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Objective

To evaluate the impact of sequential (first- to third-generation) epidermal growth factor receptor tyrosine kinase inhibitor (EGFR-TKI) treatment on top-corrected QT interval (top-QTc) in non-small cell lung cancer (NSCLC) patients.





Methods

We retrospectively reviewed the medical records of NSCLC patients undergoing sequential EGFR-TKI treatment at Shanghai Chest Hospital between October 2016 and August 2021. The heart rate (HR), top-QT interval, and top-QTc of their ECGs were extracted from the institutional database and analyzed. Logistic regression was performed to identify predictors for top-QTc prolongation.





Results

Overall, 228 patients were enrolled. Compared with baseline (median, 368 ms, same below), both first-generation (376 ms vs. 368 ms, p < 0.001) and sequential third-generation EGFR-TKIs (376 ms vs. 368 ms, p = 0.002) prolonged top-QT interval to a similar extent (p = 0.635). Top-QTc (438 ms vs. 423 ms, p < 0.001) and HR (81 bpm vs.79 bpm, p = 0.008) increased after first-generation EGFR-TKI treatment. Further top-QTc prolongation (453 ms vs. 438 ms, p < 0.001) and HR increase (88 bpm vs. 81 bpm, p < 0.001) occurred after treatment advanced. Notably, as HR elevated during treatment, top-QT interval paradoxically increased rather than decreased, and the top-QTc increased rather than slightly fluctuated. Moreover, such phenomena were more significant after treatment advanced. After adjusting for confounding factors, pericardial effusion and lower serum potassium levels were independent predictors of additional QTc prolongation during sequential third-generation EGFR-TKI treatment.





Conclusion

First-generation EGFR-TKI could prolong top-QTc, and sequential third-generation EGFR-TKI induced further prolongation. Top-QT interval paradoxically increased and top-QTc significantly increased as HR elevated, which was more significant after sequential EGFR-TKI treatment. Pericardial effusion and lower serum potassium levels were independent predictors of additional QTc prolongation after sequential EGFR-TKI treatment.





Keywords: non-small cell lung cancer, epidermal growth factor receptor-tyrosine kinase inhibitor, corrected QT interval, risk factor, advanced lung cancer




1 Introduction

Lung cancer is one leading cause of death, of which non-small cell lung cancer (NSCLC) accounted for approximately 85% of cases (1). Thanks to the discoveries of oncogenic driver mutations, the treatment of NSCLC has been revolutionized by molecularly targeted therapies (2), of which tyrosine kinase inhibitor (TKI) targeting epidermal growth factor receptor (EGFR) has been widely prescribed for NSCLC patients (3), especially in Asian patients whose EGFR mutation prevalence reached 35%–50% (4). Despite the superiority of the first-generation EGFR-TKIs over chemotherapy in improving patients’ survival, such as gefitinib and erlotinib (5), acquired tolerance still occurs in over half of NSCLC patients (6). Also, osimertinib, a third-generation EGFR-TKI, has shown better efficacy than first-generation EGFR-TKIs with much less tolerance (7).

Despite the excellent antitumor effect, EGFR-TKIs could increase the risk of QT interval prolongation, which facilitates ventricular arrhythmia, possibly due to the interaction with potassium channel proteins of cardiomyocytes (8). The EGFR-TKIs share similar pharmacological mechanisms, yet the third-generation EGFR-TKI exerts its function via irreversible binding to the EGFR tyrosine kinase, which is distinguished from the reversible binding capacity of the first-generation EGFR-TKI (9). It remains unclear if stronger binding to EGFR tyrosine kinase could cause more significant QT interval prolongation. Moreover, due to the acquired tolerance of first-generation EGFR-TKI, many NSCLC patients need to take third-generation EGFR-TKI instead, and the impact of such sequential medication on QT interval is also unelucidated.

Theoretically, third-generation EGFR-TKI has a less off-target effect and therefore should induce less cardiotoxicity. However, it remains unclear if different EGFR-TKIs exert a similar impact on QTc, even taking the higher selectivity of third-generation EGFR-TKI into consideration. Moreover, although sequential (first- to third-generation) EGFR-TKI treatment has been frequently used in clinical practice, its impact on QTc remains largely unclear. Furthermore, TKI-induced QT prolongation was observed in approximately 20% of patients (8), yet, to the best of our knowledge, the characteristics of these patients remain unclear. Hence, this study is conducted to investigate the impact of first-generation and sequential third-generation EGFR-TKI treatments on QT interval and the risk factors of QT/QTc prolongation in this subgroup of patients.




2 Method



2.1 Study population

The study population of this single-center retrospective observational study was selected from the institutional database. The present study was conducted in conformity with the Declaration of Helsinki (as revised in 2013). The institutional ethics committee approved the study protocol and waived written consent.

The medical records of 7,188 NSCLC patients undergoing targeted therapy between October 2016 and August 2021 were reviewed, and a consecutive cohort of 228 patients undergoing sequential first- and third-generation EGFR-TKIs was selected. To avoid confusion about sequential first- and third-generation EGFR-TKI treatments with third-generation EGFR-TKI treatment alone, which was absent in our study, any data obtained after initiation of third-generation EGFR-TKI treatment were documented as during sequential third-generation EGFR-TKI treatment.

The inclusion criteria are as follows: (1) The patients were diagnosed with stages III–IV NSCLC according to World Health Organization (WHO)’s histological classification and the UICC/AJCC TNM classification; (2) EGFR mutation was detected via molecular pathology; (3) sequential third-generation EGFR-TKI was prescribed due to acquired tolerance of first-generation EGFR-TKI, either as monotherapy or combined with chemotherapy; (4) electrocardiogram (ECG) data were available before and during medication; and (5) patients with a score of 0–2 assessed by Eastern Cooperative Oncology Group’s performance status (ECOG PS).

Exclusion criteria included: (1) age < 18; (2) baseline corrected QT interval (QTc) ≥ 450 ms; (3) cardiac arrhythmias causing unreliable QT interval measurement, including frequent ventricular/atrial contraction, persistent atrial fibrillation, bundle branch heart block, or ventricular pacing; (4) medical history of pacemaker implantation, myocardial infarction, coronary artery bypass grafting, or percutaneous coronary intervention; (5) concurrent medication affecting QT interval, such as amiodarone and sotalol; (6) rheumatic heart disease, hypertrophic/dilated cardiomyopathy; and (7) NYHA classes III–IV.




2.2 Acquisition of ECG and QTc

All ECGs of the study population were obtained at diagnosis (before antitumor treatment, baseline), at least 1 month after first- and third-generation EGFR-TKI treatments, considering the 29.3-day median interval between the initiation of EGFR-TKI treatment and QT prolongation (10). ECG files were obtained repeatedly, and the mean heart rate was calculated and documented to minimize emotional influence such as anxiety. The tracing speed of standard 12-lead ECG was set to 25 mm/s paper speed, and an amplitude of 0.1 mV/mm was used. All ECG parameters such as QT interval and heart rate (HR, recorded as beats per minute [bpm]) were obtained by using the hospital Cardiac Science ECG system and manually verified by an experienced cardiologist who was blinded to grouping.

The QT interval was defined as the time interval from QRS onset (Q) to where the isoelectric line intersected with the tangential line drawn at (1) the maximal downslope if the T-wave was positive or (2) at the maximal upslope if the T-wave was negative (Tend). The QT interval was measured in pericardial lead V5, which reflected the potential from the left ventricular free wall (11). According to Bazett’s method, QTc (QT/RR1/2) was calculated to correct for heart rate. Top-QTc refers to the maximal value of QTc among all ECGs of every patient, and top-QT interval refers to the QT interval corresponding to the top-QTc. Any discrepancy between automatic and manual measurements in one ECG was resolved by consulting another senior cardiologist.




2.3 Definition and grading criteria of QTc interphase prolongation

The prolongation of top-QTc was classified according to four grades according to The National Cancer Institute Common Terminology of Clinical Adverse Events v5.0, including grade 1 (450 ms < QTc ≤ 480 ms), grade 2 (480 ms < QTc ≤ 500 ms), grade 3 (QTc > 501 ms or > 60 ms increase from baseline), and grade 4 (patients showing signs or symptoms of serious arrhythmia and TdP) (12).




2.4 Statistical analysis

Continuous variables were expressed as mean ± standard deviation if normally distributed or median (interquartile range [IQR]) if nonnormally distributed, and independent-samples t-test or Mann–Whitney U test were used for comparison, respectively. Categorical data were expressed as numbers and percentages, and the Chi-square test was performed for comparison. Paired t-tests or Wilcoxon signed-rank tests were used to compare the difference between baseline and postintervention values. Univariate logistic regression was performed to identify risk factors of NOAF, of which those with p-values < 0.005 were included in multivariate analysis to identify independent risk factors for NOAF. All statistical analyses were conducted by using SPSS 26.0. A two-sided p-value < 0.05 was considered statistically significant.





3 Results



3.1 Baseline characteristics

Among the 7,188 NSCLC patients undergoing EGFR-TKI treatment, 228 patients diagnosed with advanced NSCLC were included in the study. The detailed selection process is illustrated in Figure 1. Overall, the study population included 107 male patients and 121 female patients, with a median age of 60 years old. Of all 228 patients, 214 (93.9%) were diagnosed with stage IV NSCLC, and 194 (85.1%) had peripheral lung cancer. Pericardial effusion was observed in 55 patients. Before taking first-generation EGFR-TKI, exon 19 and 21 mutations were present in 98.2% of patients (n = 224). EGFR-TKI monotherapy was administered to 70 patients (70/228, 30.7%), and the other 158 patients (158/228, 69.3%) underwent EGFR-TKI combined with chemotherapy, with the regimen including platinum-paclitaxel in 77 patients (77/228, 33.8%) and platinum-pemetrexed in 81 patients (81/228, 35.5%). The baseline characteristics were summarized in Table 1.




Figure 1 | Flow diagram of the patient selection process. NSCLC, non-small cell lung cancer; EGFR-TKI, epidermal growth factor receptor tyrosine kinase inhibitor; ECOG PS, Eastern Cooperative Oncology Group’s performance status; PCI, percutaneous coronary intervention; AADs, antiarrhythmic drugs; ECG, electrocardiogram; QTc, corrected QT interval; PVC, premature ventricular contraction.




Table 1 | Clinical characteristics of the patients studied.



At baseline, the median QT interval and QTc of the study population were 368 ms and 423 ms, respectively. QTc prolongation occurred in 75 (32.9%) patients after first-generation EGFR-TKI treatment and in 128 (56.1%) patients after sequential third-generation EGFR-TKI treatment. After first-generation EGFR-TKI treatment, QTc prolongation occurrence was more prevalent in female patients (39.7%, 48/121) than male patients (25.2%, 27/107; 39.7% vs. 25.2%, p = 0.021); while after sequential third-generation EGFR-TKI treatment, such difference in QTc prolongation became insignificant (female patients, 61.2%, 74/121; male patients, 50.5%, 54/107; 61.2% vs. 50.5%, p = 0.105).




3.2 Changes of top-QT interval, top-QTc, and HR during EGFR-TKI treatment

Compared with baseline, both first-generation EGFR-TKI and sequential third-generation EGFR-TKI induced a significant increase in top-QTc (median, 438 ms vs. 423 ms, p < 0.001; 453 ms vs. 423 ms, p < 0.001, first-generation and sequential third-generation EGFR-TKI, respectively, the same below), top-QT interval (median, 376 ms vs. 368 ms, p < 0.001; 376 ms vs. 368 ms, p = 0.002). HR also increased during first-generation and sequential third-generation EGFR-TKI treatments (median, 81b pm vs. 79 bpm, p = 0.008; 88 bpm vs. 79 bpm, p < 0.001). After sequential third-generation EGFR-TKI, increased top-QTc (median, 453 ms vs. 438 ms, p < 0.001) and HR (median, 88 bpm vs. 81b pm, p < 0.001) were observed compared with after first-generation EGFR-TKI, while no significant difference was observed in top-QT interval (median, 376 ms vs. 376 ms, p = 0.635).

The changes in top-QT interval, top-QTc, and HR during the treatment course are illustrated in Figure 2. In the general population, QT interval usually decreases as HR rises, while QTc only exhibits minor fluctuation. It is noteworthy that in the present study, as heart rate elevated during EGFR-TKI treatment, top-QT interval paradoxically increased rather than decreased and top-QTc increased significantly rather than slightly fluctuated, which was more significant after sequential third-generation EGFR-TKI treatment.




Figure 2 | Changes in QT, heart rate, and QTc during sequential EGFR-TKI treatment. The solid line in the middle indicates heart rate; the dashed line, QT interval; the dotted-dashed line, QTc interval. The faded dashed line indicates QT interval at the corresponding heart rate in the general population (QTR), and the faded dotted-dashed line indicates QTc at the corresponding heart rate in the general population (QTCR).






3.3 Variation of top-QTc prolongation grades induced by different EGFR-TKI treatment

Top-QTc prolongation was classified into four grades (0, 1, 2, and 3) based on the prolongation extent. After taking first-generation EGFR-TKI, 153 patients were classified as grade 0 (67.1%), 67 patients as grade 1 (29.4%), and only eight (3.5%) patients as grades 2 and 3. Overall, after sequential third-generation EGFR-TKI treatment, top-QTc prolongation became more prevalent (grades 1–3, n = 128). Among the grade 0 patients during first-generation EGFR-TKI treatment (n = 153), significant top-QTc prolongation occurred in almost half of the patients (n = 71), including grade 1 in 55 patients, grade 2 in four patients, and grade 3 in 12 patients. In the other 75 patients with prolonged top-QTc (grades 1–3) during first-generation EGFR-TKI treatment, the variation of top-QTc prolongation grades seemed diverse without a significant trend. The variation of top-QTc prolongation is illustrated in Figure 3.




Figure 3 | Sankey diagram showing the variation of QTc prolongation after sequential third-generation EGFR-TKI treatment.



After sequential third-generation EGFR-TKI treatment, the serum potassium level was below the normal range (3.5–5.5 mmol) in only 12 patients, of which QTc prolongation was absent in four patients and observed in the other eight patients including grade I in six patients, grade II in one patient, and grade III in one patient. Moreover, among the 18 patients with grade III QTc prolongation after sequential third-generation EGFR-TKI treatment, the serum potassium level was within the normal range in 17 patients (range, 3.5–4.8 mmol/L). Notably, the other patient had a slightly lower potassium level (3.4 mmol/L) but the most extended QTc (608 ms).




3.4 Risk factors for top-QTc prolongation

After first-generation EGFR-TKI treatment, the top-QTc prolongation group had more female patients (n = 48) than the control group (n = 27) (39.7% vs. 25.2%, p = 0.021). Female patients had a tendency of top-QT prolongation (n = 74) but did not yield a statistical difference after sequential third-generation EGFR-TKI treatment in the control group (n = 54) (61.2% vs. 50.5%, p = 0.105). However, as shown in Figure 4, after sequential third-generation EGFR-TKI treatment, the univariate analysis yielded that pericardial effusion (p = 0.028), paclitaxel history (p = 0.029), and lower serum potassium level (p = 0.032) were risk factors for additional top-QTc prolongation after sequential third-generation EGFR-TKI treatment. After adjusting confounding factors that could influence QTc, including sex, combined medication of paclitaxel and 5-hydroxytryptamine subtype 3 (5-HT3) receptors antagonist and calcium level, multivariate analysis still yielded pericardial effusion (p = 0.044) and lower serum potassium level (p = 0.017) as independent risk factors for additional top-QTc prolongation.




Figure 4 | Forest plot showing univariate and multivariate risk factors of top-QTc prolongation after sequential third-generation EGFR-TKI treatment. PE, pericardial effusion; 5-HT3 RA, 5-hydroxytryptamine subtype 3 receptor antagonist.







4 Discussion

The present study focused on EGFR-mutant NSCLC patients who underwent sequential first- to third-generation EGFR-TKI treatment and evaluated the impact of sequential EGFR-TKI treatment on top-QTc. The following is a summary of the main findings: (1) Both first-generation and sequential third-generation EGFR-TKI treatments induced top-QTc prolongation, and sequential third-generation EGFR-TKI induced additional top-QTc prolongation. (2) During the whole EGFR-TKI treatment course, as heart rate elevated, top-QT interval paradoxically increased rather than decreased and top-QTc increased rather than slightly fluctuated, which was more significant after sequential third-generation EGFR-TKI treatment. (3) After adjusting for confounding factors, pericardial effusion and low serum potassium levels were independent risk factors for top-QTc prolongation in patients taking third-generation EGFR-TKI.

As a transmembrane receptor, EGFR is activated via autophosphorylation by tyrosine kinase after being activated by an extra-cellular signal, which subsequently results in the activation of a series of downstream intracellular pathways that promote tumor proliferation and metastasis (13). Small-molecule first-generation EGFR-TKI, such as erlotinib and gefitinib, could reversibly inhibit the autophosphorylation of EGFR and the downstream signaling via binding the catalytic domain (9). Third-generation EGFR-TKI, such as osimertinib, irreversibly inhibit EGFR and therefore is effective for TKI-resistant NSCLC (9).

Previous studies have reported a higher risk of QT prolongation of third- than first-generation EGFR-TKI by comparing patients taking different TKIs (14), which is consistent with our study. Moreover, our study found that in NSCLC patients with normal baseline QTc who underwent first- and third-generation EGFR-TKI sequentially, third-generation EGFR-TKI induced more significant top-QTc prolongation. The major mechanisms included a block of Ether-à-go-go-related gene (hERG) channel, downregulation of phosphoinositide 3-kinase (PI3K), and partial block of KCNQ1/KCNE1 (15–18), which could cause decreased currents of IKr, IKs, and ICaL and could subsequently prolong activation potential duration and QT interval. Moreover, osimertinib and its active metabolite (AZ5104) can also inhibit human epidermal growth factor receptor-2 in vitro (14), which in turn causes downregulation of PI3K and affects membranous sodium channel function (19), therefore inducing further QT interval prolongation.

The association between heart rate and the duration of QT-interval is well recognized that in the general population, QT interval decreases as HR increases (20), and therefore QTc was introduced to evaluate ventricular repolarization regardless of HR. Previous in vitro studies have attributed such characteristics to the IKs channel due to its open-state accumulation at a faster heart rate (21, 22). Our study found a longer QT interval even under higher HR after EGFR-TKI treatment, suggesting that TKIs (1) impaired the response of ventricular repolarization to HR variation and (2) caused further prolongation in ventricular repolarization manifested as QT prolongation. The detailed mechanism remains unclear, yet considering the critical role of IKs in regulating action potential duration, it seems possible that third-generation EGFR-TKI may affect the IKs channel to a greater extent.

Pericardial effusion can be frequently observed among advanced NSCLC patients, indicative of a poor outcome (23, 24). Previous studies have observed reduced QRS wave amplitude and T-wave alternan induced by pericardial effusion (25). In our study, we found that pericardial effusion is associated with top-QTc prolongation, with possible mechanisms as follows: (1) In advanced NSCLC patients, pericardial effusion may contain tumor-secreted inflammatory cytokines that could induce inflammation and fibrosis, leading to prolongation of QT interval, such as interleukin (IL)-1, IL-6, IL-8, IL-10, TNF-α, and TGF-β (26, 27). (2) EGFR-TKI could induce pericardial effusion due to cardiac toxicity, such as osimertinib and its metabolite AZ5104, which could induce myocardial injury via inhibiting HER2 (14). These two factors may affect ventricular repolarization and subsequently cause QTc prolongation.

Lower serum potassium is the other independent risk factor for additional top-QTc prolongation after EGFR-TKI alteration. Transmembrane outward potassium current is inhibited at low serum potassium levels, leading to prolonged ventricular repolarization, which is associated with an increased risk of early afterdepolarizations (28). Moreover, hypokalemia could also result in the downregulation of the hERG channel and cause QT prolongation (29), suggesting an increased risk of ventricular arrhythmias. Generally, EGFR-TKI could increase the risk of QTc prolongation, which tends to be aggravated when concomitant low serum potassium level is present (30). In our study, no life-threatening ventricular arrhythmias were observed, and EGFR-TKI-induced QTc prolongation seemed benign. However, during EGFR-TKI treatment, physicians should pay attention to patients’ ECG and electrolyte levels, especially the potassium level.




5 Limitation

The present study is a retrospective observational study with a limited sample size, the result of which warrants further verification. Furthermore, this study focused on the impact of sequential first- to third-generation EGFR-TKI treatment on top-QTc in NSCLC patients; further comparison between this subgroup of patients and those who take third-generation EGFR-TKI as initial treatment should be performed. Moreover, NSCLC patients are usually under multiple medications that might affect QTc, such as Paclitaxel, quinolone, and 5-HT3 receptor antagonists. Despite the fact that no significant influence of these medications was observed on QTc in this subgroup of patients, further studies are warranted for verification.




6 Conclusion

First-generation EGFR-TKI could prolong top-QTc, and sequential third-generation EGFR-TKI induced further QTc prolongation. As HR elevated, top-QT interval paradoxically increased rather than decreased, and the top-QTc increased rather than slightly fluctuated, which was more significant after sequential third-generation EGFR-TKI treatment. During EGFR-TKI treatment, oncologists should pay close attention to patients’ top-QTc interval variation, especially when combined with pericardial effusion and lower serum potassium level, which were independent risk factors for additional QTc prolongation after sequential EGFR-TKI treatment.
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Non-Ex.19 del 93 (40.8) 35 (467) 58 (37.9) 59 (46.1) 34 (34.0)

L858R 89 (39.0) 33 (44.0) 56 (36.6) 58 (45.3) 31 (31.0)

Other 1(18) 227) 2(13) 1(08) 3(3.0)
Cancer stage 0.951 0.938

Stage 111 14 (6.1) 4(53) 10 (6.5) | 8(63) 6(6.0)

Stage IV 214 (93.9) 71 (947) 143 (93.5) 120 (93.8) 94 (94.0)
Brain metastases 14 (6.1) 4(53) 10 (6.5) 0.951 8(63) 6(6.0) 0.938
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