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Abstract
BACKGROUND
Fractional flow reserve (FFR) measurement is commonly used in the cardiac catheterization laboratory to assess the functional significance of coronary arterial plaques. Robust real-world data on complications and modes of failure of FFR guidewires are limited. 

AIM
To characterize these outcomes by analyzing the post-marketing surveillance data from the United States Food and Drug Administration Manufacturer and User Facility Device Experience (MAUDE) database for commonly used FFR guidewires.

METHODS
The MAUDE database was queried from January 2010 through April 2020 for 3 FFR guidewires [PressureWireTM X (Abbott), CometTM (Boston Scientific), and VerrataTM (Philips)] by searching for the following events: “Injury”, “malfunction”, “death”, and “other”. This yielded 544 reports. After excluding incomplete reports, 486 reports were analyzed. 

RESULTS
Guidewire tip fracture was the most commonly reported mode of failure, in 174 (35.8%) cases followed by guidewire kinking (n = 152, 31.3%), communication failure (n = 141, 29.0%), and shaft fracture (n = 67, 13.8%). In total, 133 (27.4%) device failures resulted in patient adverse events. The most common adverse event was retained guidewire tip, in 71 (53.4%) cases, followed by freshly deployed stent dislodgment (n = 26, 19.6%) and coronary artery dissection (n = 23, 17.3%). Seven deaths were reported. 

CONCLUSION
FFR guidewire failures can occur because of various mechanisms and cause patient adverse events. The MAUDE database serves as an important platform for improved collaboration among clinicians, device manufacturers, and regulators to improve device performance and optimize patient outcomes. Our analysis provides mechanistic insights of FFR guidewire failure and associated adverse events but cannot verify causality or provide a comparison among different guidewires.
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Core Tip: We analyzed post-marketing surveillance data from the Food and Drug Administration Manufacturer and User Facility Device Experience database to outline the most common adverse events and modes of failure encountered with Fractional Flow Reserve (FFR) coronary guidewires. Guidewire tip fracture was the most commonly reported mode of failure, in 35.8% of cases; retained guidewire tip was the most common patient complication (53.4% of cases). FFR is an important frontline measurement in the cardiac catheterization laboratory to assess intracoronary physiology. Our analysis demonstrates that in real-world practice, FFR guidewire failures can occur because of myriad mechanisms and result in patient complications.



INTRODUCTION
Fractional flow reserve (FFR) is an essential measurement in the cardiac catheterization laboratory to assess intracoronary physiology. It is obtained by using a pressure sensing guidewire to calculate flow in the epicardial coronary arteries and determine the functional significance of stenosis. The benefits of an FFR-based revascularization strategy in coronary artery disease are well-established. Landmark clinical trials[1-5] have demonstrated that an FFR-guided decision to perform percutaneous coronary intervention reduces major adverse cardiovascular events and decreases the rate of urgent interventions. Likewise, physicians can safely defer revascularization for FFR-negative lesions[6], sparing patients the risk of invasive procedures and long-term antiplatelet therapy. FFR has considerable clinical advantages and is widely utilized. 
Performing FFR requires the insertion of an additional guidewire into the patient’s arterial system, which increases the risk of procedural complications. However, robust real-world data on the complications and modes of failure of commonly used FFR guidewires are limited. We aim to characterize these outcomes by analyzing the post-marketing surveillance data from the United States Food and Drug Administration (FDA) Manufacturer and User Facility Device Experience (MAUDE) database for commonly used FFR guidewires. 

MATERIALS AND METHODS
The MAUDE database is an electronic repository created by the FDA to capture major adverse events involving medical devices[7]. Reporting is either mandatory (manufacturers and device-user facilities) or voluntary (medical personnel, patients, and consumers). Developed in the 1990s, the database is updated monthly, with each report containing information on the device, event date, and event description by the provider and the manufacturer. The MAUDE database was queried from January 1, 2010, through April 1, 2020, for three commonly utilized FFR guidewires [PressurewireTM X (Abbott), CometTM (Boston Scientific), and VerrataTM (Philips)] by searching for the following events: “Injury”, “malfunction”, “death”, and “other”. This yielded 544 reports. Each report included a narrative description of the failure event and the results of a standardized inspection of the device if it was returned to the manufacturer. After excluding incomplete reports, duplicate reports, and older devices not in current use, 486 reports were included in the final analysis. This study was conducted from a publicly available database; therefore, an approval from the institutional review board was not required. Patients were not required to give informed consent for the study because the analysis used anonymous clinical data that were obtained from a freely accessible database. Although the MAUDE database is a passive monitoring framework, it can provide important insight into the most commonly reported complications associated with interventional devices. Reports on safety and monitoring of approved interventional devices based on this database have been previously reported[8].

RESULTS
Tables 1 and 2 show a complete list of reported modes of failure and adverse patient events, respectively, categorized by each FFR coronary guidewire. Percentages represent the proportion of total submitted MAUDE reports and do not reflect the incidence rates. Guidewire tip fracture occurred in 174 (35.8%) cases and was the most commonly reported mode of failure. Guidewire kinking was reported in 152 (31.3%) cases, communication failure in 141 (29.0%) cases, and shaft fracture in 67 (13.8%) cases. In total, 133 (27.4%) device failures resulted in adverse patient events. The most common adverse patient events were a retained guidewire tip, in 71 (53.4%) cases, followed by freshly deployed stent dislodgment in 26 (19.6%) cases and coronary artery dissection in 23 (17.3%) cases. Seven patient deaths were reported. The device-related adverse events were most commonly reported during physiologic evaluation of the left anterior descending (LAD) artery, accounting for 54.8% of the reported adverse events. The relative involvement of other target coronary arteries is demonstrated in Figure 1.

DISCUSSION
This study demonstrates the modes of failure of commonly used FFR guidewires and highlights the potential for adverse patient outcomes. Two general categories of guidewire failure can occur: structural failure and errors in signal communication. The most common structural failures reported in this study were distal tip fractures (35.8%), kinking (31.3%), peeled coating (18.3%), and shaft fractures (13.8%). A majority of devices in this study failed from more than one of the above mechanisms. Most structural failures were attributed to operator handling issues, defined as having occurred at any point after the device was removed from packaging. Structural failures add complexity for the operator, as demonstrated by 23% of reports noting the inability to advance the guidewire. Structural failures are also directly associated with patient harm: 53% of adverse patient events were related to fractured guidewire tips that remained in the coronary arteries. Retained guidewire fragments increase the risk of dissection, embolization, and thrombus formation and necessitate further interventions[9]. All options, including percutaneous retrieval with a snare, surgical retrieval combined with coronary bypass, or stenting with antiplatelet therapy, increase the risk of further procedural complications and morbidity. Given the high incidence of guidewire fractures, operators should assess the integrity of the device upon removal and ensure that there are no retained pieces in the patient. 
The other category of guidewire failure is an error in signal communication, which contributed to 29% of guidewire failures in this study. Pressure sensors at the tip of FFR guidewires transmit data to an external hub that processes information for clinician interpretation. In all three FFR guidewires assessed in this study, communication between the tip and hub occurs via internal cables threaded through the shaft of the guidewire. Errors in signal communication can manifest as the inability to zero the sensor, significant drift, or no signal detected by the hub. The currently available pressure wire sensors are either piezo-electric or optical; these pressure wires differ from routine workhorse wire, as they require integration of thin wires or optical fibers that transmit the pressure signals[10]. While the exact etiologies of communication errors of FFR guidewires were not captured in our data, they can occur after any structural failure that causes sensor or cable damage, or from manufacturing defects. Communication errors are important to detect, as they can result in inaccurate measurements, prolonged procedures, and the need for additional instrumentation. 
FFR guidewires can cause patient adverse events. This study demonstrates that vessel dissection, vessel perforation, and stent dislodgement can occur with FFR guidewire use. These are clinically significant complications that must be recognized early and managed carefully to avoid further patient harm. The age of dislodged stents was not documented in the reports; however, operators should exercise caution when advancing or withdrawing an FFR guidewire across any freshly deployed stents. Seven deaths were reported among the cases reviewed. While this is noteworthy, there is not enough information to link the use of FFR guidewires with these deaths.
A majority of all reported events (54.8%) occurred in the LAD, followed by 24.1% in the right coronary artery and 21.1% in the left circumflex artery. A higher rate of reported failures in the LAD may be attributed to generally higher rates of FFR procedures performed in this vessel; however, this information was not captured in our data. Additionally, coronary characteristics such as tortuosity, calcification, and disease severity can also impact individual coronary outcomes. Without this information, the clinical significance of higher reported failures in the LAD is uncertain. Further studies that include data on coronary characteristics and operator technique would be useful to better determine whether FFR guidewires have higher failure rates in any one coronary artery. 

Limitations 
The MAUDE database has several inherent limitations that impact the interpretation of our study. Notably, only cases with adverse events are reported in the database, and reporting is partially voluntary. Successful cases are not reported, and there is no information on the overall frequency of the device use. Without this information, we cannot derive the incidence of failure rates associated with the use of these guidewires or compare outcomes among different devices. Adverse events may be reported both by users and manufacturers, leading to duplicate reports and difficulty in discriminating. Another notable limitation of the database is that data are provided in a non-standardized narrative form. Not all failed devices were returned to the manufacturer for standard inspections. Without standardized information on the clinical context of failure events, these data cannot be used to imply causality or comparison between procedures or devices. 

CONCLUSION
The landmark clinical trials that support the routine frontline use of FFR did not specifically address adverse events related to the use of FFR guidewires. Consequently, the present study is important in understanding the common pitfalls of this widely used procedure. Our analysis demonstrates that real-world use of FFR is associated with complications and adverse patient outcomes. Knowledge of the methods of FFR guidewire failure is critical for operators to develop situational awareness, anticipate difficult situations, assess for common complications, and mitigate adverse patient events. Interpretation of MAUDE data also provides critical feedback to manufacturers and allows for collaboration among clinicians, device manufacturers, and regulators to improve devices and patient outcomes.

ARTICLE HIGHLIGHTS
Research background
Fractional flow reserve (FFR) measurement is an essential tool in the cardiac catheterization laboratory to assess the functional significance of coronary artery lesions. Robust real-world data on the commonly reported complications and modes of failure associated with the FFR guidewires are scarce. 

Research motivation
The landmark clinical trials that support routine physiologic lesion assessment with FFR did not specifically address adverse events associated with the use of FFR guidewires. Accordingly, this provided us the impetus to explore common shortcomings with one of the most common applied technology in the cardiac catheterization laboratory. With broadened global utilization of the FFR and newer iterations, standard reporting of adverse events and failure modes may improve patient selection, operator expertise and device technology.

Research objectives
The objective of our study was to investigate the most commonly reported adverse events and failure modes associated with commonly used FFR guidewires by analyzing the post-marketing surveillance data from the United States Food and Drug Administration Manufacturer and User Facility Device Experience (MAUDE) database.

Research methods
We queried the MAUDE database from January 2010 through April 2020 for 3 FFR guidewires [PressureWireTM X (Abbott), CometTM (Boston Scientific), and VerrataTM (Philips)] by searching for the following events: “Injury”, “malfunction”, “death”, and “other”. The search yielded 544 reports. After excluding incomplete and duplicate reports, 486 reports were included in the final analysis. 

Research results
The most commonly reported mode of failure was guidewire tip fracture described in 174 (35.8%) cases followed by guidewire kinking (n = 152, 31.3%), communication failure (n = 141, 29.0%), and shaft fracture (n = 67, 13.8%). One hundred thirty-three (27.4%) device failures caused patient adverse events. The most commonly reported adverse event was retained guidewire tip described in 71 (53.4%) cases, followed by freshly deployed stent dislodgment (n = 26, 19.6%) and coronary artery dissection (n = 23, 17.3%). Seven deaths were reported. 

Research conclusions
FFR guidewire failures can occur because of myriad mechanisms and cause patient adverse events. Understanding the methods of FFR guidewire failure is critical for interventionalists to develop operational awareness, forebode challenging situations, evaluate common complications, and assuage adverse patient events. The MAUDE database serves as an important pulpit for improved collaboration among physicians, device manufacturers, and regulators to improve device performance and optimize patient outcomes. 

Research perspectives
Intermediate coronary lesions are commonly encountered during cardiac catheterization and present a diagnostic dilemma. Physiologic testing using a pressure wire-based system is appropriate for these lesions. The introduction of newer nonhyperemic pressure-based indices of stenosis severity such as instant wave-Free Ratio (iFR) and coregistered iFR pressure mapping may augur a paradigm shift for functional lesion assessment. It is pivotal for interventionalists to familiarize themselves with the common pitfalls associated not only with the standard FFR system but also with the newer iterations. 
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Figure Legends
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Figure 1 Adverse events stratified by target vessels for fractional flow reserve coronary guidewires.

Table 1 Summary of device modes of failure for fractional flow reserve coronary guidewires
	Device mode of failure
	VerrataTM (Philips), n = 199
	CometTM (Boston Scientific), n = 180
	PressureWireTM X (Abbott), n = 107
	Total, n = 486

	Guidewire distal tip fracture
	55 (27.6)
	68 (37.8)
	51 (47.7)
	174 (35.8)

	Guidewire kinking
	37 (18.6)
	103 (57.2)
	12 (11.2)
	152 (31.3)

	Communication failure
	64 (32.2)
	59 (32.8)
	18 (16.8)
	141 (29.0)

	Failure to advance guidewire
	62 (31.2)
	36 (20.0)
	14 (13.1)
	112 (23.0)

	Peeled guidewire coating
	6 (3.0)
	83 (46.1)
	0 (0)
	89 (18.3)

	Guidewire shaft fracture
	25 (12.6)
	22 (12.2)
	10 (9.3)
	67 (13.8)


Percentages represent proportion of reported events and do not reflect the incidence rates. Results reported as n (%).

Table 2 Summary of patient adverse events for fractional flow reserve coronary guidewires
	Adverse patient events
	VerrataTM (Philips), n = 58
	CometTM (Boston Scientific), n = 29
	PressureWireTM X (Abbott), n = 46
	Total, n = 133

	Retained guidewire tip
	27 (46.6)
	22 (75.9)
	22 (47.8)
	71 (53.4)

	Stent dislodgement
	18 (31.0)
	0 (0)
	8 (17.4)
	26 (19.6)

	Vessel dissection
	8 (13.0)
	4 (13.8)
	11 (23.9)
	23 (17.3)

	Death
	2 (3.4)
	2 (6.9)
	3 (6.5)
	7 (5.3)

	Vessel perforation
	3 (5.2)
	1 (3.5)
	2 (4.4)
	6 (4.5)


Percentages represent proportion of reported events and do not reflect the incidence rates. Results reported as n (%).
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