mediation mechanism. This suggests that HRV is a more complex marker than just another correlates of inflammation, because it reflects vagal activity which modulates multiple body systems including immune, cardiovascular and hormonal. These two biomarkers are very relevant because we used complementary parameters already used in clinical practice in the management of OC to compute them (e.g., ECG and blood counts).

The hypothesis of shorter survival when HRV is low is based on a lower parasympathetic/sympathetic balance, which increases tumor aggressiveness. SNS activation leads to the release of catecholamine neuro-effectors (adrenaline and noradrenaline), which modulate gene expression in favor of inflammation (transcription of pro-inflammatory cytokines, inhibition of cellular anti-tumor immune responses, and less programmed cell death in cancer cells), more angiogenesis, epithelial–mesenchymal transition, and tumor invasion (6). The role of the PNS in cancer progression has been less studied, but it may reduce tumor progression by directly counteracting SNS activity. Furthermore, acetylcholine, a major neurotransmitter in the PNS, has anti-inflammatory effects, and the administration of acetylcholinesterase inhibitors attenuates the severity of diseases involving inflammation, decreases the levels of pro-inflammatory cytokines, modulates immune responses and tumor-infiltrating lymphocytes (11, 12, 19, 35).

The time to first recurrence is dictated primarily by treatment effectiveness (1). R1 surgery and high CA 125 near the end of chemotherapy were significantly associated with PFS, as is expected, but not HRV. Vagal activity may not significantly influence the initial therapeutic response, but future studies should investigate this issue further.

Our study has several limitations. ECGs were collected in a retrospective setting, without control over the precise manner of measurement, not systematically practiced, hence we had to exclude a certain number of patients without ECG or with poor ECG quality. ECG collected have been mainly performed just before the diagnosis surgery of ovarian cancer as part of anesthesia consultation, with a median at minus two days, and 97% were performed before the oncological surgery among operated patients. Less frequently ECG were collected at an earlier date, which may indicate another medical condition than OC, notably cardiac disease. However, they were no any significant differences between HRV level groups whether patients had their ECG collected before or after chemotherapy. Moreover ECOG, history of heart disease, history of diabetes mellitus and beta blocker prescription did not differ between the two groups of low and high HRV, hence it is unlikely than major medical conditions biased our results or caused HRV abnormalities other than OC. We used the method validated by Hamilton et al. to measure HRV derived from a short 10 second ECG (28) because it is the duration in normal clinical practice. However, the longer the ECG the more R-R intervals there are and, this may increase the accuracy of the HRV measurement. The gold standard for measuring HRV is often the 5 minutes ECG (14), but several studies focused on ultrashort ECG. Furthermore, a strong correlation between the 5min HRV measurement and the 10second HRV measurement was found, with better accuracy for RMSDD, and do recommended the use of ultrashort ECG (28, 36, 37). In our study, RMSDD and SDNN strongly correlated with each other and similarly predicted prognosis, reinforcing the internal consistency of our measurement. Furthermore, it is important to remember that HRV is not akin to vagus nerve activity and should be interpreted with caution, but it remains a good surrogate marker easy to obtain with the advantage to be more relevant in clinical practice (13, 29). Finally, there was some discrepancy between our two cancer centers, with one center having relatively fitter patients and performing more surgeries with an impact on the mortality rate. One of the centers may have had more referral practices. However, these differences are unlikely to have biased our results, because all analyses were adjusted for the study center as well.

Recent clinical trials have attempted to target PNS and vagal nerve activity as new methods for cancer treatment (5). Beta-adrenergic blockers can block stress-related immunosuppressive pathways of β-adrenergic receptors and could improve tumor responses to immune checkpoint inhibitors. This approach was tested in a phase 1 study of melanoma and showed promising activity without toxicity (38). To counterbalance the activity of the SNS, trials of beta-adrenergic blockade in breast cancer have shown that it can prove to be an effective adjunct to standard treatment with few adverse effects (39). In a small retrospective study of OC patients, beta-blocker use was associated with better PFS and OS, with a 54% reduced chance of death compared with non-users of beta-blockers (40). In a review of supportive therapy modalities in cancer patients, exercise, music therapy, and relaxation techniques (yoga, Tai-Chi Qigong, and breathing techniques) were shown to have the potential to enhance vagal nerve function. These techniques can increase parasympathetic autonomic activity by improving HRV. These were small heterogeneous studies that were not always randomized; however, their results deserve further exploration. In this context, HRV analysis appears to be an easily applicable and a safe method for evaluating cancer-related autonomic dysfunction (10). Larkey et al., in a mind-body and psychosocial intervention study, found that changes in HRV parameters were associated with improved ANS balance. HRV can serve as a marker of underlying changes in stress responses among cancer survivors (41). Finally, a small non-randomized but matched-controlled pilot study compared three months of vagal breathing via HRV biofeedback and chemotherapy, to controls who received only chemotherapy and matched for tumor type and stage, chemotherapy line, and baseline CEA levels. Over the three months, patients receiving the combined treatment showed far greater reductions in CEA levels than the controls (42).

Knowing the HRV status of patients may have direct application in this promising approach to cancer neuroscience and neuromodulation therapeutics, whether pharmacologically or not.



Conclusions

Heart rate variability of advanced ovarian cancer is strongly and independently associated with OS. Patients with low vagal activity had a lower chance of survival. If our results are confirmed in a large longitudinal study, therapies aimed at stimulating/reactivating the functioning of the parasympathetic vagal nervous system may be explored. Heart rate variability could be used to monitor such therapies and to estimate prognosis in OC.
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