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Preface

Interventional Treatment for Structural Heart Disease is an excellent resource for 
healthcare professionals treating patients suffering from severe coronary artery 
disease and valvular disease. It includes six chapters over two sections. 

The first section describes percutaneous coronary intervention for coronary artery 
disease. Chapter 1 presents recent research on dual antiplatelet therapy after per-
cutaneous coronary intervention. The optimal duration of dual antiplatelet therapy 
is still controversial. Chapter 2 focuses on the outcome of percutaneous coronary 
intervention in patients with diabetes. Chapter 3 is a review of radial artery access at 
the time of coronary intervention.

The second section describes percutaneous valve replacement. Chapter 4 discusses 
the most recent updates in the field of valve-in-valve transcatheter aortic valve 
replacement. A significant trend toward the use of bioprostheses is leading to 
more patients with structural valve degeneration. Chapters 5 and 6 describe the 
most recent evidence in transcatheter mitral valve replacement and tricuspid valve 
replacement, respectively. 

This book provides updated information about percutaneous intervention in 
coronary artery disease and valvular disease.

Takashi Murashita, MD
Assistant Professor,

Division of Cardiothoracic Surgery,
University of Missouri,

Columbia, MO, USA
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Chapter 1

Dual Antiplatelet Therapy after 
PCI: When Could We Go Shorter?
Marcel Santaló-Corcoy, Guillaume Marquis-Gravel  
and Jean-François Tanguay

Abstract

The optimal duration of dual antiplatelet therapy (DAPT) after percutaneous 
coronary intervention (PCI) remains an important clinical question in interven-
tional cardiology. Several clinical and angiographic variables are associated with an 
increased risk for thrombotic events, and prolonged DAPT duration may improve 
long term clinical outcome. However, some patients also present high bleeding risk 
(HBR) characteristics and may require a shorter DAPT duration. The guidelines 
recommendations consider the data from randomized clinical trials, however 
numerous exclusion criteria may create gaps in the evidence leading to uncertain-
ties, the need for expert opinion and patient level decision making. Furthermore, 
the stent platforms have evolved in such way that opportunities now exist to shorten 
duration of DAPT. This chapter will review the variables associated with ischemic 
and bleeding risks as well as different stent platforms to help clinicians optimize 
DAPT duration in patients undergoing PCI.

Keywords: percutaneous coronary intervention, stents, acute coronary syndrome, 
high bleeding risk, duration of antiplatelet therapy

1. Introduction

The optimal antiplatelet therapy after percutaneous coronary intervention (PCI) 
remains an unanswered clinical question. The last 25 years of clinical investigations 
has mainly been focused on the choice of P2Y12 agents and on treatment duration. 
Initially, the observation that bare metal stents (BMS) implantation could be associ-
ated with thrombosis, and, subsequently, the observation that first-generation drug 
eluting stents (DES) were associated with very-late thrombosis risk led to studies 
evaluating prolonged duration regimens of DAPT after PCI, but also to innovations 
in stent technology. However, the newer, more potent drugs (prasugrel and ticagre-
lor) and the advent and evolution of modern second- and third-generation DES 
dramatically dwindled the incidence of late and very late thrombotic complications. 
Thus, interest has shifted in trying to find the optimal, shortened DAPT treatment 
to prevent the early thrombotic complications while avoiding the late hemorrhagic 
events, the latter being associated with a similar risk of all-cause mortality than 
post-PCI recurrent myocardial infarctions [1].

Numerous trials attempted to answer these important questions, sometimes lead-
ing to discrepant results. This chapter will focus on the current evidence listed on 
the guidelines of main scientific societies for three groups of patients: elective PCI, 
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PCI in the setting of acute coronary syndromes (ACS), and PCI for patients with 
a coexisting indication of oral anticoagulation (OAC). For each of them we will high-
light the standard recommendations for DAPT duration, as well as the main clinical, 
angiographic and stent-derived variables that should be used in the decision-making 
process to tailor a shortened DAPT therapy reflecting each patient need.

2. Latest guidelines on the topic

This document will include the latest recommendations of Canadian, American 
and European guidelines. Canadian scientific societies published two documents in 
2018 addressing antithrombotic treatment: The Canadian Cardiovascular Society 
(CCS)/Canadian Association of Interventional Cardiology focused update for the 
use of antiplatelet therapy [2] and the CCS focused update for the management 
of atrial fibrillation [3]. The American College of Cardiology/American Heart 
Association (ACC/AHA) published a focused update on the duration of DAPT 
in patients with coronary artery disease (CAD) in 2016, [4] while a recent AHA/
ACC/Heart Rhythm Society (HRS) focused update in the management of patients 
with atrial fibrillation was published in 2019 [5]. Lastly, the European Society of 
Cardiology (ESC) and European Association for Cardio-Thoracic Surgery (EACTS) 
published a focused update on DAPT in 2017 [6]. However, the most recent 2020 
ESC guidelines for management of ACS in patients presenting without persistent 
ST-segment elevation [7] and 2020 ESC/EACTS guidelines for the management of 
atrial fibrillation [8] will also be reviewed. A dedicated, critical comparison of the 
available guidelines on DAPT was published previously this year [9].

3. Evaluation of bleeding and thrombotic risk

In order to tailor optimal DAPT duration, many variables must be taken into 
account to ensure adequate thrombotic protection while avoiding hemorrhagic 
complications. To that extent, different risk scores have been derived and validated.

The PARIS risk score was one of the first tools intended to predict risks for 
out-of-hospital events directly modified by prolonging DAPT beyond one year (i.e. 
coronary thrombosis and bleeding) [10]. The aim of the DAPT score is to identify 
patients expected to derive benefit or harm from continuing P2Y12 beyond 1 year. To 
that extent, data was gathered among patients that had not experienced any major 
ischemic or bleeding event 12 months after the index procedure [11]. Similarly, 
the CALIBER score includes patients surviving 12 months after a MI, including 
those not treated with PCI [12]. Hence, these three risk scores help establishing the 
security of long term DAPT duration.

In contrast, the PRECISE-DAPT score [13] assesses the benefit of a short 
(3–6 month) versus a long (12–24 month) DAPT duration. Furthermore, it allows 
clinicians to select DAPT duration upfront instead of at another point in time 
during follow-up. Of note, patients with the need of OAC were excluded from the 
derivation cohort. Patients undergoing elective, urgent and emergent PCI were all 
included in the analysis. At the time of the index PCI, an additive score is calculated 
by means of the presence of five clinical and biochemical variables (age, creatinine 
clearance, hemoglobin, white blood cell count and prior spontaneous bleeding), 
ranging 0 to 100 points. Patients ≥25 points were considered high bleeding risk 
(HBR), while <25 points were defined as non-HBR. Among HBR patients based 
on this score, prolonged DAPT contributed to no significant ischemic benefit, 
while, on the other hand, led to an increased risk of bleeding (number to harm 
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(NNH) = 38). In parallel, non-HBR patients benefited of a longer DAPT regimen in 
the form of a significant reduction in the composite endpoint of myocardial infarc-
tion (MI), definite stent thrombosis, stroke and target vessel revascularization 
(NNT for benefit of 68), with no significant increase in bleeding risk [13]. Results 
were consistent across the full spectrum of indications for PCI.

Some works have compared the accuracy of these scores head-to-head, in 
general showing little to no difference in their ability to predict bleeding [14–16].

More recently, the new ARC-HBR criteria have been validated at identifying 
patients at high bleeding risk, being more sensitive than the PRECISE-DAPT and 
PARIS risk scores (at the expense of specificity) [17]. Trials where these criteria are 
used to compare different antiplatelet durations are awaited.

It is worth noting, however, that no prediction model has been prospectively 
tested in the setting of a RCT.

On the other side of the coin, clinicians should be aware of certain clinical and 
angiographic features associated with a higher thrombotic risk in some patients, 
thus making it unadvisable to shorten their antiplatelet regimens. These character-
istics are summarized in Table 2.

4. Evidence for DAPT duration after PCI in non-ACS setting

Many trials have demonstrated the non-inferiority of 6-month versus longer 
treatment duration amid “all-comer” patients undergoing PCI for stable and ACS 
settings, [18–22] and so the recommendations for elective PCI are extrapolated for 
the aggregated results. The ACC and ESC guidelines give strong recommendations 
on a standard 6-month duration of DAPT in stable patients. As for the CCS, it places 
greater emphasis on reduction of major CV thrombotic events vs. an increase in 
bleeding complications, by recommending DAPT duration from 6 up to 12 months. 
(Table 1) This is due to some metanalysis showing increased risk of ischemic out-
comes with shorter DAPT durations in certain groups with high risk angiographic 
features (Table 2) [24–26].

All three guidelines suggest considering a 3-month DAPT course in patients at 
HBR. This comes from the experience of two trials where a zotarolimus-eluting 
stent was tested [27, 28]. However, due to the fact that this platform is no longer 
available, the recommendation stands at a weak level of evidence. The ESC guide-
lines also include the possibility of a 1-month period of DAPT in patients in whom 
3-month DAPT poses safety concerns. This recommendation comes from two trials 
in which a zotarolimus-eluting Endeavor sprint stent or Biofreedom drug-coated 
stent reduced ischemic endpoints compared to bare-metal stent under similar DAPT 
duration [29, 30].

Since their publication, some new evidence supports aspirin-free strategies 
early after PCI: the TWILIGHT trial included high risk patients who had not had an 
ischemic or bleeding event after a three-month course of aspirin plus ticagrelor and 
randomized them to aspirin or placebo for one year. Patients with ticagrelor mono-
therapy had a lower clinically relevant bleeding incidence while providing no higher 
death or ischemic endpoints [31]. The SMART-CHOICE randomized patients to 
receive aspirin plus a P2Y12 inhibitor for 3 months and thereafter a P2Y12 inhibitor 
alone or DAPT por 12 months. The monotherapy arm resulted in noninferior rates 
of major adverse cardiac events [32].

The GLOBAL LEADERS trial assessed the combination of ticagrelor and aspirin 
for one month followed by ticagrelor alone for 23 month versus 12 months of stan-
dard DAPT followed by 12 month of aspirin alone, with neutral results [33]. Later, 
its ancillary substudy (GLASSY) showed the non-inferiority, but not superiority, 
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of shortened DAPT arm in a selected subpopulation of the 20 highest recruiting 
sites of the main trial [34]. On the other hand, the STOPDAPT-2 trial showed the 
benefit of 1 month of aspirin plus clopidogrel followed by clopidogrel monotherapy 
vs. 12 month of standard DAPT, meeting the criteria for both noninferiority and 
superiority [35].

5. Evidence for DAPT duration after PCI in ACS setting

The three sets of guidelines provide strong recommendation for a standard 
12-month DAPT treatment after an ACS, based on the CURE trial and the PCI-
CURE substudy published nearly two decades ago, in which DAPT with aspirin 
and clopidogrel was prescribed for 3 to 12 months after PCI [36, 37]. More recently, 
the pivotal prasugrel and ticagrelor trials, conducted in patients with ACS, used a 
12-month default DAPT duration, furthermore establishing this approach as the 
standard of practice (Table 1) [38, 39].

5.1 Scenarios for shortened DAPT

Due to the time gap between the latest ESC guidelines on this topic and its 
American and Canadian counterparts, recommendations on minimal DAPT 
duration differ between the former and the latter (Table 1). The scarce evidence 
available at the time of the last ACC/AHA and CCS guidelines led to only weak 
recommendation for a 6-month DAPT on the former, while the latter holds at a 
12-month recommendation. This year’s ESC guidelines on the management of ACS 
in patients presenting without persisting ST-segment elevation includes various 
guidance on short DAPT.

As discussed previously, the insight from the PRECISE-DAPT study led to 
consider a shortened 3-month DAPT duration in patients at HBR (PRECISE-DAPT 
score ≥ 25) (Recommendation IIa B) [13]. What is probably more interesting, 
however, is the evidence gathered recently on patients at low-to-intermediate 
ischemic risk and low bleeding risk. The previously described TWILIGHT and 
SMART-CHOICE trials included a high proportion of patients presenting with ACS 
(64.8% and 58.2%, respectively), with the benefits of antiplatelet monotherapy 

Clinical [23]

Previous myocardial infarction

Diabetes mellitus

Chronic kidney disease (creatinine clearance <60 mL/min)

Previous stent thrombosis

Current smoker

Angiographic

Implantation of ≥3 stents [24]

Stented length (>60 mm) [24]

Complex lesions (bifurcation, chronic total occlusion) [24]

Left main or left anterior descending stenting [25]

Multivessel stenting [26]

Table 2. 
High risk features associated with thrombotic events. Adapted from [3].
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being consistent between subgroups. On the other hand, the SMART-DATE trial 
[40] specifically assessed 6 versus 12-month DAPT in patients with ACS. Although 
mortality, stroke and BARC type 2–5 bleeding did not differ between the two 
groups, the rate of myocardial infarction was higher in the short DAPT group. 
Combining the information of these three trials, the ESC guidelines suggest a 3 to 
6-month DAPT therapy depending on the balance of ischemic and hemorrhagic 
risk in a Class IIa, level A recommendation. The recent TICO trial evaluated another 
aspirin-free strategy, specifically among patients undergoing PCI for an ACS [41]. 
Ticagrelor monotherapy after 3 months of DAPT resulted in a slight, significant 
reduction of the composite outcome of major bleeding and cardiovascular events at 
one year, compared with a ticagrelor-based 12-month DAPT.

6.  Evidence of shortened DAPT duration in patients after PCI requiring 
lifelong oral anticoagulation

The landscape of evidence for the treatment of patients requiring lifelong oral 
anticoagulation after PCI has expanded notably in the last years, the main land-
marks being (1) the ISAR-TRIPLE trial, where no significant difference was found 
in the primary endpoint of “net clinical benefit” (which included ischemic and 
bleeding outcomes) between 6 weeks and six months of triple therapy; [42] (2) 
the WOEST trial, where a dual pathway strategy (warfarin and clopidogrel) versus 
standard triple therapy (warfarin, clopidogrel and ASA) reduced bleeding while 
not increasing thrombotic events; [43] and (3) the advent of the new four direct 
oral anticoagulants (DOAC) and their specific trials for patients undergoing PCI, 

AF patients with ACS/PCI

Clinical setting Therapy regimen Recommendation

Uncomplicated or bleedinga > 
ischemicb risk

• TT < 1 week

• OAC + P2Y12 (preferably clopidogrel) 
up to 12 months

I B

Ischemicb > bleedinga risk • TT > 1 week and ≤ 1 month

• OAC + P2Y12 (preferably clopidogrel) 
up to 12 months

IIa C

AF patients with CCS undergoing PCI

Clinical setting Therapy regimen Recommendation

Uncomplicated or bleedinga > 
ischemicb risk

• TT ≤ 1 week

• OAC + P2Y12 (preferably clopidogrel) 
up to 6 months

I B

Ischemicb > bleedinga risk • TT > 1 week and ≤ 1 month

• OAC + clopidogrel up to 12 months

IIa C

aEvaluation based on HAS-BLED score: Hypertension, Abnormal renal or liver function, Stroke or ICH history, 
Bleeding history or bleeding diathesis, Labile INR, Elderly (>65 years), Drugs (concomitant OAC and antiplatelet 
therapy, NSAIDs).
bEvaluation based on (1) clinical factors: diabetes, prior ACS, multivessel CAD, concomitant peripheral artery 
disease, premature or accelerated CAD, chronic kidney disease, ACS as clinical presentation; (2) anatomical factors: 
multivessel stenting, complex stenting (left main or last patent vessel stenting, chronic total occlusion intervention), 
prior stent thrombosis on antiplatelet treatment.
TT: Triple therapy; CCS: chronic coronary syndrome.

Table 3. 
Recommendations for antithrombotic patients of AF patients undergoing PCI. Adapted from the 2020 ESC 
ESC/EACTS guidelines for the management of atrial fibrillation [8].
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[dabigatran/RE-DUAL PCI [44]; rivaroxaban/PIONEER AF-PCI [45]; apixaban/
AUGUSTUS [46]; edoxaban/ENTRUST-AF PCI [47]. The new 2020 ESC ESC/
EACTS guidelines for the management of atrial fibrillation is the latest consensus 
document on the subject, and the only one after the publication of the four DOAC 
trials for AF patients undergoing PCI [8].

As a whole, these trials evaluated dual (DOAC + P2Y12) vs. triple (VKA + 
P2Y12 + aspirin) therapy. They included a notable proportion of ACS (37–52%), 
although the highest risk patients were underrepresented (i.e., culprit lesions in 
a previously stented segment). Moreover, they all used triple therapy during PCI 
until randomization (1–14 days post PCI) and the most commonly P2Y12 inhibi-
tor used was clopidogrel, as neither prasugrel or ticagrelor have evidence sup-
porting their safety in combination with an OAC. As per outcomes, they reported 
a significant reduction of major/clinically significant bleeding, comparable rates 
of ischemic stroke, similar or non-significantly higher rates of myocardial infarc-
tion and stent thrombosis and a neutral effect on major adverse cardiac events 
and all-cause mortality [48]. Also, it is worth emphasizing that the AUGUSTUS 
trial is the only one that studied whether the advantages of dual pathway (vs. 
triple therapy) is independent of the type of OAC.

The ESC guidelines include four recommendations, according to the clini-
cal presentation and the ischemic/bleeding risk balance (Table 3). Due to the 
under-representation of high ischemic risk patients on the trials, the recom-
mendations for this population have a weak level of evidence. The evaluation of 
the ischemic risk is based on the presence of variables known to pose higher risk 
in the general population (also previously described in Table 2). Regarding the 
bleeding risk, evaluation with the AF-specific HAS-BLED risk score is recom-
mended. This bleeding risk score has proven to be more useful at predicting 
bleeding risk in AF patients [49].

7.  Beyond guidelines: tailored shortened DAPT durations according  
to stent platforms

Current guidelines include DAPT length recommendations irrespective of the 
DES type, encompassing the evidence of the multiple platforms in various trials. It is 
worth mentioning, however, some recent trials in which specific platforms have been 
tested in two main scenarios: one stent tested at short vs. longer DAPT durations; 
and two different stents compared in a short DAPT duration for patients not deemed 
amenable for prolonged DAPT duration. While acknowledging the limited value of a 
single trial, they may still be useful for tailored antiplatelet regimens. Table 4 sum-
marizes the current knowledge of some specific DES platforms in these two scenarios.

8. Conclusions

As new antiplatelet and anticoagulant drugs have entered the therapeutic 
arsenal, and as stent platforms continue to be refined through the years, established 
dogmas of the treatment of patients with ischemic heart disease should be reas-
sessed. Most notably, current evidence strongly supports that for a considerable 
number of patients, shorter antithrombotic, aspirin-free treatment is associated not 
only with fewer bleeding complications, but with comparable rates of hard ischemic 
endpoints. Hence, a paradigm shift is underway, in which the concern should not be 
to find reasons to reduce the classical 12 months of DAPT. Rather, patients should 
be evaluated for causes not to receive an abbreviated aspirin-free antithrombotic 
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Trial Stent 
platform

Population 
study

Study arms and DAPT 
therapy

Outcomes

Trials testing short vs. long DAPT durations in patients treated with new stent platforms

GLOBAL 
LEADERS [33]

BioMatrix 
(Biosensors 
Europe)

All comers Biomatrix stent
1 month DAPT 
ASA + ticagrelor followed 
by ticagrelor 12 months
vs. DAPT 
ASA + clopidogrel 
(stable patients) or ASA/
ticagrelor (ACS) followed 
by ASA (1:1)

No superiority of 
the ticagrelor arm 
for efficacy

COBRA-
REDUCE [50]

Cobra PzF 
(CeloNova 
Biosciences)

Patients 
taking OAC

Cobra stent vs. standard 
DES
Cobra: DAPT 14 days, 
then OAC + ASA until 
6 monts. Control stent: 
DAPT 3–6 monts. After 
6 months, all received 
OAC + ASA

Cobra PzF stents 
did not achieve 
bleeding reduction 
and did not meet 
non-inferiority 
criteria with 
respect to 
thrombotic events

XIENCE 90/28 
[51]

Xience 
(Abbott 
Vascular)

High 
bleeding 
risk

Xience stent
DAPT 1 month and 
DAPT 3 months, 
compared to historical 
cohort DAPT 12 months

Non-inferior 
ischemic 
outcomes, similar 
rates of clinically 
relevant and 
reduction in major 
bleeding

EVOLVE Short 
DAPT [52]

Synergy 
(Boston 
Scientific)

High 
bleeding 
risk

Synergy stent
3 month DAPT vs. 
12 month historical 
cohort

Non inferior 
ischemic outcomes

TICO [41] Orsiro 
(Biotronik 
AG)

Acute 
coronary 
syndromes

Orsiro stent
3 month DAPT 
followed by ticagrelor 
monotherapy vs standard 
12 month DAPT

Modest reduction 
of bleeding and 
cardiovascular 
events.

Trials testing different stent technologies in patients deemed for short DAPT

LEADERS 
FREE [30]

Biofreedom 
(Biosensors 
Europe)

High 
bleeding 
risk

Biofreedom vs. similar 
BMS (1:1)
1 month DAPT 
ASA + clopidogrel 
followed by clopidogrel

Superiority of 
the Biofreedom 
stent in safety and 
efficacy

ONYX ONE 
[53]

Resolute Onyx 
(Medtronic)

High 
bleeding 
risk

Resolute Onyx vs. 
Biofreedom (1:1)
1 month DAPT followed 
by SAPT

Resolute Onyx 
non-inferior 
to Biofreedom 
in safety and 
effectiveness

ZEUS [29] Endeavor 
(Medtronic)

High 
bleeding 
risk

Endeavor stent vs. ultra-
thin BMS (1:1)
1 month DAPT

Low risk of 
1-year MACE in 
Endeavor patients

SENIOR [54] Synergy 
(Boston 
Scientific)

Elderly 
patients 
(>75 yo) 
undergoing 
PCI

Synergy stent vs. 
ultrathin BMS
1 month or 6 months 
DAPT, according to 
stable or unstable 
presentation

Low risk of 
ischemic 
endpoints in the 
Synergy arm

Table 4. 
Recent trials on the performance of different stent platforms on shortened DAPT scenarios.
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regimen. In order to provide the most accurate treatment regimens, a careful evalu-
ation should be made by taking into account the clinical presentation, coexisting 
conditions that are prone to a higher ischemic or bleeding risk and awareness of the 
stent platform used.
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Percutaneous Coronary 
Intervention in Diabetic Patients
Carolina Espejo Paeres, Breda Hennessey, Manel Sabaté  
and Pilar Jimenez-Quevedo

Abstract

Cardiovascular disease (CVD) is responsible for 30% of deaths worldwide and 
is the leading cause of premature mortality in patients with diabetes mellitus (DM). 
One of the main contributors to the increased atherothrombotic risk in DM patients 
relates to their pro- inflammatory and prothrombotic status that involves abnormal-
ities in endothelial and vascular smooth muscle cells, in platelet function and the 
coagulation cascade. The characteristics of CAD in diabetic patients is distinctive 
and infers an increased risk. Likewise, CAD in diabetics is characterised by being 
diffuse, affecting the left main stem more frequently, involving multiple vessels, 
and also affecting the distal coronary tree. Percutaneous coronary intervention in 
diabetics has been shown to have less favourable long-term clinical outcomes, com-
pared to non-diabetics. With the advent of improved stent designs and antiplatelet 
drugs; the percutaneous coronary intervention (PCI) results have improved in the 
diabetic population. However, one of the main determinants of poorer outcomes 
in DM is the progression of atherosclerosis, which is more pronounced in diabetics 
and remains the primary cause of cardiac events at one year follow up after percuta-
neous revascularisation. Whilst new generation of drug-eluting stents has narrowed 
the gap between surgery and PCI in diabetic patients, coronary artery bypass 
grafting (CABG) remains the gold standard in diabetics with diffuse multivessel 
coronary artery disease.

Keywords: diabetes mellitus, coronary artery bypass grafting, percutaneous 
coronary intervention, antiplatelet drugs, drug-eluting stents

1. Introduction

The prevalence of diabetes mellitus has increased exponentially, from 108 mil-
lion in 1980 to 422 million worldwide in 2014 [1]. Cardiovascular diseases (CVDs) 
constitute the number one cause of mortality globally, representing 30% of all global 
deaths [2]. Cardiovascular disease is the leading cause of morbidity and premature 
mortality in patients with diabetes mellitus (DM) [3–6]. A meta-analysis of 102 
prospective studies (The Emerging Risk Factor Collaboration) showed that DM 
in general, confers an increased risk for developing vascular disease compared to 
non-diabetic patients [7]. DM increases the risk of coronary heart disease, stroke, 
and peripheral arterial disease by between two and four-fold. The increased risk is 
independent of, and additional to other cardiovascular risk factors [7–10].
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It has been reported that between 20 and 30% of patients with coronary artery 
disease have known DM, and up to 70% have newly detected DM or impaired 
glucose tolerance [11]. Importantly, the risk of myocardial infarction (MI) is three 
to five times higher in type 2 DM. A diabetic patient with no history of MI has 
the same long-term risk as a non-DM subject with a past history of MI [12]. For 
these reasons, DM is considered to be a “coronary heart disease equivalent” [13]. 
The anatomical pattern of coronary artery disease (CAD) in patients with DM 
influences the prognosis [11]. The extension of CAD in diabetic patients exhibits 
distinctive characteristics that infer an increased risk. Likewise, CAD in diabetics 
is characterised by being diffuse, affecting the left main stem more frequently, 
involving multiple vessels, and also affecting the distal coronary tree [14]. CAD 
typically progresses more rapidly in diabetic compared with non-diabetics [15]. 
Furthermore, patients with DM have more associated comorbidities, such as 
peripheral artery disease, cerebrovascular disease or chronic kidney disease, which 
influence outcomes after coronary revascularisation [11].

The indications for myocardial revascularisation, for both symptomatic and 
prognostic reasons, were the same in patients with or without DM [16]. The ana-
tomical pattern in which diabetes affects patients, combined with an increased 
risk of stent failure (restenosis and stent thrombosis), in conjunction with the 
“Prothrombotic State” that characterised these patients, resulted in poorer out-
comes following revascularisation in general. However, it is particularly evident 
following percutaneous revascularisation.

Three randomised clinical trials compared percutaneous coronary intervention 
(PCI) vs. coronary artery bypass graft surgery in patients with DM, using mainly 
first-generation drug-eluting stents (DES) [11]. With this in mind, safety concerns 
following PCI have surfaced, specifically with the use of first-generation DES, as 
diabetes has emerged as an independent predictor of stent thrombosis (ST) [17]. 
Recently, new generation DES platforms were designed and have demonstrated 
improved safety outcomes, compared to the first generation. Thus, coronary artery 
bypass grafting has been the revascularisation treatment recommended in diabetics 
with multivessel disease.

Although the advent of drug-eluting stents has narrowed the gap between 
surgery and the percutaneous treatment, the former remains the gold standard in 
diabetics with diffuse coronary artery disease.

One of the main determinants of poor outcomes in DM is the progression of 
atherosclerosis, which is more pronounced in diabetics and remains the main cause 
of cardiac events at one year follow up, after percutaneous revascularisation. This 
review focuses on all the aforementioned issues, which affect diabetic patients, as 
well as any updates to the current evidence regarding the different modalities of 
revascularisation in this special population.

2. Vascular abnormalities and atherothrombotic risk in diabetic patients

DM is linked to an increased atherothrombotic risk. In fact, diabetics with 
coronary artery disease suffer a higher rate of recurrence following their index MI 
[18]. Atherothrombotic disease is accelerated in subjects with both type 1 and type 
2 diabetes, with diverse underlying mechanisms, despite the common characteristic 
of hyperglycaemia. The main feature of type 2 DM is insulin resistance, which 
precedes the development of hyperglycaemia [19]. Contrastingly, in type 1 diabetes, 
hyperglycaemia is the dominant feature with insulin resistance appearing at later 
stages, in patients who develop renal disease [20].
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One of the main contributors to the increased atherothrombotic risk in DM 
patients relates to their pro- inflammatory and prothrombotic status that involves 
abnormalities in endothelial and vascular smooth muscle cells, in platelet function 
and the coagulation cascade. Endothelial dysfunction in diabetics is character-
ised by a decrease in nitric oxide (NO), and also by an increase in the synthesis 
of vasoconstrictor prostanoids and endothelin [21]. Hyperglycaemia decreases 
endothelium-derived NO via multiple mechanisms, including the intracellular 
production of advanced glycation end-products (AGEs) and free radical formation 
[22, 23]. Furthermore, hyperglycaemia also produces an increase in the concentra-
tion in plasma of vasoconstrictors, such as endothelin, which is related to both the 
incidence of inflammation and smooth-muscle contraction and growth. Other 
metabolic disorders known to occur in diabetes including an increase in the circu-
lating levels of free fatty acid, an increase in the production of free radicals or an 
exacerbation of dyslipidaemia, may also impair the endothelial function [24–26]. 
On the other hand, hyperinsulinemia [ 27] also plays an important role in the patho-
physiological mechanisms that may contribute towards vascular disease in diabetic 
patients. The concentration in plasma of vasoconstrictors, such as endothelin, 
increases after administration of insulin to healthy subjects and patients with type 2 
diabetes [28–31]. This phenomenon may be related to both the incidence of inflam-
mation and smooth-muscle contraction and growth. In addition, hyperinsulinemia 
is a potent mitogen for restenosis, as it stimulates the proliferation and migration 
of smooth cells [32]. Previous studies have demonstrated that hyperinsulinaemia 
enhances the secretion of insulin during the oral glucose tolerance test, and is a 
predictor of restenosis after balloon angioplasty and stent implantation [33–35].

Platelets are also affected in diabetic patients. Both insulin resistance and hyper-
glycaemia contribute to a prothrombotic state by exerting several salient effects on 
both coagulation and platelet function. The effects of insulin resistance on platelet 
function is related to intra-cytosolic calcium levels, a mediator of platelet activa-
tion. Whilst insulin decreases the intra-cellular concentration of calcium in platelets 
from insulin-sensitive subjects in vivo and in vitro, it appears to increase the intra-
platelet calcium concentrations in the insulin-resistant state, promoting platelet 
aggregation and activation [36]. Platelets obtained from diabetic subjects showed 
both increased adhesiveness and an exaggerated aggregation following activation 
[24]. In addition, reduced responsiveness of diabetic patients to antiplatelet therapy 
has been documented [14]. The overall picture of platelet abnormalities in DM 
results in the hypersensitivity of diabetic platelets to agonists. In fact, platelets in 
diabetic subjects appear to be in an activated state even in the absence of vascular 
injury, and they respond more frequently even to sub threshold stimuli. It has been 
shown that there is greater expression of the fibrinogen-binding glycoprotein IIb/
IIIa receptor, which constitutes the final common pathway of platelet activation 
and allows for cross-linking of individual platelets by fibrinogen molecules and 
formation of thrombus [15]. Finally, there is also impairment of the coagulation 
cascade. Insulin resistance gives rise to increased levels of the fibrinolytic inhibi-
tor Plasminogen Activator Inhibitor-1 (PAI-1), and hyperglycaemia induces the 
enhancement of thromboxane A2 production and an increase in factor VII and 
anti-thrombin III production [24–26].

The alteration in platelet function is especially relevant in diabetics patients 
treated percutaneously, as it may affect the response to antiplatelet treatment. 
Although, clopidogrel response variability is a multifactorial process, the mecha-
nisms above explain why dual antiplatelet regimen with ASA and clopidogrel 
presents important limitations in diabetic patients. The main mechanisms in this 
patient cohort that explain poor response to dual antiplatelet therapy in diabetes 
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mellitus are antiplatelet resistance and clopidogrel response variability. Variability 
in antiplatelet effects following clopidogrel therapy is present in both the acute and 
the chronic phases of therapy [37]. Of note, diabetics requiring insulin are those 
who persist with the highest platelet reactivity, despite dual antiplatelet therapy 
[37]. This antiplatelet variability has clinical implications, such as increased rates 
of coronary stent thrombosis and recurrent ischaemic events after PCI in poor 
clopidogrel responders. Among the clinical factors involved in clopidogrel vari-
ability, diabetes mellitus has been associated with a greater prevalence of poor 
responsiveness [38]. Overall, the persistence of elevated platelet reactivity and 
reduced response to aspirin and clopidogrel therapy enhances the atherothrombotic 
risk of DM patients. Multiple causes have been implicated in these observations. 
Poor glycaemic control is an important cause of increased platelet reactivity. 
Hyperglycaemia leads to non-enzymatic glycation of platelet glycoproteins, causing 
changes in their structure and conformation, as well as alterations of membrane 
lipid dynamics. This may explain why platelet reactivity can be reduced with tight 
control of glucose levels [39].

The introduction of new regimens and antiplatelet agents may improve and 
overcome the variability in the response to clopidogrel. The P2Y12 inhibitors, 
with a more uniform and potent effect, have recently been evaluated. Prasugrel 
is a P2Y12 inhibitor of the third generation, with more potent and less variable 
antiplatelet effects compared to clopidogrel [ 40]. The TRITON-TIMI 38 (TRial to 
Assess Improvement in Therapeutic Outcomes by Optimising Platelet InhibitioN 
with Prasugrel-Thrombolysis in Myocardial Infarction) trial showed significantly 
reduced rates of ischaemic events, including stent thrombosis, in patients pre-
senting with acute coronary syndromes undergoing PCI treated with prasugrel 
compared to clopidogrel [ 41]. In the subgroup analyses of diabetes population 
(n = 3146) the greatest risk reduction (rate of primary endpoint, defined as death 
from cardiovascular causes, non-fatal MI or non-fatal stroke) was observed in 
12.2% of the diabetics treated with prasugrel vs. 17.0% in diabetic patients on clopi-
dogrel with 30% relative risk reduction. Importantly, prasugrel was not associated 
with an increased risk of major bleedings compared to clopidogrel in these patients 
[42]. The functional impact of prasugrel versus clopidogrel, specifically in diabetic 
patients, was evaluated in the OPTIMUS-3 study. In this prospective, randomised, 
double-blind, crossover study, the standard-dose prasugrel was associated with 
greater platelet inhibition and better response profiles during both the loading and 
maintenance periods, when compared with double-dose clopidogrel [43].

On the other hand, ticagrelor, has a faster onset and offset of action and achieves 
higher inhibition of platelet aggregation compared to clopidogrel. In the RESPOND 
trial [44] Ticagrelor therapy overcomes nonresponsiveness to clopidogrel, and 
its antiplatelet effect is the same in responders and non-responders. The phase 
III Study of Platelet Inhibition and Patient Outcomes (PLATO) trial randomised 
acute coronary syndrome patients (n = 18,624) to receive either ticagrelor (180 mg 
loading dose followed by 90 mg twice daily) or clopidogrel (300–600 mg load-
ing dose followed by 75 mg daily). In a predefined subgroup analysis of diabetic 
patients (n = 4662) there was a non-significant reduction of the primary endpoint 
[14.1% vs. 16.2%; HR 0.88 (0.76–1.03)], while no difference in major bleeding 
rates was found [14.1% vs. 14.8%; HR = 0.95 (0.81–1.12)] [45]. The recommenda-
tions from the recent ESC guidelines for the selection of antithrombotic therapy in 
diabetic patients with an acute coronary syndromes in patients presenting without 
persistent ST-segment elevation, state that the therapy should not differ from those 
without diabetes [46].

Phase III trial data on the use of factor-Xa inhibition direct oral anticoagulants 
for treatment of ACS has emerged. The APPRAISE-2 (Apixaban for Prevention of 
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Acute Ischemic Events) resulted in early termination of the study, due to an increase 
in Thrombolysis in Myocardial Infarction (TIMI) major bleeding in apixaban 
5 mg bid (1.3%) compared with placebo (0.5%). There was no improvement in 
the composite of cardiovascular death, MI, or ischemic stroke with apixaban 
compared with placebo. Similarly, the ATLAS ACS 2-TIMI 51 (Anti Xa Therapy to 
Lower Cardiovascular Events in Addition to ASA with or without Thienopyridine 
Therapy in Subjects with Acute Coronary Syndrome—Thrombolysis in Myocardial 
Infarction) study had a significant increase in major bleeding with their respective 
Factor Xa inhibitors compared with dual antiplatelet therapy. It was noted however, 
in the primary analysis of the combined dosing arms, rivaroxaban (combined dose 
arms) reduced the composite of cardiovascular death, MI, or stroke compared with 
placebo (8.9% versus 10.7%, respectively). In a secondary analysis of the efficacy 
and safety of rivaroxaban (2.5 or 5 mg bid) compared with placebo in a pooled 
subset of ACS patients from the ATLAS ACS-TIMI 46 (phase II) and ATLAS ACS 
2-TIMI 51 (phase III) trials [47] showed that the addition of rivaroxaban to aspirin 
reduced a composite of cardiovascular death, myocardial infarction, and stroke 
versus aspirin alone, primarily by a reduction in the risk of myocardial infarction. 
However, the combined rivaroxaban dose groups were associated with higher 
rates of non-CABG TIMI major bleeding. The use of these strategies specifically in 
diabetic patients remains under investigation. In the stable cardiovascular disease 
setting, the Cardiovascular OutcoMes for People using Anticoagulation StrategieS 
(COMPASS) trial [48] investigated very low-dose rivaroxaban (2.5 mg b.i.d.) in 
combination with aspirin vs. aspirin alone or rivaroxaban 5 mg b.i.d. alone. Those 
assigned to rivaroxaban (2.5 mg twice daily) plus aspirin had better cardiovascular 
outcomes and more major bleeding events than those assigned to aspirin alone. 
Greater absolute risk reductions were seen in high-risk patients, including those 
with diabetes.

3. Percutaneous revascularisation in diabetic patients

Since its inception, the use of percutaneous transluminal balloon angioplasty 
(BA) to treat coronary stenosis, diabetics have shown less favourable long-term 
clinical outcomes, compared to non-diabetics. Diabetes mellitus has been identified 
as an independent predictor of restenosis. In fact, the restenosis rate following BA 
in diabetics ranges between 35% and 71%, which is much higher than seen in the 
general population (30–35%) [49]. In addition, the pattern of restenosis is more 
severe, as these patients typically show more proliferative and occlusive types of 
restenosis. The main contributor to the restenosis process following plain BA is 
negative remodelling (i.e., vessel shrinkage) [50] that accounts for 73% of lumen 
reduction after balloon angioplasty, while plaque burden contributes 27% [51].

Coronary stenting was able to reduce the occurrence of restenosis, not only 
in general population but also in diabetic patients [52]. Two pivotal randomised 
controlled trials demonstrated the beneficial effects of stenting as compared to BA, 
the STRESS and the BENESTENT trials [53, 54]. The analysis of diabetic patients 
in these two trials revealed a significant reduction in restenosis rate (STRESS: stent 
32%, balloon 42%; p = 0.046; BENESTENT: stent 22%, balloon 42%; p = 0.02) and 
clinical outcomes improvement at 6 months and at 4 years follow-up (including 
cardiac death, non-fatal MI and the need for repeat revascularization) [55]. Despite 
these results, restenosis rate remained higher in diabetics compared to non-dia-
betics. In a meta-analysis [56] of 16 studies, after stent implantation angiographic 
restenosis (defined as ≥50% diameter stenosis at follow-up) occurred in 550 of 2672 
(20.6%) of non-diabetics as compared to 130 of 418 (31.1%) of diabetic patients 
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(p < 0.001). The authors identified, among other factors, insulin treatment in type 
2 diabetes, a marker of disease duration and severity, as an independent predictor 
of restenosis. The prevailing mechanism of restenosis after stenting is accelerated 
intimal hyperplasia which is especially exaggerated in diabetic patients [57]. Thus, 
the development of drug-eluting stent (DES) to tackle this mechanism of restenosis 
directly was a revolutionary development in this field. In this regard, the subgroup 
analysis of the two pivotal randomised trial, which evaluated the efficacy of first 
generation DES (Cypher® stent; Cordis, Johnson & Johnson, Warren, NJ, USA and 
Taxus® stent; Boston Scientific, Natick, MA, USA) showed positive results in terms 
of restenosis rates and in MACE [58, 59].

In the SIRIUS trial (Sirolimus-coated Bx Velocity balloon-expandable stent 
in the treatment of patients with de novo coronary artery lesions) [60] a total of 
1058 patients were randomised to either SES or BMS for the treatment of de novo 
coronary stenosis. The primary endpoint was target vessel failure (cardiac death, 
myocardial infarction and target vessel revascularisation [TVR]) at 9-month 
follow-up. The diabetes subgroup analysis of the SIRIUS trial included 279 patients, 
131 receiving SES and 148 receiving BMS [61]. In this subgroup of patients, SES 
implantation demonstrated favourable results with significant reductions in reste-
nosis rates (in-lesion 50% for BMS vs. 17% for SES), and in MACE (25% for BMS 
vs. 9.2% for SES). The TAXUS IV trial [62] enrolled 1326 patients that were ran-
domised to PES or BMS for the treatment of de novo coronary stenosis. The primary 
endpoint was ischaemia driven TVR and the incidence of cardiac death, and MI at 
one year. Overall, the PES group showed a significant reduction in the occurrence 
of the primary endpoint (TVR 7.4% vs. 20.9%, p = 0.0008). The study included 
155 diabetic patients (32% of the total population) and 33% of the diabetics were 
insulin-dependent DM. In this subgroup, the use of PES significantly reduced the 
risk of binary restenosis (70% reduction of in-segment restenosis). This reduction 
was also observed in insulin-dependent DM subjects (42.9% for BMS vs. 7.7% for 
PES, p = 0.007).

The DIABETES (Diabetes and Sirolimus-Eluting Stent) trial [63] was the first 
randomised multicentre controlled trial specifically designed to assess the efficacy 
of SES vs. BMS in diabetics. This study included 160 diabetic patients, 80 of whom 
received BMS, while 80 were treated with SES. Late lumen loss assessed by QCA 
at 9-month follow-up was the primary endpoint. The SES treated group showed a 
significant reduction of late lumen loss (relative reduction 87%). The study con-
sidered a sub-randomisation, according to the type of anti-diabetic treatment and 
the SES benefit was independent from diabetic status. This benefit was maintained 
up to 5-year follow-up [64]. Subsequently, 3 other randomised trials also designed 
for diabetic patients (SCORPIUS [65, 66], DESSERT [67] and DECODE [68]) have 
corroborated the same positive results of SES in reducing neointimal proliferation 
to mid and long-term. A meta-analysis of all available data in diabetics treated with 
PCI [69] demonstrated the benefit of DES in terms of restenosis and target lesion 
revascularisation.

Finally, other studies compared both DES in terms of efficacy (Table 1). The 
SIRTAX (SIRolimus versus pacliTAXel-eluting stents) trial [70] and the ISAR 
(In-Stent Angiographic Restenosis)-DIABETES trial [71] showed that SES in dia-
betics had lower MACE and lower late lumen loss compared with PES. The efficacy 
of new generation DES has also been evaluated. The everolimus-eluting stent (EES) 
has been tested against PES in the SPIRIT IV and V trial. In the subgroup analyses 
of the SPIRIT IV [72] EES compared with PES showed no difference in target lesion 
failure (6.4% vs. 6.9%, respectively, p = 0.80) or any of its components was pres-
ent among diabetic patients, regardless of insulin use. In contrast, in the SPIRIT V 
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Trial Type of 
study

Type of 
stent

N Primary endpoint Primary 
outcomes

SIRTAX [90] Single-
centre, 

controlled, 
single-blind 

trial

SES vs. 
PES#

250 MACE (cardiac 
death, myocardial 

infarction and 
ischemia-driven 

target lesion 
revascularisation)

The primary 
endpoint was 

significantly lower 
in the SES group. 

The difference 
between SES and 

PES stents was 
more pronounced 

in the DM patients.

ISAR- 
DIABETES [91]

P, NI trial SES vs. PES 
in diabetics

250 In-segment late 
lumen loss (non-

inferiority margin 
0.16mm)

In-segment late 
luminal loss was 

greater in the 
paclitaxel-stent 

group than in the 
sirolimus-stent 

group (P=0.002)

SPIRIT V  
DIABETIC [92]

P, single-
blind, R.

EES vs. PES 
in diabetics

324 In-stent late lumen 
loss at 8 months

EES was superior 
to PES for in-stent 

late loss at 9 
months however, 
clinical endpoints 

were similar 
between the two 

groups.

ESSENCE 
DIABETESbis 
[92]

P, M, R EES vs. SES 
in diabetics

300 In-segment late 
lumen loss at 8 

months

Everolimus-
eluting stents were 

noninferior to 
sirolimus-eluting 
stents in reducing 
Late lumen loss:.

ENDEAVOR IV 
[93]

P, R (1:1), 
single-blind, 

controlled 
trial

ZES vs. 
PES #

477 Target vessel failure 
at 9 months

A trend towards 
higher in-stent 

late loss with ZES 
as compared to 
PES, but with 
comparable 

clinical outcomes 
at 1-year 

follow-up.

RESOLUTE [94] M, NI trial ZES vs. 
EES #

538 Target vessel failure 
at 12 months

ZES was 
demonstrated to 
be non-inferior 

to EES

LEADERS [95] M, assessor-
blind, NI

BES vs. 
SES#

414 Composite 
endpoint*

The primary 
endpoint was 
comparable in 

diabetic patients

SES: sirolimus-eluting stent; BMS: bare metal stent; PES: paclitaxel-eluting stent; DM: diabetes mellitus; EES: 
everolimus-eluting stent; ZES: zotarolimus-eluting stent; BES: biolimus-eluting stent; MACE: major adverse cardiac 
events; TVF: target vessel failure; TVR: target vessel revascularisation; P: prospective; NI: non-inferiority trial, R: 
randomised; M: multicenter.
*Composite endpoint of cardiac death, myocardial infarction and clinically-driven target vessel revascularisation at 
9 months.
#Diabetic subgroup.

Table 1. 
Randomised controlled trials comparing drug-eluting stent vs. drug-eluting stents in diabetic patients.



Interventional Treatment for Structural Heart Disease

24

Diabetic Study Everolimus-eluting stent was superior to PES for in-stent late loss 
at 9 months, however, clinical endpoints were similar between the two groups [73]. 
Interestingly no stent thromboses (Academic Research Consortium definite and 
probable) were seen at 1 year with EES, compared with 2 of 104 (2%) with PES 
(P = 0.11). The efficacy of the zotarolimus-eluting stent (ZES) has been assessed 
in the Endeavour IV trial against PES [74] and the Resolute™ [75] stent a new 
generation ZES against EES. In these studies, ZES was comparable with PES and 
non-inferior to EES. Finally, the biolimus-eluting stent (BES) has been compared to 
SES in the LEADERS all-comer trial. BES appeared to be non-inferior to SES with 
regard to the primary endpoint in the subgroup of diabetics [76].

The effectiveness of different DES platforms has been addressed in the Swedish 
Angiography and Angioplasty Registry (SCAAR) [77]. Data on restenosis from 
2004 and 2008 was collected. Four DES types qualified for inclusion. In total, 
35,478 DES were implanted at 22,962 procedures in 19,004 patients and 1807 
restenosis events were reported over a mean 29-month follow-up. In the entire 
study population, the restenosis rate per stent was 3.5% after 1 year and 4.9% after 
2 years. The adjusted risk of restenosis was higher in patients with DM, compared 
to patients without DM (relative risk [RR]: 1.23, 95% confidence interval [CI]: 1.10 
to 1.37). In patients with DM, restenosis was twice as frequent with the ZES stent 
compared with that in SES and PES types.

Another important aspect in the use of DES is the safety, especially in diabetic 
patients. Safety of DES mainly refers to the incidence of ST, MI or death during 
follow-up. Diabetes has been identified as an independent predictor of ST in many 
registries with the use of first-generation DES (SES and PES) [17, 78]. In a large 
multicentric registry 66 of more than 15,000 patients treated with SES, the overall 
incidence of stent thrombosis at 1 year was 0.87% and the most potent independent 
predictor of thrombosis was the insulin-dependent DM [78]. Diabetic patients, 
as mentioned previously, exhibit specific pathophysiological factors as well as 
unfavourable angiographic parameters, which confers an especially high risk of 
thrombosis.

A Swedish Registry (SCAAR) compared diabetic patients treated with DES to 
those treated with BMS. The median follow-up was 2.5 years. This study included 
4754 patients who received at least one DES and 4956 patients that received only 
bare metal stents (BMS) at the index procedure. The study showed that restenosis 
was halved by DES in diabetic patients with stable or unstable coronary disease, 
compared with BMS [RR, 0.50 (95% CI, 0.35–0.70)] and was associated with 
a higher adjusted RR of MI, [RR 5.03 (95% CI, 4.25–5.97)] [79]. Similar results 
were observed in a meta-analysis of individual patient data from four randomised 
trials reporting on the use of SES in diabetics [80]. This meta-analysis included 
583 patients (SES vs. BMS; median follow-up of 4.2 years). There was a significant 
reduction in the overall hazard of MACE (hazard ratio, [HR] 0.48, 95% confidence 
interval [CI] 0.36–0.63, P < 0.001) with SES. The overall hazard of death (HR 0.91, 
95% CI 0.59–1.41, P = 0.68), as well as death or MI (HR 0.77, 95% CI 0.54–1.09, 
P = 0.14), was not significantly different between the groups. No significant dif-
ferences were observed regarding ST (HR 0.50, 95% CI 0.15–1.69, P = 0.26) [80].
Reassuring data also comes from the Massachusetts Data Analysis Registry that 
included 6008 diabetics treated between April 2003 and September 2004. After 
propensity score-matched risk analysis, the use of DES was associated with a 
significantly lower rate of death, MI and TVR [52].

New generation EES stent showed a safety benefit as compared to PES in the 
Spirit V- diabetic randomised trial at 1 year; the composite of death and MI was 
reduced by EES (9.6% vs. 3.7%; p = 0.04) as well as the thrombosis rate (1.9% vs. 
0%; p = ns) [73].
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Data concerning safety of BES in diabetics comes from a sub-study from the 
LEADERS trial. Among insulin-dependent diabetics, the rate of all-cause death and 
cardiac death was 0% after BES implantation, compared to 9.1% and 6.5% respec-
tively, after SES implantation at 12 months follow-up (p < 0.01) [76].

Finally, the Resolute™ stent showed a higher incidence of definite ST at 1-year 
follow-up, compared to EES (1.2% vs. 0.3%; <0.01) in the all-comer RESOLUTE 
trial [81].

4. Multivessel disease in diabetics

Based on the current evidence, coronary artery bypass graft (CABG) is the 
treatment of choice for diabetic patients with multivessel disease [82]. However, 
since the inception of percutaneous coronary intervention, numerous trials have 
been designed to evaluate the efficacy of PCI versus CABG in patients with multi-
vessel disease. In the following section, we will discuss the various trials that have 
compared surgical revascularisation to percutaneous intervention, beginning with 
balloon angioplasty and continuing to the modern DES era.

4.1 Trials comparing CABG and BA

Four trials designed to compare the efficacy of CABG versus BA have reported 
data on the subgroup of patients with diabetes mellitus: the EAST study, the BARI 
study, the CABRI trial and the RITA trial (Table 2) [83–86]. The only study that 
showed a significant benefit in survival of diabetic patients treated with CABG 
compared with BA, was the BARI trial. On the basis of these results, a clinical alert 
to US physicians from the National Heart, Lung, and Blood Institute, was published 
in Circulation 1995 and concluded that CABG should be the preferred treatment for 
patients with diabetes on drug or insulin therapy, who have multivessel coronary 
artery disease and require a first coronary revascularisation procedure.

Trial Inclusion/exclusion 
criteria

Primary 
endpoint

Number 
diabetics 
included

F-U Primary 
endpoint in 

DM

BARI [80] Angina or severe 
ischemia, CAD amenable 

for BA or CABG

10-year 
survival

CABG 
DM: 180
BA DM: 

173

7.8 PTCA 45.5% vs. 
CABG 57.8%, 

p = 0.025).

EAST [79] MV CAD, no previous 
Rev; no LMS stenosis, no 

CTO, no LVEF ≤25%

3-year 
death, MI

CABG: 41
BA: 49

8-10.5 CABG: 75.5%
BA: 60.1%

p= 0.23

CABRI [82] Age ≤76, MV CAD + 
clinical evident ischemia; 

no previous Rev, LMS 
stenosis, LVEF ≤25%, 

stroke, HF

Mortality CABG: 60
BA: 64

4 CABG: 12.5%
BA: 22.6%

p= 0.01

RITA [81] >50-70% coronary 
stenosis SA or UA, de 

novo single or MV CAD 
suitable for BA or CABG

5-year death, 
non fatal MI

CABG: 33
BA: 29

6.5 CABG: 16%
BA: 17%
p= 0.64

Table 2. 
Randomised Controlled Trials comparing Balloon angioplasty versus CABG in patients with multivessel 
disease.



Interventional Treatment for Structural Heart Disease

26

4.2 Trials comparing CABG versus PCI with bare metal stents

There are four randomised trial that compared the outcomes from bypass 
surgery versus coronary stenting in patients with multivessel disease: the ARTS, 
the AWESOME trial, the SOS and the ERACI II trial. Only the first two trials 
analysed the diabetic subgroup separately, and neither showed any survival benefit. 
The ARTS (Arterial Revascularisation Therapy Study) trial reported a reduced 
event-free survival at 1 year in diabetics treated with stenting, as compared with 
those treated with CABG (63.4% vs. 84.4%, p = 0.001) [87]. This difference was 
largely due to a significant increase in repeat revascularisation in the stent group. 
Of note, the rate of complete revascularisation in patients who underwent PCI was 
only (70.5%) compared with those who had CABG (84.1%). Conversely, the rate 
of death and MI in diabetic were similar between groups (6.7% vs. 3.1%, p = 0.29 
and 6.3% vs. 3.1%, p = 0.29, respectively). In addition, a trend towards an increase 
in the rate of cerebrovascular events was observed in the CABG group (1.8% vs. 
6.3%, p = 0.009). At five years, there was no significant difference in mortality 
between the two groups. However, it was noted, that the rate of myocardial infarc-
tion was highest in the BMS arm, compared with CABG arm (11.0% vs. 5.2%). The 
AWESOME trial (Angina With Extremely Serious Operative Mortality Evaluation 
Trial) randomised 454 patients with multivessel disease to either CABG or stent-
ing. Among diabetics, the respective CABG and PCI 36-month survival rates were 
comparable (72% for CABG vs. 81% for PCI) [88]. A collaborative analysis of data 
from ten randomised trials to compare the effectiveness of CABG with PCI (six tri-
als used balloon angioplasty and four trials used with bare-metal stents), in patients 
with multivessel disease, showed that patients with diabetes (CABG, n = 615; PCI, 
n = 618), mortality was substantially lower in the CABG group than in the PCI 
group (HR 0.70, 0.56–0.87) [89].

In summary, despite these trials demonstrating a reduced need for subsequent 
revascularization following PCI with stents as compared to BA, the need for repeat 
revascularization remained significantly higher when compared to CABG in the 
diabetic population with multivessel disease. Moreover, the rate of myocardial 
infarction in diabetics was higher at long-term follow-up with the use of stents as 
compared to CABG. Thus, in the BMS era, revascularisation of diabetic patients 
with multivessel disease, CABG remained the first option of revascularization in 
patients suitable for surgery.

4.3 Trials comparing CABG and DES

The data available in the current era of DES comes from a combination of 
registry data, subgroup analysis from two randomised trials (the SYNTAX trial 
and the EXCEL trial) and two randomised trial performed specifically in diabetics 
patients. Beginning with the registry data, there are two multicentre registries that 
report data for diabetic patients treated with DES: the ERACI-3 and the ARTS 2 
registries. Both registries compared a current cohort of patients with multivessel 
disease treated with drug-eluting stents with the historical cohort of patients from 
ERACI 2 and ARTS 1 trial respectively; treated with either CABG or conventional 
BM stenting. The ARTS 2 registry was a single arm trial that included 607 patients 
with multivessel disease treated with SES. The ARTS I and II studies included 367 
diabetic patients (SES: 159, CABG: 96, and BMS: 112); at the 5-year follow up, the 
rate of major adverse cardiovascular and cerebrovascular events were significantly 
higher in patients treated with BMS (BMS 53.6% vs. CABG 23.4% vs. SES 40.5%; 
p < 0.01 for SES vs. BMS and SES vs. CABG). There was no significant difference 
in mortality among all 3 groups. There was an advantage of CABG over SES in 
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reducing repeat revascularisation procedures; interestingly revascularisation rate 
of patients treated with SES at 5 years approached that of patients treated with 
BMS although remained significantly lower. This “catch-up” phenomenon was not 
 apparent in the non-diabetic population [90].

In the diabetic subgroup of ERACI-3 registry [91], MACCE rates at 3 years 
were 36.2% in the DES arm, 43.6% in the BMS arm, and 30.8% in the CABG group 
(p = 0.49). Of the components of MACCE, TVR was the only one that differed 
significantly across the three groups: drug-eluting stent (21.3%), bare metal stent 
(38.5%), and CABG (15.4%); p = 0.048. There was a non-significant trend towards 
more death and non-fatal MI among diabetics treated with DES (19.1%), than in the 
bare metal stent (12.8%) or CABG (15.4%) cohort of ERACI-2. Sub-acute late-stent 
thrombosis occurred more frequently in DES-treated patients, compared with BMS 
patients (P = 0.008).

Another registry [92] compared DES implantation with off-pump CABG. This 
study addresses the effect of DES versus off-pump CABG, on 1-year outcome of 
diabetic patients with multivessel disease and critical stenosis, involving the proxi-
mal left anterior descending coronary artery, who underwent elective myocardial 
revascularisation. Following propensity score analysis, adjusting for baseline dif-
ferences between the 2 cohorts, DES increased the risk of 12-month MACCE (HR 
1.88, 95% CI, p = 0.020). This was due to the higher rate for repeat revascularisation 
in the DES group (19% vs. 5%, HR 2.05, 95% CI, p = 0.001). In contrast, there 
was no difference in the rate of the composite endpoints of death, MI, and stroke 
(DES group 13%, CABG group 12%; adjusted analysis, HR 0.80, 95% CI, p = 0.40). 
On the other hand, the New York registry [93] showed a trend towards improved 
outcomes in diabetic patients treated with CABG (n = 3256), compared with DES 
(n = 2844) (or for death or MI at 18 months 0.84, 95% CI 0.69–1.01; p = 0.07).

The SYNTAX (Synergy between percutaneous coronary intervention with 
TAXUS and cardiac surgery) trial randomly allocated 1800 patients with left 
main and/or 3-vessel coronary artery disease to PES implantation or CABG. In the 
subgroup of patients with DM (n = 452), MACCE rate was significantly higher at 
1 year with PES than with CABG (26.0% vs. 14.2%; RR 1.83 [1.22–2.73]; p = 0.003), 
at the expense of higher repeat revascularisation with PES (6.4% vs. 20.3%; RR 3.18 
[1.77–5.71]; p < 0.001). Safety endpoint (death, stroke or MI), as well as symptom-
atic graft occlusion or stent thrombosis rates were comparable between treatment 
arms. Of note, in patients with SYNTAX score > 33, death rate was significantly 
higher with PES (13.5% vs. 4.1%; p = 0.04) [94].

There are two randomised trials comparing DES and CABG in patients with 
diabetes. The CARDIA trial (Coronary Artery Revascularisation in Diabetes) 
[95] is a non-inferiority trial, comparing optimal PCI with modern CABG, as 
a revascularisation strategy for patients with diabetes who have multivessel or 
complex single-vessel coronary disease. The 1-year results of the CARDIA trial did 
not demonstrate the noninferiority of PCI versus CABG for revascularisation of 
diabetic patients. At 1 year, the primary endpoint (composite of death, non-fatal 
MI and non-fatal stroke) was comparable between arms (10.5% in CABG vs. 13.0% 
in PCI arm; p = 0.39), only further revascularisation was significantly higher in the 
PCI arm (2% vs. 11.8%; p < 0.001). Although this study was the first randomised 
trial that compared the two revascularisation strategies in diabetic patients, it was 
underpowered for the primary composite outcome. Therefore, further information 
on optimal strategies for coronary revascularisation in diabetic patients is needed.

The FREEDOM trial (Future Revascularisation Evaluation in Patients with 
Diabetes Mellitus: Optimal Management of Multivessel Disease) is a randomised 
trial, in which patients with diabetes and multivessel disease were randomly 
assigned to undergo multivessel PCI using DES versus bypass surgery and followed 
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for up to 5 years. At 5 years follow-up, the primary outcome: a composite of death 
from any cause, nonfatal myocardial infarction, and nonfatal stroke occurred more 
frequently in the PCI group, compared with the CABG group (26.6% vs. 18.7%; 
p = 0.005). The benefit of CABG was driven by differences in rates of both myocar-
dial infarction (P < 0.001) and death from any cause (P = 0.049). Cardiac death was 
not significant (p = 0.12). Stroke was more frequent in the CABG group than in the 
PCI group (2.4% vs. 5.2%; p = 0.03) [96].

The BARI 2 Diabetes (BARI 2D) [97] is a randomised, open, controlled, mul-
ticentre trial that compared optimal medical management with prompt revascu-
larisation (PCI or CABG) in patients with type 2 DM and stable coronary disease. 
The primary endpoint was death from any cause. At 5-year follow-up, survival 
rate was comparable between groups (88%) with no difference in MACE or death. 
Patients treated with CABG showed much greater atherosclerotic burden and more 
lesions than the PCI stratum. Prompt revascularisation significantly reduced the 
MACE rate in those patients treated with CABG, largely because of a reduction 
in MI events, but not among those selected to undergo PCI as compared to opti-
mal medical treatment. However, up to 42% of the patients allocated to optimal 
 medical therapy required coronary revascularisation with PCI during the 5 years of 
follow-up [97].

A recent meta-analysis of 11 RCTs [98], involved 11,518 patients allocated to PCI 
or CABG. The 5-year all-cause mortality was 11.2% after PCI and 9.2% after CABG 
(HR 1.20, 95% CI 1.061.37; P = 0.0038). Among patients with DM, mortality rates 
were 15.7% in PCI and 10.1% in CABG (HR 1.44, 95% CI 1.201.74; P = 0.0001). 
Conversely, this difference was not found among non-diabetic patients.

There have been a number of studies comparing outcomes of CABG and PCI 
that involved the use of newer-generation DES. A large meta-analysis including 
8095 patients with DM showed a significant reduction in MI, stent thrombosis, and 
MACE, with newer-generation everolimus-eluting stents, compared to first genera-
tion DES [99]. Data from the Randomised Comparison of Coronary Artery Bypass 
Surgery and Everolimus-Eluting Stent Implantation in the Treatment of Patients 
with Multivessel Coronary Artery Disease (BEST) study [100], showed that the 
outcomes were poorer in the PCI group, with the rate of the primary outcome of 
death, MI, or TVR at two years significantly higher (19.2 vs. 9.1%; P = 0.007). In 
a subgroup analysis of 505 patients with DM, in the Evaluation of XIENCE versus 
Coronary Artery Bypass Surgery for Effectiveness of Left Main Revascularisation 
(EXCEL) trial [101], the investigators reported the rate of the primary outcome of 
death, MI or stroke at three years occurred in 21.2% of patients in the PCI arm and 
19.4% in the CABG arm (HR 1.04, 95% CI 0.70–1.55). In conclusion, is clear that 
we are yet to determine whether the newer generation DES will begin to narrow the 
divide favouring CABG for patients with DM and multivessel disease, and addition-
ally, that further dedicated randomised control trials are needed.

5.  The importance of atherosclerosis progression in the long-term 
outcome after myocardial revascularisation

Atherosclerotic coronary artery disease is a chronic condition that is not limited 
by revascularisation. The short and long-term outcomes in patients undergoing 
both percutaneous and surgical revascularisation, are not only determined by stent 
or graft failure, but also by atherosclerotic disease progression in other territories. 
A paucity of data exists regarding the impact of atherosclerosis progression on 
the outcome of patients after revascularisation, and this is particularly evident in 
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patients with diabetes. The current data regarding atherosclerosis progression after 
percutaneous revascularisation is limited. One of the studies that address this issue 
was the study conducted by Cutlip et al. [102] This study included 1228 patients 
treated with BMS. The cumulative incidence of restenosis events, non-restenosis 
events, and the overall composite end point up to 5 years was evaluated. In this 
study, it was demonstrated that the events relating to restenosis increased during 
the first year, however there was a virtual absence of restenosis thereafter. On the 
other hand, the rate of non-restenosis events increased during the first year, in 
parallel to the restenosis events but continued to increase out to 5 years. The two 
factors that were independently associated with an increased risk of restenosis and 
non-restenosis events were diabetes and multivessel disease.

Zellweger et al. [103] studied the importance of 5-year coronary disease pro-
gression after successful DES stenting. This is a sub-study of the Basket trial and 
involved 428 consecutive patients randomised to drug-eluting versus bare-metal 
stents, with successful stenting documented by freedom from symptoms/events 
and non-ischaemic perfusion defects (PDs) after 6 months. Rest and stress scintig-
raphy scans were repeated after 60 months. Late events and new perfusion defects 
in areas remote from stented vessels were recorded. At 5 years follow-up, 37.1% of 
all events were due to remote MI, or remote repeat revascularisation. In addition, 
asymptomatic remote perfusion defect accounted for 37.5%. There is also informa-
tion about the impact of atherosclerosis progression derived from large randomised 
trials comparing DES vs. BMS. In the 5-years of the SIRIUS (Sirolimus-Eluting Stent 
in De-Novo Native Coronary Lesions) trial, 28% of MI were located in non-target 
vessels. In addition, 64% in the SES group and the 42.% in the BMS group of all 
target vessel revascularisation were non performed in the target lesion [104]. In 
the 5-year TAXUS IV Treatment of De Novo Coronary Disease Using a Single 
Paclitaxel-Eluting Stent trial: 45% of all revascularisation in the PES group were due 
to non-target lesion TVR [105].

The progression of atherosclerosis in diabetics has been specifically assessed 
by Rozeman et al. [106]. This study included 248 patients (55 diabetics/193 non 
diabetics) and evaluated the percentage of arteries with new narrowing’s at follow-
up angiography following angioplasty. The authors observed that the percentage of 
new narrowing was more often in diabetic patients compared to non-diabetics (14.8 
vs. 9.4%; p = 0.03) and particularly in the arteries previously treated with angio-
plasty (13.6 vs. 8.5; p = 0.01). The 5 year follow-up of the DIABETES (DIABETes 
and sirolimus-Eluting Stent) trial, showed that the need for new revascularisation 
in the SES group was due equally to restenosis and progression of atherosclerosis 
in other territories [64]. On the other hand, surgical revascularisation also have 
disease progression [107]. It has been described that the progression is primarily in 
the proximal segment before the anastomosis (74%) and the majority was proximal 
coronary occlusion (78%). This pattern of atherosclerosis progression may be 
mostly asymptomatic in patients with a patent graft and prevents future events due 
to plaque rupture in the proximal segment of the artery.

This data suggested that the clinical implication of atherosclerosis progression 
is different in the two-revascularisation strategies and negatively affects patients 
treated percutaneously, particularly after the first year of clinical follow-up. This 
has to be taken into account, when comparing long term results of stent implanta-
tion versus CABG in patients with multivessel disease. Improvements in both the 
stent platforms and the adoption of new drug coatings have improved the outcome 
of patients treated with PCI. However, it is critical, particularly in the diabetic pop-
ulation to improve the secondary prevention strategies to decrease the  occurrence 
of events due to atherosclerosis progression.
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6. Current recommendations for revascularisation in diabetics

Contemporary guidelines place emphasis on the long-term survival benefit 
conferred by CABG, for treatment of diabetics with multivessel disease. A clini-
cian’s judgement on the revascularisation strategy remains an important factor. 
Although PCI with DES has narrowed the gap with surgery, following the results of 
the FREEDOM trial in CABG-eligible diabetic patients multivessel disease, CABG 
remains the gold standard treatment [16, 96] (Tables 3 and 4).

Recommendations Class Level

It is recommended that the same revascularisation techniques are implemented(e.g. the 
use of DES and the radial approach for PCI, and the use of the left internal mammary 
artery as the graft for CABG) in patients with and without DM.

I A

It is recommended that renal function should be checked if patients are taking 
metformin immediately before angiography and that metformin should be withheld if 
renal function deteriorates.

I C

Optimal medical therapy should be considered to be the preferred treatment in patients 
with CCS and DM unless there are uncontrolled ischaemic symptoms, large areas of 
ischaemia or significant left main or proximal LAD lesions.

IIa B

CABG = coronary artery bypass graft; CCS = chronic coronary syndromes; DES = drug-eluting stent; DM = diabetes 
mellitus; EACTS = European Association for Cardio-Thoracic Surgery; ESC = European Society of Cardiology; 
LAD = left anterior descending coronary artery; PCI = percutaneous coronary intervention.

Table 4. 
Recommendations for coronary revascularisation in patients with diabetes. Adapted from 2018 ESC/EACTS 
Guidelines on myocardial revascularization.

Recommendations according to the extent of CAD CABG PCI

CLASS LEVEL CLASS LEVEL

One vessel CAD

Without proximal LAD stenosis IIb C I C

With proximal LAD stenosis I A I A

Two vessel CAD

Without proximal LAD stenosis IIb C I C

With proximal LAD stenosis I B I C

Three vessel CAD

With low disease complexity (SYNTAX score 0-22) I A IIb A

With intermediate or high disease complexity 
(SYNTAX score >22)

I A III A

Left main CAD

With low disease complexity (SYNTAX score 0-22) I A I A

With intermediate disease complexity (SYNTAX score 
23-32)

I A IIa A

With high disease complexity (SYNTAX score ≥ 33) I A III B

CABG = coronary artery bypass graft; CAD = coronary artery disease; DM = diabetes mellitus; LAD = left anterior 
descending coronary artery; PCI = percutaneous coronary intervention; SYNTAX = Synergy between Percutaneous 
Coronary Intervention with TAXUS and Cardiac Surgery.

Table 3. 
Recommendations for the type of revascularization in patients with diabetes with stable coronary artery 
disease, suitable coronary anatomy for both procedures, and low predicted surgical mortality. Adapted from 
2018 ESC/EACTS Guidelines on myocardial revascularization.
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7. Conclusions

Diabetic patients are a very high-risk population. The unfavourable anatomy 
and the prothrombotic state contribute to the poor acute and midterm outcome 
following percutaneous revascularisations. With the advent of DES, improved stent 
designs and antiplatelet drugs; the rate of TLR and MACE has also improved in dia-
betic patients; however, it remains higher in comparison to non-diabetic patients. 
We have underestimated the impact of atherosclerosis progression in the appear-
ance of late events after PCI, particularly in patients with diabetes. Whilst it is 
clearly evident that both aggressive secondary prevention and lifestyle modification 
are mandatory to alter the natural history of CAD in this group, the gold standard 
for diabetic patient with complex multivessel disease is surgical revascularisation.

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Chapter 3

Radial Artery Access
Carmelo Panetta and Johnny Chahine

Abstract

Radial artery access for angiography has matured over the past two decades 
and is now the preferred point of access for most patients. Lower bleeding rates 
in clinical randomized trials have translated into lower mortality prompting 
change in the guidelines. Advances in technique with use of ultrasound for access 
to properly size the sheath, proper dosing of anticoagulation and new techniques 
for sheath removal have dramatically lowered radial artery occlusion rates. Radial 
artery spasm has improved with vasodilators and proper sedation. Advances in 
support boards and sheath extension have opened up left radial access. Advances 
in lower profile sheaths and sheathless systems allow larger catheters in smaller 
arteries. Advances in longer balloons and sheaths have opened up radial access 
for peripheral interventions. Areas of clinical research include use of ulnar 
artery compared to radial, left versus right radial access, use of radial artery for 
a surgical conduit after angiography, radiation exposure and advantage of radial 
approach in the elderly.

Keywords: radial artery, ulnar artery, radial artery occlusion, sheathless guide,  
left radial support

1. Introduction

Radial artery access for angiography was first described in 1948 via cut down and 
direct insertion into either right or left radial artery [1], and in 1989 direct coronary 
angiography with percutaneous access via left radial artery [2]. Since then, radial 
artery access has advanced catheterization for patients by reducing vascular site 
bleeding which translated into both lower mortality and lower costs [3, 4]. Lesser 
known advantages include opening up both femoral arteries for larger sheaths for 
both hemodynamic support, complex coronary, peripheral or structural cases, as 
well as patient satisfaction. Acceptance has been slow by operators given the artery 
is smaller, orthopedic concerns of the operator with left radial and navigating cath-
eters thru tortuous vascular anatomy, resulting in longer cases and higher radiation 
exposure [5, 6]. Advances in both techniques and medical devices have overcome 
many of the concerns opening up the wrist arteries for a far greater number than the 
past, translating into benefits for patients, hospitals and physicians.

2. Outline for the chapter

1. Bleeding reduction and impact on mortality

2. Ultrasound access
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3. RAO: prevention/therapy

4. Radial Access Support

5. Thin walled sheaths and Sheathless guides

6. Peripheral interventions via radial approach

7. Areas of research: ulnar vs. radial; use of radial for graft; radiation exposure; 
elderly

3. Bleeding reduction and impact on mortality

Radial access found a niche initially by patient preference and potential benefit 
given the complications with femoral or brachial access [1]. Radial artery access for 
coronary angiography and percutaneous intervention is deemed safer than femoral 
access, positively impacting mortality, and bleeding risk.

A multicenter randomized controlled trial involving 8404 participants with 
acute coronary syndrome found that using radial access decreases major bleeding 
[RR 0.67 (0.49–0.92), p = 0.01] and all-cause mortality [RR 0.72 (0.53–0.99), 
p = 0.045] compared to femoral access [7]. The RIFLE-STECAS trial involved 
only patients with ST-elevation myocardial infarction (STEMI) (n = 1001), and 
found lower bleeding rates (7.8% vs. 12.2%, p = 0.026) and cardiac mortality in 
the radial access group (5.2% vs. 9.2%, p = 0.02), and decreased median length of 
stay [5 [4–7] days vs. 6 [5–8], p = 0.03] [8]. The RIVAL trial separately studied the 
outcomes of STEMI (n = 1958) and non-ST elevation acute coronary syndrome 
(n = 5063) patients. Survival benefit and decreased bleeding risk with radial 
access was seen in the STEMI group [9]. A comparative study of STEMI patients 
in cardiogenic shock after PCI (n = 2663) showed that 1-year mortality was 
lower using the transradial approach compared to transfemoral (44% vs. 64%, 
p = 0.004), with radial artery access being an independent predictor of 1-year 
mortality [HR 0.65 (0.42–0.98), p = 0.041] [10]. The rate of TIMI 3 flow was 
identical in both groups. Major bleeding was higher in the femoral group (25% 
vs. 13%, p = 0.04) as well as bleeding related to access site (9 vs. 0.9%, p = 0.01) 
[10]. The STEMI-RADIAL trial also involved STEMI patients (n = 707), and 
found decreased composite endpoint of death, myocardial infarction, stroke, 
major bleeding, and vascular complications (4.6% vs. 11%, p = 0.003) but similar 
mortality rates at 30 days (2.3% vs. 3.1%, p = 0.64) and 6 months (2.3% vs. 3.6%, 
p = 0.31) [11]. The SAFARI-STEMI trial enrolled 2292 out of 4800 patients, halted 
prematurely because of futility finding 30-day mortality was similar between the 
radial and femoral access groups (RR 1.15 (0.58–2.30), p = 0.69). There was no 
difference in bleeding risk [RR 0.71 (0.38–1.33), p = 0.28] [12]. These findings 
can be explained by the fact that the proceduralists were experienced cardiolo-
gists at high-volume centers, a closure device was used in 68% of patients in the 
femoral group, less 2b3a inhibitor was used and bivalirudin was favored in 92% of 
those patients, which is known to cause less bleeding than heparin [12].

Yet the totality of data from 12 randomized clinical trials over the past decade 
found particularly in those with acute coronary syndrome, a lower bleeding rate 
translated into lower mortality [3]. This prompted a radial first approach by the 
American Heart Association for those with acute coronary syndrome [3].
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4. Ultrasound access

Ultrasound (US) for radial access from several smaller studies implied a benefit 
in time to access [13, 14]. The RAUST trial included 698 patients and showed that an 
ultrasound-guided approach decreased the number of attempts (mean 1.65 ±  1.2 vs. 
3.05 3.4, p < 0.0001) and the time to getting access (88 ±  78 seconds vs. 108 ±  
112 seconds, p = 0.006) [15]. In another randomized controlled trial performed in 
Australia that enrolled 1388 patients, ultrasound use decreased time to getting access 
(93 vs. 11 seconds, p = 0.009), the number of attempts (1.47 vs. 1.9, p < 0.0001) with 
increased chances of success from the first try (73% vs. 59.7%, p < 0.0001) [16]. 
Besides the faster and higher success rate, pre-puncture ultrasound can prevent 
vascular complications by properly sizing the radial artery to sheath diameter [17].

5. RAO: prevention/therapy

Radial artery occlusion (RAO) is common and is seen in up to 10% of patients 
early after the procedure, although the more recent trials (after 2018) showed an 
RAO rate of less than 3.7% [18].

Multiple preventive techniques have been described including importance of 
anticoagulation, proper sizing of the radial artery to sheath/guide, patent hemosta-
sis, prophylactic ulnar compression and shorten duration of compression [18]. A 
meta-analysis that included 31,345 patients and 66 studies concluded that high dose 
heparin (5000 IU) administration decreased the risk of RAO by 64%, and reduc-
ing compression times decreased this risk by 72% [19]. A recent study of high dose 
(100 IU/kg body weight) versus (50 IU/kg/body weight) lowered RAO [20]. That is 
why it has been recommended to administer at 5000 U or 50 or higher IU/kg body 
weight unfractionated heparin for all procedures with radial artery access [18, 21]. 
Importance of having sheath to radial artery diameter < 1.0 is considered best for 
reducing RAO [18, 21], pushing industry to provide sheaths with thinner walls or 
sheathless guide systems. The 6.5 F sheathless Eaucath appeared to have lower RAO 
compared to thin walled 6F sheath, 0.0% vs. 2.0%, p 0.031 with sample size of 600 
randomized patients [22]. Although thinner, the RAP and BEAT (Radial Artery 
Patency and Bleeding, Efficacy, Adverse evenT) trial found thin walled 6French (F) 
sheath failed noninferiority to 5F sheath, (3.7% vs. 1.7%, pnon-inferiority = 0.150) 
[23]. Even a difference of 0.24 mm (5F standard with 2.22 mm vs. thin-walled 6F 
with 2.44 mm) may have lower RAO, implying smaller is better. Reduction of RAO 
rates have been reported after subcutaneous injection of nitroglycerin at the radial 
access site before the procedure (5% vs. 14%, P = 0.04) and the use of intraarte-
rial nitroglycerin after the procedure (8% vs. 12%, p = 0.006) [24]. Maintaining 
radial artery patency during hemostasis is proven to reduce RAO rates, or patent 
hemostasis [18, 21]. This can be achieved by periodically monitoring oximetry- 
plethysmography after the procedure to ensure radial flow [25] Pneumatic radial 
compression based on the patient’s mean arterial pressure and concomitant ulnar 
compression to increase radial flow have also been shown to be beneficial [26].

6. Radial access support

Support for access in the wrist has advanced over the past decade, with a focus 
on left arm support, radiation protection and having a board to hold equipment. 
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There has been a surge in the last several years to use the left wrist to circumvent 
challenges with access to the left internal mammary artery post coronary artery 
bypass surgery (CABG), those older than 75 years, short statue less than 5 foot 
five inches (1.65meters), and long term hypertension [5, 27]. Wrist access requires 
support for: access in the artery, management of equipment, radiation exposure 
along with comfort of the patient and the operator. Right arm support has advanced 
with arm extension boards to help with access, for example Radial Runway (TZ 
Medical), Rad Rest (Merit) or STAR system (Adept Medical) to help with access of 
the artery, especially useful if not using ultrasound (Figure 1). Right boards include 
the Cardiotrap (Radial Solutions) (Figure 2a), EGGNEST from EGG medical 
(Figure 2b), STARSYSTEM by Adept Medical, Rad Board from Merit provides both 
arm support and radiation protection. The left arm support for both access and arm 
support across the abdomen is the Left Arm Support System by LP Medical (Figure 
2c) and Cardiotrap from Radial Solutions. Other options for arm support alone 
include STARSYSTEM by Adept Medical, Cobra Board by TZ medical (Figure 2d), 
left radial support sling by Academic Health Science Network and Tesslagra sterile 
sleeve by Tesslagra Design Solutions. Once access is made for the left wrist and 
arm is placed across the abdomen, use of sheath extension such as the StandTall by 

Figure 1. 
Devices to hold the wrist out to assist in accessing the radial artery. a. Radial Runway©, TZ medical. b. Rad 
Board© and Rad Rest©, Merit Medical.

Figure 2. 
Arm support systems. Right arm: a. Cardiotrap® (Transradial solutions, SC) b. EGG Nest® (EGG Medical, 
MN) c. Left arm support system (LASS) (LP Medical, MN) d. Cobra Board® (TZ Medical, OR).
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Radux (Figure 3), distal radial approach or having a long sheath partly extended out 
(although risk for kinking of the sheath) will allow the physician to have an upright 
position on the right side of the patient while manipulating the catheter or guide.

7. Thin walled sheaths and Sheathless guides

Small diameter of the radial or ulnar artery has been overcome with thin-
ner sheaths. For example the Slender (Terumo) (Figure 4) 6F outer diameter is 
2.46 mm versus 2.62 mm for standard sheath outer diameter and the Slender 7F 
drops the outer diameter from 2.95 down to 2.79 mm. The downside is kinking of 
the thinner walled sheaths especially if partly inserted into the artery.

Figure 3. 
Sheath Extension Standtall® (Radux Devices, MN).

Figure 4. 
Thin walled sheath, GLIDESHEATH SLENDER® Introducer Sheath – ©2020 Terumo Medical Corporation. 
All rights reserved.
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Sheathless guides (Eaucath system from Asahi Intecc Co Ltd. or Railway system 
from Cordis) have opened up radial access for smaller arteries. The OD of the 6.5Fr 
SheathLess Eaucath is 2.16 mm, similar to the OD of the 4Fr sheath at 2.00 mm. The 
OD of the 7.5Fr SheathLess Eaucath is 2.49 mm, similar to the OD of the 5Fr sheath at 
2.29 mm. The passing of the sheathless guide requires special attention to withdrawing 
the dilator before entry into the aorta from the subclavian. One other option is the use 
of an inflated balloon in the tip of the guide prior to passing into the artery referred to 
balloon-assisted shealthless transradial intervention (BASTI) [28]. The challenge is the 
use of 0.014 wire for support versus 0.021 or 0.035 and, as with sheathless guides one 
other issue is over manipulation of the guide without a sheath could induce spasm.

8. Peripheral interventions via radial approach

Peripheral interventions have adopted radial access to lower bleeding or due 
to hostile femoral artery anatomy [29]. Peripheral interventions include aorta, 
visceral, iliac/femoral and, rarely, popliteal [29, 30]. The learning curve for radial 
approach for peripheral interventions [29] may account for an increase in radia-
tion [31]. Distance from the wrist to the site of percutaneous intervention is a 
limitation. Longer sheaths such as destination sheath by Terumo (Figure 5a) have 
allowed improved positioning for equipment. As with the sheathless guide, careful 
attention should be placed on pulling back the dilator before entering the aorta. 
Longer catheters have been developed by Terumo under the radial to peripheral 
program, (R2P) with shafts upto 200 cm including both balloons and self expand-
ing peripheral stents (Figure 5b). Other companies have 170 cm catheter lengths 
including: Ultraverse RX (Bard); the Advance 14LP low Profile balloon (Cook); 
and the Armada 14 (Abbott), Mini Ghost (B.Braun), Steriling SL Monorail (Boston 
Scientific), Sleep OTW (Cordis) and Amphirion Deep OTW (Medtronic) all with 
catheters upto 150 cm in length. The longer shafts have furthered the use of radial 
access, along with left arm support and sheath extension but limited length of 
catheters with covered stents or drug coated balloons for infrainguinal disease [32].

9. Areas of research

With an increase in clinical studies showing the advantages of radial access also 
came insight into complications including radial loops, high take off of radial artery, 

Figure 5. 
Long sheath R2PTM DESTINATION SLENDERTM Guiding Sheath b. 200 cm Long shaft R2PTM 
METACROSS® RX PTA Balloon Dilatation Catheter - ©2020 Terumo Medical Corporation. All rights reserved.
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spasm, dissection [5]. The ulnar artery became another option, initially avoided 
due to location, as the ulnar artery is often deeper beneath the skin and concern for 
ulnar nerve damage or hand ischemia but reports for both coronary and peripheral 
angiography and interventions rasie doubts regarding those concerns [33–35]. A 
meta analysis of five trials found similar complications between radial vs. ulnar 
approach [36]., crossover was higher with ulnar versus radial approach but this was 
driven by one trial [37]. This trial was to enroll 2286 patients but was stopped early 
with 902 enrolled after finding cross over to another site was 26% more likely with 
ulnar approach compared to radial, with the caveat that ultrasound was not used 
for access. Further studies are warranted in comparing radial versus ulnar using 
ultrasound.

Radial artery is being reinvestigated as a favored coronary artery bypass 
graft (CABG) over veins with recent meta analysis of 1036 patients having lower 
mortality with arterial grafts over venous grafts [38]. This has prompted the 
ROMA prospective randomized trial comparing vein to arterial grafts for CABG. 
One study from 2003 found radial grafts that were previously cannulated had a 
lower patency rate [39]. Several other studies have found changes in the radial 
artery including arterial tears, radial intimal hyperplasia and loss of reactivity 
after sheath insertion [40–42]. This has prompted some surgeons to request 
interventional cardiologists not to use nondominant radial artery for angiog-
raphy. Further studies investigating radial or ulnar access prior to CABG are 
recommended.

Radiation exposure is a constant worry in the catheterization laboratory [43]. 
Advances in technology have lowered radiation exposure including improved 
shielding. Clinical data have shown radial, particularly right radial, to have more 
radiation exposure compared to femoral approach [6]. Comparison of left radial to 
femoral approach in one randomized trial [44] found higher radiation compared in 
radial approach, although this was done prior to newer technology to assist in left 
radial such as sheath extension (eg. Stand Tall, Radux Devices) and left arm support 
systems. Multiple randomized trials found less radiation with left versus right radial 
[45–49] although one trial found more radiation with left radial [50]. Avoiding 
steep angles, particularly LAO -Caudal, lower magnification, lower frame rate with 
fluoroscopy, and distance is recommended [51, 52]. Further research comparing 
access sites is warranted to better understand with current technology the risks of 
radiation exposure.

Elderly have higher risk for CV procedures [53, 54] and benefits of radial 
approach for reduction in bleeding complications is a valid concern. Age appears to 
be a predictor of failure or cross over to another site [5, 19]. Yet studies in the elderly 
including a retrospective analysis have not shown increased time to treat ST eleva-
tion myocardial infarction [55]. A review of patients enrolled in randomized Rival 
trial found less complications but higher cross over rates in the elderly [56]. Further 
studies are warranted in those 75 years and older to compare radial (left versus 
right) and femoral access points in examining cross over rates, radiation, bleeding 
and success.

Radial access has dramatically changed over the past twenty years with advances 
in both technology and technique to bring this approach to the forefront in both the 
acute setting as well as for complex procedures.
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Valve-in-Valve Transcatheter 
Aortic Valve Replacement
Takashi Murashita

Abstract

The increased use of bioprostheses in aortic valve replacement has led to 
increased number of patients with structural valve degeneration. Since reoperation 
for failed bioprostheses carries a high risk, a valve-in-valve transcatheter aortic 
valve replacement has become an attractive alternative treatment. However, there 
remains technical challenges and controversies in this field. Herein, we discuss the 
current perspectives in valve-in-valve transcatheter aortic valve replacement.

Keywords: transcatheter aortic valve replacement, valve-in-valve, failed 
bioprostheses

1. Introduction

The use of bioprosthetic valves in aortic valve replacement (AVR) has been 
increasing, even in younger patients [1]. In the meantime, the indication of 
transcatheter aortic valve replacement (TAVR) has been expanding as well. Since 
reoperation for degenerated prosthetic valve carries a high risk, a valve-in-valve 
TAVR has become an attractive alternative treatment. The most recent guide-
lines stated that valve-in-valve TAVR is recommended as class IIa indication for 
“severely symptomatic patients with bioprosthetic aortic valve stenosis judged 
by the heart team to be at high or prohibitive risk of reoperation, and in whom 
improvement in hemodynamics is anticipated” [2]. However, technical challenges 
exist in valve-in-valve TAVR. In this chapter, we discuss the current perspective of 
valve-in-valve TAVR and its associated risks and benefits.

2. Indications of valve-in-valve TAVR

2.1 Outcomes of redo aortic valve replacement

The use of bioprosthetic valve in AVR has been expanding. That will inevitably 
lead to increased number of patients who need re-aortic valve replacement for 
degenerated bioprostheses. Redo aortic valve replacement carries a higher operative 
risk compared to primary aortic valve replacement.

Kaneko et al. investigated 3,380 patients from The Society of Thoracic Surgeons 
database who underwent elective, isolated redo aortic valve replacement (AVR) 
after a previous AVR [3]. The operative mortality was 4.6%, and the incidence of 
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Study Year Number 
of pts

Key outcomes

Dvir et al. [4] 2014 459 Thirty-day mortality; 7.6%.
Thirty-day stroke rate; 1.7%.

One-year survival rate; 83.2%.
Patients who had stenosis had worse 
1-year survival in comparison with 

regurgitation.
Patients with small valves had worse 
1-year survival in comparison with 

intermediate or large valves.

Tuzcu et al. [5] 2018 1150 Thirty-day mortality; 2.9%.
Thirty-day stroke rate; 1.7%.

Thirty-day heart failure 
hospitalization rate; 2.4%.

One-year survival rate; 88.3%.
Patients in the valve-in-valve TAVR 
group had higher post-TAVR mean 

gradient, but less moderate or severe 
aortic regurgitation compared to 

native-valve TAVR group.
Post-TAVR gradients were highest in 

small SAVRs and stenotic SAVRs.

Webb et al. [6] 2017 365 Thirty-day mortality; 2.7%.
Thirty-day stroke rate; 2.7%.

One-year survival rate; 87.6%.
Mean transaortic gradient was 

17.6 mm Hg, and effective orifice area 
was 1.16 cm2 at 1 year.

Webb et al. [7] 2019 365 Three-year survival rate; 67.3%
Aortic valve re-replacement was 

required in 1.9%.
Mean transaortic gradient was 

16.6 mm Hg at 3-year follow-up.
Effective orifice area was 1.15 cm2 at 

3-year follow-up.
Moderate to severe aortic 

regurgitation was 2.5% at 3 years.
New York Heart Association 

functional class improved, with 
90.4% in class III or IV at baseline 

and 14.1% at 3 years.

Neupane et al. [8] 2018 227 Thirty-day mortality; 5%.
Thirty-day major stroke rate; 2%.

Permanent pacemaker implantation; 
9%.

Valve-in-valve TAVR and re-SAVR 
had similar thirty-day mortality, and 

similar rates of stroke, myocardial 
infarction, and acute kidney injury 

requiring dialysis.

Pibarot et al. [9] 2018 1168 Thirty-day mortality; 10.3% in severe 
PPM, 4.3% in no or moderate PPM.

Adjusted one-year survival rate; 
80.7% in severe PPM, 89.1% in no or 

moderate PPM.
Patients with pre-existing severe 

PPM more frequently harbored high 
post-procedural gradients.
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mortality, morbidity, stroke, postoperative aortic insufficiency mild or greater, 
pacemaker implantation and vascular complications was higher in redo AVR group 
compared to primary AVR patients.

2.2 Outcomes of valve-in-valve TAVR

Overall the outcomes of valve-in-valve TAVR have been reported to equivalent 
or better compared to those of redo surgical AVR.

The Valve-in-Valve International Data (VIVID) reported the outcomes of valve-
in-valve TAVR for 459 patients in 55 centers [4]. The thirty-day mortality was 7.6%. 
Overall one-year survival rate was 83.2% Patients with bioprosthetic stenosis had 
worse 1-year survival compared with the patients with bioprosthetic regurgitation. 
Patients with small valves had worse 1-year survival compared to intermediate or 
large valves.

Study Year Number 
of pts

Key outcomes

Deeb et al. [10] 2017 227 Thirty-day mortality; 2.2%.
Thirty-day major stroke rate; 0.4%.

One-year survival rate; 85.4%.
Moderate aortic regurgitation 
occurred in 3.5% of patients at 

30 days and 7.4% of patients at 1 year, 
with no severe aortic regurgitation.

The rate of new permanent 
pacemaker implantation was 8.1% at 

30 days and 11.0% at 1 year.
The mean valve gradient was 

17.0 ± 8.8 mm Hg at 30 days and 
16.6 ± 8.9 mm Hg at 1 year.

Factors significantly associated 
with higher discharge mean aortic 
gradients were surgical valve size, 

stenosis as modality of surgical valve 
failure, and presence of surgical valve 

prosthesis patient mismatch.

de Freitas Campos 
Guimarães et ak [11]

2018 116 Thirty-day mortality; 6.9%.
Three-year survival rate; 74.1%.

Average mean transaortic gradients 
remained stable up to 5-year 

follow-up.
Clinically relevant structural valve 
degeneration occurred in 3%, and 

15.1% had subclinical structural valve 
degeneration.

Goztek et al. [12] 2018 342 Thirty-day mortality; 5.4%.
Permanent pacemaker implantation; 

6.8%.
Valve-in-valve TAVR was associated 

with higher incidence of PPM, higher 
paravalvular leaks and higher mean 
postoperative aortic valve gradients 

compared to re-SAVR.

TAVR: transcatheter aortic valve replacement; SAVR: surgical aortic valve replacement; PPM: prosthesis-patient 
mismatch.

Table 1. 
Previous studies which reported the clinical outcomes of valve-in-valve TAVR.
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The Transcatheter Valve Therapy (TVT) Registry showed that unadjusted 
30-day mortality after valve-in-valve TAVR was 2.9%, and it was better than that of 
native valve TAVR (4.8%) [5].

The PARTNER (Placement of Aortic Transcatheter Valves) 2 trial showed that 
30-day mortality was 2.7%, stroke was 2.7%, major vascular complication was 4.1%, 
conversion to surgery was 0.6%, coronary occlusion was 0.8%, new pacemaker 
insertion was 1.9%, and one year all-cause mortality was 12.4% [6]. Recently 3-year 
outcomes after valve-in-valve TAVR in the Partner 2 registry was published [7]. 
The mean age of the patients was 78.9 ± 10.2 years. At 3 years, the estimate all-cause 
mortality was 32.7%. Quality of life of the patients improved compared to baseline.

Neupane et al. conducted a meta-analysis of the previously reported studies to 
determine outcomes after valve-in-valve TAVR and redo AVR [8]. Their analysis 
showed no difference in 30-day mortality between valve-in-valve TAVR and redo 
AVR for failed bioprosthetic aortic valve.

Previous studies which reported the clinical outcomes of valve-in-valve TAVR 
are listed in Table 1.

3. Complications in valve-in-valve TAVR

3.1 Prosthesis-patient mismatch

Valve-in-valve TAVR could cause prosthesis-patient mismatch especially when 
there was severe bioprosthetic valve stenosis. It was also pointed out that valve-
in-valve TAVR was an independent predictor of valve hemodynamic deterioration 
(defined as an increase in mean aortic valve gradient ≥10 mm Hg) [13].

Herrmann et al. reviewed 62,125 patients in the Society of Thoracic Surgeons/
American College of Cardiology TVT registry and reported that severe prosthesis-
patient mismatch occurred in 12% [14]. Patients with severe prosthesis-patient 
mismatch had higher mortality rate compared to patients with moderate or no 
prosthesis-patient mismatch.

On the contrary, Dvir et al. reported that severe prosthesis-patient mismatch 
occurred in 31.8% of patients surviving aortic valve-in-valve TAVR [4]. However, 
one-year survival was not affected by having severe prosthesis-patient mismatch.

The long-term transaortic gradient has not been reported. In the Partner II 
registry, mean transaortic gradient was 16.6 mmHg at 3-year follow-up [7].

3.2 Coronary obstruction

Coronary obstruction is a rare, but life-threatening complication associated 
with TAVR. Its incidence in native valve TAVR was reported as less than 1% [15]. 
However, it occurs more frequently in valve-in-valve TAVR.

Ribeiro et al. reviewed 1,612 patients from the Valve-in-Valve International Data 
Registry [16]. Coronary obstruction occurred in 37 patients (2.3%), and the 30-day 
mortality was 52.9% among the patients who had coronary obstruction. Coronary 
obstruction happened more frequently in stented valves with externally mounted 
leaflets or stentless valves compared to stented valves with internally mounted 
leaflets.

Multiple detector computed tomography is a standard diagnostic modality in the 
planning of TAVR [17]. A virtual transcatheter valve to coronary ostium distance 
<4 mm is considered a high risk of coronary obstruction [16].

In the case of anticipated high risk of coronary obstruction, a placement of 
a coronary guidewire with coronary balloon or undeployed stent in the targeted 
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coronary arteries before deploying TAVR is a good option for coronary protection, 
since the emergent percutaneous coronary intervention for coronary obstruction 
is challenging. Ribeiro et al. reported that percutaneous coronary intervention was 
successful only in 81.8% [15].

Delayed coronary obstruction is a rare complication following TAVR that 
accompanies with high in-hospital mortality. Jabbour et al. reported that the inci-
dence of delayed coronary obstruction was 0.22% in 17,092 TAVR procedures and 
the overall in-hospital mortality was 50% [18]. Percutaneous coronary interven-
tion was successful only in 68.8%. It occurred more frequently after valve-in-valve 
TAVR compared to native valve TAVR (0.89% vs. 0.18%) and it occurred more 
frequently in self-expandable valves compared to balloon-expandable valves 
(0.36% vs. 0.11%).

3.3 Self-expandable valve versus balloon-expandable valve

Self-expanding valves are usually associated with lower postprocedural 
gradients. Rogers et al. reported that hemodynamics of self-expandable valves 
were superior to that of balloon-expandable valves in patients with small aortic 
annulus [19].

In the meantime, Dvir et al. reported that elevated postprocedural gradients 
were happened more frequently in balloon expandable valves compared with self-
expandable valves [4].

Pibarot et al. reported that pre-existing prosthesis-patient mismatch of the 
failed surgical valve was strongly and independently associated with increased risk 
for mortality following valve-in-valve TAVR [9]. Elevated pressure gradients are 
seen in more than 70% of patients who present with baseline prosthesis-patient 
mismatch if treated with balloon-expandable valves.

The optimal deployment height would be important to avoid postprocedural 
high gradients. Simonato et al. reported that lower gradients and greater effective 
orifice areas were achieved with higher deployment positions than lower deploy-
ment in vitro study [20]. Hatoum et al. reported that supra-annular axial deploy-
ment is associated with lower pressure gradients, and sub-annular deployment is 
associated with more favorable sinus hemodynamics [21].

When severe prosthesis-patient mismatch is present, a self-expanding device 
in a supra-annular position would be the preferred treatment strategy. Dvir et al. 
suggested an implant depth of up to 3 mm for the self-expandable valve; Evolut 
(Medtronic, Minneapolis, Minnesota), and up to 20% frame depth for the balloon-
expandable valve; SAPIEN 3 (Edwards Lifesciences, Irvine, California) [22].

3.4 Structural valve deterioration after TAVR

Bioprosthetic valve dysfunction happens both in surgical AVR and TAVR. 
However, bioprosthetic valve dysfunction is a broad term that encompasses struc-
tural and non-structural valve deterioration [23]. It is very important to distinguish 
between two of them. Structural valve deterioration is the principal etiological 
factor, and it can lead to irreversible valve dysfunction, whereas non-structural 
valve deterioration includes reversible dysfunction such as valve thrombosis or 
endocarditis.

The long-term durability of valve-in-valve TAVR has been unknown. One of 
the longest follow-up data was reported from Partner II registry [7]. Among 337 
patients who could be followed for 3 years, 5 patients underwent repeat aortic 
valve replacement for aortic valve dysfunction after valve-in-valve procedure. 
Moderate hemodynamic valve deterioration occurred in 2 out of 160 patients 



Interventional Treatment for Structural Heart Disease

60

(1.3%), and severe hemodynamic valve deterioration also occurred in 2 out of 
160patients (1.3%) at 3 years.

3.5 Valve thrombosis

Valve thrombosis following TAVR has been increasingly recognized. Valve 
thrombosis is associated with reduced leaflet motion, and leads to high chance of 
strokes and transient ischemic attacks. Subclinical leaflet thrombosis is manifested 
by either hypo-attenuated leaflet thickening or reduced leaflet motion [24].

Del Trigo et al. reported that the incidence of valve hemodynamic deterioration 
following TAVR was 4.5% in 1,521 patients, and a valve-in-valve procedure was an 
independent predictor for valve hemodynamic deterioration [25].

Vahidkhah et al. analyzed computational three-dimensional models for the 
surgical aortic valve and transcatheter aortic valve [26]. They found that geometric 
confinement of the transcather aortic valve by the leaflets and the frame of the 
degenerated bioprosthesis that circumferentially surround the transcatheter aortic 
valve stent increased the blood residence time on the leaflets, which could act as a 
permissive factor in the leaflet thrombosis after valve-in-valve TAVR.

3.6 Antiplatelet/anticoagulation therapy after TAVR

The optimal antiplatelet/anticoagulation management after TAVR has been 
controversial [23, 27].

Most of the societies such as American Heart Association and Society of 
Thoracic Surgeons recommend lifelong-aspirin and 6 months of Clopidogrel after 
TAVR. In terms of anticoagulant therapy, it may be considered in patients with 
chronic atrial fibrillation or other indications. Vitamin K antagonist may be consid-
ered in the first 3 months after procedure in patients at risk for atrial fibrillation or 
valve thrombosis.

Overtchouk et al. reviewed 11,469 patients in French registry, and found that 
anticoagulation decreased the risk of bioprosthetic valve dysfunction, whereas 
chronic renal failure and prosthesis size ≤23 mm were associated with the risk of 
bioprosthetic valve dysfunction [28].

4. Conclusions

The valve-in-valve TAVR has provided satisfactory outcomes for degenerative 
bioprosthetic aortic valve. It is recommended with class IIa indication in high risk 
patients for redo surgical AVR. However, physicians need to understand techni-
cal challenges in valve-in-valve TAVR such as residual high pressure gradient, 
prosthesis-patient mismatch and coronary obstruction. The long-term durability 
of valve-in-valve procedure remains unknown. Moreover, anticoagulation manage-
ment and superiority between self-expandable and balloon-expandable valves have 
been controversial.
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Chapter 5

Transcatheter Mitral Valve 
Replacement: Evolution and 
Future Development
Lina Ya’qoub and Marvin Eng

Abstract

We will review transcatheter mitral valve replacement (TMVR) and discuss this 
evolving cutting edge procedure in terms of types (valve in valve, valve in ring and 
valve in mitral annular calcification MAC), clinical indications, pre-procedural 
planning and value of pre-procedural imaging including computed tomography 
role, technical challenges encountered in these procedures, potential complications 
for each type of TMVR, and potential strategies to mitigate and avoid such compli-
cations, We will review the currently available devices dedicated for mitral valve 
replacement, with a summary of their preliminary data and early outcome results. 
We will also discuss knowledge gaps and ideas for future research.

Keywords: Transcatheter mitral valve replacement, valve in valve, valve in ring,  
valve in mitral annular calcification

1. Introduction

Valvular heart disease affects >100 million patients worldwide, which is 
estimated to increase further with the aging population and a subsequent increase 
in degenerative valve disease [1]. Based on analysis of the Society of Thoracic 
Surgery (STS) National Database, there are >40,000 mitral valve replacements 
being performed annually in the United States (US), with shift from mechanical 
to bioprosthetic valve replacements [1]. It is known that redo mitral valve surgery 
is associated with higher mortality compared to first mitral surgery; with 30-day 
mortality ranging from 6% for elective second mitral valve surgery and 17.8% for 
emergency surgery [2]. The risk of a third or fourth surgery is even higher; with 
30-day mortality reaching up to 44% in urgent surgery [3]. As such, Transcatheter 
mitral valve replacement (TMVR) using aortic balloon-expandable transcatheter 
heart valves (THV) has been increasingly performed for patients with severe 
mitral valve disease who are not candidates for surgery [4]; as it emerged as a less 
invasive alternative option for these patients with relatively lower mortality than 
the predicted STS predicted rates of mortality [4]. Moreover, dedicated devices for 
TMVR have been developed and some are currently being studied [5–10]. Results 
of the clinical outcomes of TMVR are promising, but anatomical differences 
between mitral bioprosthetic valves, annuloplasty rings, and severely calcified 
mitral annulus are associated with specific procedural challenges for TMVR 
procedures [1, 4].



Interventional Treatment for Structural Heart Disease

68

2. Types of TMVR

There are three main types of TMVR: 1) valve-in-valve (ViV) for severe mitral 
valve disease due to degenerated mitral bioprosthetic valves, 2) valve-in-ring (ViR) 
for failed surgical repairs with annuloplasty rings, and 3) valve-in-mitral annular 
calcifications (ViMAC) for native mitral valve disease with severe MAC who are 
poor surgical candidates [1]. Mitral ViV for high surgical risk patients was approved 
by the Food and Drug Administration (FDA) in the United States (US) in 2017, 
while mitral ViR and ViMAC remain off-label at this current time [4]. The role of 
TMVR in native mitral valve disease, whether MR or mitral stenosis, is currently 
being studied using various device types and designs. We will discuss these sepa-
rately under the dedicated TMVR device section.

3. Scientific evidence supporting TMVR

The scientific evidence supporting TMVR is based on observational data, mostly 
from registries, in North America and Europe [1, 4–15], summarized in Table 1. 
Several studies showed data on outcomes of mitral ViV, ViR, ViMAC from single or 
multi-center registries; with consistent results demonstrating overall better out-
comes for mitral ViV procedures compared to mitral ViR and ViMAC [1, 4–15].

The role of mitral ViV, ViR, and ViMAC has been evaluated in a prospec-
tive early feasibility clinical trial, the MITRAL trial (Mitral Implantation of 
Transcatheter Valves, NCT 02370511), which is the first prospective study assessing 
outcomes of TMVR in all of the three separate subtypes. The results of the trial have 
been recently published [16–18].

Author, year published Number of patients Major outcomes

Guerrero et al. [11] 64 patients with ViMAC • Technical success was 72%

• 30-day all-cause mortality was 29.7%

• 84% of the survivors with follow-up data 
available were in New York Heart Association 
(NYHA) class I or II at 30 days

Yoon et al. [13] 248, 176 patients 
undergoing ViV, 72 
patients undergoing ViR

• ViR had lower technical success (83.3% vs. 
96.0%; p = 0.001) due to more frequent second 
valve implantation (11.1% vs. 2.8%; p = 0.008)

• ViR had higher 1-year all-cause mortality rate 
(28.7% vs. 12.6%; log-rank test, p = 0.01).

Eleid et al. [14] 87 patients (ViV = 60, 
ViR = 15, ViMAC = 12)

• Procedural success was 97% in ViV, and 74% in 
ViR and ViMAC.

• 30-day survival free of death and cardiovas-
cular surgery was 95% in ViV and 78% in ViR 
and ViMAC

• 1-year survival free of death and cardiovascu-
lar surgery was 86% in the ViV compared with 
68% in ViR and ViMAC

Guerrero et al. [5] 106 patients with MAC • 30-day and 1-year all-cause mortality was 25% 
and 53.7%, respectively.

• Most patients who survived 30 days were 
alive at 1 year and majority were in NYHA 
functional class I or II
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In the MITRAL trial, in which 30 patients undergoing transseptal mitral ViV 
were enrolled between July 2016 and October 2017, technical success was achieved 
in 100% of cases with 30-day all-cause mortality of 3.3%, which remained 
unchanged at 1 year. At 1-year follow-up, the vast majority of patients were in New 
York Heart Association (NYHA) functional class I or II [16].

Similarly, in the MITRAL trial assessing patients undergoing transeptal mitral 
ViR, 30 patients were studied with results showing technical success of 66.7% 
(driven primarily by need for a second valve in 6 patients), all-cause mortality 
of 6.7% at 30 days and 23.3% at 1 year. Similar to ViV study, the vast majority of 
patients were in NYHA class I or II at 1 year [17].

MITRAL trial assessed ViMAC by prospectively enrolling 31 patients and 
was challenged by a high proportion of patients with threatened left ventricular 
outflow tract (LVOT) obstruction. As such mitigation strategies were devise in the 
form of alcohol septal ablation and trans-atrial valve implantation accompanied by 
anterior leaflet resection. As such as high proportion of patients received trans-
atrial TMVR (48.4%), while transseptal access was used in 48.4%, and transapi-
cal access 3.2%. Technical success was achieved in 74.2% of cases, overall 16.7% 
(trans-atrial, 21.4%; transseptal, 6.7%; transapical, 100% [n 1/4 1]; p = 0.33) 
all-cause mortality rate at 30 days and 34.5% (trans-atrial, 38.5%; transseptal, 
26.7%; p = 0.69) mortality at 1 year. Similar to ViV and ViR study, the vast majority 
of patients were in NYHA class I or II at 1 year [18]. Importantly, this trial intro-
duced preemptive alcohol septal ablation as a mitigation strategy to prevent LVOT 
obstruction [18].

Author, year published Number of patients Major outcomes

Urena et al. [12] 91 patients (ViV 37.3%, 
ViR in 33.0%, and 
ViMAC in 29.7%)

• mortality rate at 30 days was 7.7% without 
significant differences between groups

• The cumulative rates of all-cause mortality at 
1-year and 2-year follow-up were 21.0% and 
35.7%, respectively, with higher late mortality 
in patients with MAC.

Yoon et al. [1] 521 patients (322 ViV, 
141 ViR, and 58 ViMAC)

• ViMAC was associated with higher all-cause 
mortality in comparison to ViR and ViV 
at follow up of 30 days (34.5% vs. 9.9% vs. 
6.2%; log-rank P < 0.001) and 1 year  
(62.8% vs. 30.6% vs. 14.0%; log-rank  
P < 0.001).

Werner et al. [15] 7 patients (3 ViV, 1 ViR, 
3 ViMAC)

• clinical success with functional improvement 
of at least one NYHA class was achieved in all 
patients with in-hospital mortality rate of 14% 
(1/7)

• After hospital discharge, no death occurred, 
and clinical improvement remained stable at 
1 year

Guerrero et al. [4] 903 patients (680 ViV, 
123 ViR, 100 ViMAC)

• Technical and procedural success were higher 
in ViV.

• In-hospital mortality (ViV = 6.3%, ViR = 9%, 
ViMAC = 18%; P = 0.004) and 30-day mortal-
ity (ViV = 8.1%, ViR = 11.5%, ViMAC = 21.8%; 
P = 0.003) were higher in ViMAC.

Table 1. 
Summary of observational TMVR studies with their major outcomes.
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4. Procedural planning

Successful TMVR depends on accurate sizing of the mitral annulus and avoid-
ance of LVOT obstruction. In the absence of a validated standard method for mitral 
annulus sizing at the present time, operators have extrapolated from transcatheter 
aortic valve replacement (TAVR) experience and used a variety of sizing approaches 
including echocardiography, 3-dimensional (3D) transesophageal echocardiog-
raphy, cardiac CT, and balloon sizing techniques [10]. Cardiac CT is the most 
accepted imaging modality for annulus sizing. In general, pre-procedural imaging 
constitutes of contrast-enhanced CT to identify critical cardiac structures and 
anatomy, including sizing of the mitral annulus, which is the basal-most structure 
of the mitral leaflets [19]. In addition to annular sizing, CT also provides essential 
information for pre-procedural planning, including the amount and distribution of 
calcifications, as well as predictors of LVOT obstruction; the left ventricular cavity 
size, anterior leaflet length, aorto-mitral angulation, septal hypertrophy, among 
other features. CT is also helpful in identifying the trajectory and site of access, 
whether transapical or transseptal [10, 19].

Data utilizing 2-dimensional (2D) echo imaging correlated acute angulation 
of the mitral aorta-outflow-angle (mAOA) with higher risk of LVOT obstruction 
compared with that of more obtuse mAOA. However, risk of LVOT obstruction is 
not solely based on mAOA; this is because LVOT is a 3D anatomical structure and 
mAOA on 2D echo images may not provide the comprehensive assessment needed. 
CT overcomes this limitation as it provides a 3D assessment. Both the prosthetic 
valve and the anterior displacement of anterior mitral leaflet can result in severe 
LVOT obstruction. Additionally, utilization of computer-aided designs and 3-D 
printed models allows us to test devices in patient-specific anatomy and at different 
angulations and depths with estimation of risk for LVOT obstruction [19].

LVOT obstruction is a fatal complication; thus, pre-procedural planning in an 
attempt to predict neo-LVOT provides a key step in the success of TMVR procedure. 
In a multicenter study of 38 patients undergoing TMVR using balloon-expandable 
valves for severe mitral valve dysfunction because of degenerative surgical mitral 
ring, bio-prosthesis, or severe native mitral stenosis from severe mitral annular 
calcification, the investigators defined LVOT obstruction as increase of 10 mmHg 
or more in LVOT peak gradient following TMVR and found that 7 of the 38 patients 
had LVOT obstruction, with CT neo-LVOT surface area correlating well with 
measurements after TMVR [20]. Yoon and colleagues in their study of 194 patients 
undergoing TMVR found that LVOT obstruction was associated with higher 
procedural mortality compared with patients without LVOT obstruction (34.6% vs. 
2.4%; p < 0.001) [21].

5. Technical considerations

The first few TMVR procedures were performed using a surgical transapical  
[6, 7] or open trans-atrial [8, 9] approach, but subsequent reports described success-
ful implantation with a completely percutaneous trans-femoral transseptal approach 
[10–12]. Transseptal access has been the default access in ViV and ViR in the 
MITRAL trial, while both transseptal and trans-atrial access have been equally used 
in ViMAC [16–18]. All-cause 30-day mortality in ViMAC was 16.7% (trans-atrial, 
21.4%; transseptal, 6.7%; transapical, 100% [n = 1]; p 0.33) and 1-year mortality 
was 34.5% (trans-atrial, 38.5%; transseptal, 26.7%; p = 0.69) [18]. These mortality 
rates are relatively higher than other transeptal or transapical procedures; as stud-
ies have shown that the 30-day and 1-year mortality rates were 3.6% and 23.2% for 
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patients undergoing transseptal transcatheter edge-to-edge repair using MitraClip 
for secondary mitral regurgitation, and the 30-day and 1-year mortality rates were 
8.4% and 25.4% for transapical TAVR [22, 23].

Because the mitral annulus is larger in size compared to aortic valve annulus, 
TMVR requires larger devices, including prosthesis and delivery systems [10]. Mitral 
annular calcifications are less common compared with aortic valve calcifications, 
and their presence may condition the implant of a transcatheter mitral prosthesis. 
For this purpose, the role of TMVR in presence of considerable annular calcification 
is less clear, as shown in the MAC (mitral annular calcification) Global Registry, 
which demonstrated that TMVR was feasible in MAC but associated with relatively 
high early and midterm mortality at 1 year, although patients who survived at 1-year 
follow-up had sustained improvement of symptoms [4, 5]. Similarly, the MITRAL 
trial showed relatively high 1-year mortality in ViMAC patients, but transeptal 
ViMAC showed promising results with 30-day mortality lower than the predicted STS 
score, however mortality rates in this population remains higher than other transeptal 
procedures, including transcatheter edge-to-edge repair using MitraClip [1, 2, 18].

6. Procedural complications

6.1 ViV

Complications in ViV are considered relatively low, with reported LV perfora-
tion 0.4%, LVOT obstruction 0.7% and conversion to surgery in 1.3% [1, 4]. 
Post-procedure mitral valve function was excellent with a median mean mitral 
valve gradient of 4 mm Hg and residual mitral regurgitation grade of 1+ or less in 
98.1%. A second valve was needed in a relatively small proportion of mitral ViV 
patients (1.5%) and was associated with higher mortality at 30 days. The reasons 
or mechanisms for which this was associated with higher mortality (residual mitral 
regurgitation, thrombosis, renal failure) are not known at this time [4].

6.2 VIR

Generally speaking, studies have shown that ViR TMVR is associated with 
worse outcomes compared with ViV, but better outcomes compared with ViMAC 
procedures [1, 4, 10, 16–18]; ViR is a more complex procedure than ViV due to the 
different types of rings (rigid versus nonrigid, complete versus incomplete) and 
different shapes, which are usually not round predisposing to residual paravalvular 
leak [1, 4]. There are 3 main challenges in ViR cases: valve anchoring, LVOTO and 
paravalvular leak. Yoon et al. showed that ViR had a significantly lower technical 
success rate compared with the ViV group (83.3% vs. 96.0%; p = 0.001) due to 
more frequent second valve implantation (11.1% vs. 2.8%; p = 0.008) [1]. Moreover, 
the investigators found that residual mitral regurgitation moderate or higher at 
30 days was more frequent in patients with flexible rings compared with those with 
semi-rigid rings (44.4% vs. 10.8%, p = 0.02) [1]. A study showed that the 30-day 
mortality was 11.5% in ViR patients with median STS PROM score of 9.3% [4]. The 
reasons for higher mortality in mitral ViR are probably multifactorial; potentially 
related to higher procedural complication rates including LVOT obstruction, higher 
valve embolization rate, residual mitral regurgitation and need for reintervention 
including conversion to surgery, as well as different baseline characteristics includ-
ing a lower baseline left ventricular ejection fraction [4]. In fact, the ViR group also 
had the highest rate of device embolization at 30 days 3.6% compared with mitral 
ViV 0.2% and ViMAC 1.6% [4].
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Guerrero et al. showed 4.9% rate of LVOT obstruction in ViR, which was lower 
than the 8% in the VIVID registry; this could be related to increased experience in 
patient selection and risk-reduction strategies. Overall, mitral ViR is observed to 
have higher rates of LVOTO as compared to ViV, possibly due to the presence of a 
preserved anterior mitral leaflet. In most ViV cases, the anterior leaflet is no longer 
present making LVOT obstruction less likely [4].

Guerrero et al. also demonstrated that when comparing outcomes by types of 
rings (complete versus incomplete, rigid versus nonrigid), there was a larger mitral 
valve area in incomplete rings versus complete rings [4]. However, there was no 
statistically significant difference in median mean mitral valve gradients and clini-
cal outcomes between the groups based on the type of ring [4].

6.3 ViMAC

Studies have shown that ViMAC procedures were associated with the lowest 
technical success and the highest in-hospital and 30-mortality compared with 
mitral ViR and ViV [1, 4]. Similar to ViR, ViMAC has significant challenges to 
anchoring, paravalvular leak and LVOTO. The reasons are multifactorial, including 
presence of multiple comorbidities and technical challenges including the complex-
ity of the mitral valve anatomy; as the native mitral valve is a saddle oval shape 
being treated with a round transcatheter valve which may lead to paravalvular leak 
at commissures, non-uniform calcium distribution, and relatively small sized ven-
tricles accompanied by threatened LVOTO [1, 4, 10]. Therefore, there is a frequent 
need for LVOT modification taking the form of three options: LAMPOON, Alcohol 
septal ablations or surgical resection of the anterior leaflet.

LVOT obstruction is considered the Achilles’ heel of TMVR, especially in 
ViMAC. It has limited treatment options and was the strongest predictor of 30-day 
and 1-year mortality in the TMVR in MAC Global Registry [4, 5, 10]. Studies have 
shown that LVOT obstruction rate in ViMAC procedures is at least 10% [1, 4, 5, 10]. 
One factor that could contribute to different rates of LVOT obstruction observed 
among registries may be the different definitions used, such as LVOT obstruction 
with hemodynamic compromise versus increase in mean LVOT gradient of ≥10 mm 
Hg from baseline. Another important factor may be improved screening process 
with cardiac computed tomography to predict LVOT obstruction and strategies to 
prevent it [1, 4]. Potential predictors of LVOT obstruction are the angle of the mitral 
valve in relation to the LVOT long axis, the presence of small LV cavity, bulging or 
severe hypertrophy of the basal interventricular septum, long anterior mitral valve 
leaflets, dynamic alterations as the pushing of the native anterior leaflet toward the 
LVOT, prosthesis protrusion and device flaring [4, 5, 10, 19–21].

7. Strategies to mitigate procedural complications

Cardiac computed tomography to measure the expected neo-LVOT area to assess 
the risk of TMVR-induced LVOT obstruction identifying patients at risk facilitates 
implementation of measures to decrease such risk including preemptive alcohol 
septal ablation, percutaneous laceration of the anterior mitral leaflet, surgical 
excision of the anterior mitral leaflet during trans-atrial TMVR or deciding not to 
perform the procedure at all [1, 4, 10, 24, 25].

Several strategies to prevent or treat LVOT obstruction caused by TMVR have 
been developed and studied. These strategies include: 1) preemptive alcohol septal 
ablation in patients at risk for TMVR-induced LVOT obstruction who have favorable 
anatomy for alcohol ablation as shown in the MITRAL trial [18], 2) percutaneous 
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laceration of the anterior leaflet to decrease the risk of TMVR-induced LVOT 
obstruction in TMVR procedures (The LAMPOON trial; Laceration of the Anterior 
Mitral Leaflet to Prevent Outflow Obstruction During TMVR) [24, 25], 3) possibly 
trans-atrial surgical access for TMVR in severe MAC, as evaluated by the SITRAL 
Trial (Surgical Implantation of Transcatheter Valves) [1, 4, 24, 25].

8. Dedicated TMVR devices

In addition to the balloon expandable valves which were initially designed for 
the aortic valve and have been used in mitral valve interventions, several valve 
designs dedicated to the mitral valve have been developed and studied in several 
studies with a relatively small number of patients, with some promising results [10]. 
These dedicated mitral valves are summarized in Figure 1 and Table 2.

The CardiAQ (Edwards Lifesciences Inc) valve is a nitinol self-expanding tri-
leaflet valve, composed of bovine pericardial tissue, which was the first dedicated 
device for TMVR in 2012 in high-risk patients with severe MR. This was followed 
by the second generation of the valve, which was used for the first time in 2014 
[26]. The new redesigned version was renamed as the EVOQUE valve. It offers both 
a transapical and transfemoral-transseptal approach. The EVOQUE valve offered 
enhanced maneuverability and depth control, and lower ventricular projection to 
avoid LVOT obstruction. Currently, the Edwards EVOQUE TMVR Early Feasibility 
Study (NCT02718001) is recruiting and will assess feasibility at 30 days. The 
RELIEF (Reduction or Elimination of Mitral Regurgitation in Degenerative or 
Functional Mitral Regurgitation With the CardiAQ-Edwards™ Transcatheter Mitral 
Valve, NCT02722551) trial was stopped by the Edwards Company for further design 
validation. From the preliminary results presented, 13 patients have been treated 
with technical success of 92% and high mortality rate of 45% at 30 days [10, 27].

The Tiara (Neovasc Inc., Canada) valve is a bioprosthetic valve; it constitutes 
of bovine pericardial tissue, which is mounted inside a nitinol frame. It is self-
expanding and has a relatively large atrial skirt, which decreases the risk of paraval-
vular leaks. The first implant of Tiara valve was performed in Vancouver in 2014. 
The two major studies of the Tiara valves, TIARA-I (Early Feasibility Study of the 

Figure 1. 
Current transcatheter mitral valve replacement devices. A, CardiAQ/EVOQUE (Edwards Lifesciences Inc). B, 
Tiara (Neovasc Inc., Canada). C, FORTIS (Edwards Lifesciences Inc). D, Tendyne (Abbott Inc). E, intrepid 
(Medtronic Inc). F, caisson (LivaNova, UK). G, HighLife bioprosthesis and sub-annular implant (HighLife 
SAS, France). H, SAPIEN M3 (Edwards Lifesciences Inc). I, Cardiovalve (Cardiovalve, Israel). J, Navi-gate 
(NaviGate cardiac structures, Inc., CA). Obtained with permission from Testa et al. publication [10].
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Device name Brief description Number of 
patients

Primary 
outcomes

CardiAQ-
EVOQUE 
(Edwards 
Lifesciences Inc)

• Nitinol self-expanding tri-leaflet valve, 
composed of bovine pericardial tissue

• Transapical/transseptal

• EVOQUE valve: new redesigned version of 
the valve

13 Technical 
success, 92%
Mortality 
at 30 days, 
45%

Tiara (Neovasc 
Inc., Canada)

• Nitinol self-expanding tri-leaflet valve of 
bovine pericardial tissue

• Transapical

30 Technical 
success, 90%
Mortality at 
30 d, 10%

FORTIS (Edwards 
Lifesciences Inc)

• Nitinol self-expanding tri-leaflet valve of 
bovine pericardial tissue

• Transapical

13 Technical 
success, 
76.9%
Mortality at 
30 d, 38.5%

Tendyne (Abbott 
Inc)

• Self-expanding tri-leaflet valve of porcine 
pericardial tissue, mounted on nitinol double-
frame stent

• Transapical

100 Technical 
success, 96%
Mortality at 
30 d, 6%

Intrepid 
(Medtronic Inc)

• Nitinol self-expanding tri-leaflet valve of 
bovine pericardial tissue

• Transapical (transseptal approach under 
development)

50 Technical 
success, 96%
Mortality at 
30 d, 14%

Caisson 
(LivaNova, UK)

• Nitinol self-expanding tri-leaflet valve of 
porcine pericardial tissue, with a D-shaped 
anchor

• Transseptal

NA NA

HighLife 
(HighLife SAS, 
France)

• Two separate components: nitinol alloy-based 
self-expanding frame with a tri-leaflet valve 
of bovine pericardium tissue and a sub-
annular implant

• Transapical/trans-atrial (transseptal approach 
under development)

Anecdotal 
cases

Promising 
results in 
anecdotal 
cases

SAPIEN M3 
(Edwards 
Lifesciences Inc)

• Nitinol docking system and a modified 
SAPIEN 3 valve

• Transseptal

15 Technical 
success, 
86.7%
Mortality at 
30 d, 0%

Cardiovalve 
(Cardiovalve, 
Israel)

• Dual nitinol frame with a tri-leaflet bovine 
pericardium valve

• Transseptal

5 Technical 
success, 
100%
Mortality at 
30 d, 60%

Cephea 
(Cephea Valve 
Technologies)

• Self-expanding double-disk and tri-leaflet 
bovine pericardium tissue

• Transseptal/trans-atrial

Preclinical 
models
First-in-
human cases

Promising 
results in 
reported 
cases

AltaValve 
(4C Medical 
Technologies Inc)

• Self-expanding supra-annular device, with a 
bovine tissue valve mounted into a spherical 
nitinol frame

• Transapical

Preclinical 
models
Anecdotal 
first-in-
human case 
(n = 1)

Promising 
results in 
models and 
reported 
case
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Neovasc Tiara Mitral Valve System) (NCT02276547) and the latest TIARA-II (Tiara 
Transcatheter Mitral Valve Replacement Study), are actively enrolling patients, with 
promising preliminary results in 71 patients, mostly in functional MR (61%), show-
ing 94% technical success rate, with a mortality rate of 11.3% at 30 days [28, 29].

The FORTIS (Edwards Lifesciences Inc) valve is a self-expanding bioprosthetic 
valve of bovine pericardial tissue. The first FORTIS implant was performed in 2014. 
Preliminary results demonstrated outcomes of 13 patients with procedural success 
of 76.9%. In the early experience, the study was put on hold due to reported valve 
thrombosis [30].

The Tendyne MV system (Abbott Inc) is a self-expanding porcine pericardial 
valve, which is mounted on a nitinol stent. It is implanted using the transapi-
cal approach and the device is anchored to the annulus using apical tethers. The 
first Tendyne MV implant was performed in 2014. The Feasibility Study of the 
Tendyne Mitral Valve System for Use in Subjects With Mitral Annular Calcification 
(NCT03539458) of the first 100 patients showed that the technical success rate was 
97% with no periprocedural mortality and 30-day mortality rate of 6% [31]. Most 
patients (98.8%) had non-significant MR at 30 days [31]. Importantly, the SUMMIT 
(Clinical Trial to Evaluate the Safety and Effectiveness of Using the Tendyne 
Mitral Valve System for the Treatment of Symptomatic Mitral Regurgitation; 
NCT03433274) is an ongoing multi-center clinical trial randomizing patients to 
TMVR using the Tendyne valve versus conventional mitral valve surgery, with goal 
to enroll 1010 patients and expected completion year in 2026.

The Intrepid (Medtronic Inc) valve is a bovine pericardial valve fixed onto a 
self-expanding nitinol frame. The valve is implanted via transapical access in the 
majority of cases, but a transseptal approach is being developed. The first implant 
was performed in 2014. An initial pilot study enrolled 50 high-risk patients with MR 
and reported 96% success rate, 14% 30-day mortality rate and trivial-trace or mild 
residual MR at 30 days in all patients [32]. The multicenter randomized APOLLO 
(Transcatheter Mitral Valve Replacement With the Medtronic Intrepid TMVR 
System in Patients With Severe Symptomatic Mitral Regurgitation; NCT03242642) 
trial is still ongoing with patients randomized in a 1:1 fashion to the Intrepid valve 
versus conventional mitral valve surgery. Outcomes will be evaluated at 30 days, 
6 months, and 1 year, with up to 5 years follow-up duration, and estimated study 
completion date in 2025 [10].

The HighLife (HighLife SAS, France) valve is a 2-component system. The 
prosthetic valve is implanted in the mitral position and has an anchoring system 
placed by the trans-arterial retrograde approach in the sub-annular position [10]. 
Anecdotal initial cases are reported showing acceptable results of the valve [33]. A 
feasibility trial (NCT02974881) is still active.

The SAPIEN M3 (Edwards Lifesciences Inc) valve is a modified SAPIEN 3 valve. 
It is implanted using the transseptal approach. It uses nitinol docking system, which 
allows anchoring of device [10]. From the initial results of feasibility study in 15 
patients, technical success was achieved in 86.7%, MR reduction was achieved in 

Device name Brief description Number of 
patients

Primary 
outcomes

NaviGate 
(NaviGate Cardiac 
Structures Inc)

• Nitinol self-expandable system with several 
annular winglets

• Transapical

Case report Promising 
result in 
reported 
cases.

Table 2. 
Summary of dedicated TAMR devices and primary outcomes of available early feasibility studies.
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93.3% and no mortality was reported at 30 days [34]. The ENCIRCLE trial is an 
ongoing study designed to assess the outcomes of the SAPIEN M3 device in 400 
patients (NCT04153292).

The Cardiovalve (Cardiovalve, Israel) valve is a bovine pericardial valve 
mounted on dual nitinol. It is usually implanted using the transseptal approach. The 
system allows multi-steerable catheter utilization, which provides better control 
of the device [10]. The AHEAD (European Feasibility Study of the Cardiovalve 
Transfemoral Mitral Valve System; NCT03339115) study is designed to assess the 
outcomes of Cardiovalve system in MR. The first 5 cases showed 100% of technical 
success with significant reduction of MR and absent or non-significant paravalvular 
leak [35].

The Cephea (Cephea Valve Technologies) system is a repositionable and recap-
turable frame valve and usually implanted using the transseptal approach. The 
frame structure allows adequate anchoring independent of the sub-valvular struc-
tures. The valve was tested in preclinical models with good performance at 90 days 
[36]. In addition, early experience with the Cephea device has been reported in 3 
patients after the first in-human case with 100% technical success [37, 38]. After 
a median 6-month follow-up, valve function, echocardiographic parameters and 
patients’ functional status were all favorable [38].

The AltaValve (4C Medical Technologies Inc) is a supra-annular device, which 
constitutes of bovine tissue mounted onto a nitinol frame. It is a self-expanding 
valve and implanted using the transseptal or transapical approach. Animal studies 
showed good performance, and a first-in-human case was performed in Canada in 
2018, with satisfactory results [10, 39].

The NaviGate (NaviGate Cardiac Structures Inc) valve is a self-expanding valve 
and constitutes of a nitinol stent frame and multiple annular winglets, to allow 
anchoring of the device in the mitral annular position. The valve is implanted using 
transapical approach. The first in-human valve implant was performed in 2015 in 
Chile [40]. After an initial interest of this valve in mitral valve position, the device 
was implanted in the tricuspid position for tricuspid regurgitation using transcath-
eter interventions with trans-jugular or trans-atrial approach [41].

9. Knowledge gaps and ideas for future research

With the recent advances in TMVR in the most recent years, there remain 
knowledge gaps and challenges in order to understand the disease and correlate 
clinical outcomes with this evolving technology. MR is often coexistent with other 
comorbidities, including valvular disease, such as tricuspid regurgitation, severe 
pulmonary hypertension, and atrial fibrillation, with significant and independent 
morbidity and mortality rates [4]. The role of these co-existing factors in this set-
ting is not well-known and should be evaluated in future research.

Studies have shown that TMVR is associated with higher rates of paravalvular 
leak compared to TAVR; this could be attributed to reduced anatomical support, 
asymmetrical annulus or asymmetric leaflets in mitral valve compared to aortic 
valve [4, 10]. Additionally, post-dilation of mitral prosthetic valve could potentially 
be challenging and risky; due to the close proximity of the mitral valve to the left 
circumflex artery, the conduction system and the aortic valve. In addition, efforts to 
avoid damage to sub-valvular structures should be pursued [4, 10]. Future improve-
ment of the dedicated TMVR-specific device design should address these anatomi-
cal issues. As we discussed in the previous section, different transcatheter devices 
have been designed for the treatment of MR (and, in some cases, for off-label 
treatment of mitral stenosis). Most of the TMVR technologies are still under clinical 
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investigation. Thus, data about their rates of structural deterioration and durability 
is limited [10].

At the present time, clinical outcomes we have are based on data of mainly the 
first and second generation prosthetic valves. Outcomes may potentially improve 
with newer generation devices, improvement in the process of patient selection, 
operators’ experience and innovations in procedural techniques [4]. Newer gen-
eration valves with repositionable and retrievable ability could be of benefit in 
certain patients. For example, the Lotus valve (Boston Scientific, Marlborough, 
Massachusetts) and Direct Flow (Direct Flow Medical Inc. Santa Rosa, California) 
valves have been successfully implanted in patients with severe MAC, however the 
outcomes of these valves should be assessed in future randomized clinical trials 
utilizing larger number of patients [11].

In conclusion, we have seen several advances in TMVR in the past decade with 
promising results. However, there remain challenges that need to be evaluated in 
future studies in order to optimize our procedural success, device evolution, and 
clinical outcomes to make this new cutting-edge technology available for high-risk 
patients.

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Abstract

Tricuspid valve regurgitation is one of the most common valvular disorders and 
moderate to severe tricuspid regurgitation is consistently associated to an increased 
morbidity and mortality. From an etiopathological perspective, tricuspid regur-
gitation can be classified in primary, due to the organic disease of any of the valve 
components, or secondary, as a result of tricuspid valve annulus dilatation, adverse 
right ventricular remodeling and tricuspid valve leaflet tethering. Despite its poor 
prognosis, most patients with tricuspid insufficiency are managed conservatively 
and only those with concomitant left heart valvular disease do finally go surgery in 
the real-world setting. In fact, outcomes of conventional surgery in patients with 
isolated tricuspid regurgitation are poor and this approach has not proven yet any 
survival benefit over stand-alone medical therapy. Given this unmet need, new 
transcatheter techniques have been developed in the last years, including leaflet 
plication, percutaneous annuloplasty and valve implantation in either the tricuspid 
position (orthotopic implantation) or in a different position such as the vena cava 
(heterotopic implantation). These techniques, with promising outcomes, are seen 
as an interesting alternative to open-heart surgery given the much lower periproce-
dural risk.

Keywords: percutaneous tricuspid valve repair, transcatheter tricuspid valve 
replacement, tricuspid valve insufficiency, tricuspid regurgitation, tricuspid valve

1. Introduction

Moderate or severe tricuspid regurgitation (TR) is a common disorder affecting 
over 1.6 million people in the United States and close to 70 million worldwide [1, 2]. 
In the vast majority of cases, the underlying mechanism is functional, due to right 
ventricular (RV) remodeling in patients with left-side heart disease, atrial fibrilla-
tion, primary pulmonary hypertension (PH) or RV dysfunction [3]. Although TR 
has been traditionally considered to be a benign valve disorder in comparison with 
left valve disease, it is conversely associated to a poorer prognosis. Furthermore, this 
finding has been consistently reported in different clinical scenarios, even in the 
absence of PH or right-side heart failure (HF) [4, 5]. However, most patients with 
significant TR only receive medical treatment and very few undergo invasive surgical 
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approach if no concomitant coronary or left valvular disease is present [6]. Thus, 
surgical tricuspid valve (TV) repair or replacement in isolated TR is fairly indicated 
and reported periprocedural mortality can be as high as 20% [7, 8]. Recently, new 
percutaneous techniques have shown promising results for the treatment of TR and 
appear as an alternative to conventional surgery in those cases where only conserva-
tive management could be offered in the past due to high surgical risk. In this chapter 
we will review the different devices that are currently available and to date published 
evidence for these approaches.

2. Tricuspid regurgitation

2.1 Anatomy of the tricuspid valve

The TV is a complex structure composed of three leaflets (septal, anterior and 
posterior), a fibrous TV annulus (TVA) in which these leaflets are inserted, at least 
two papillary muscles with multiple tendinous cords and the adjacent atrial and RV 
myocardium. Despite these general considerations, anatomical interindividual vari-
ability is high, and it is not so rare to find four or even five TV leaflets instead of three 
[9–11]. The anterior leaflet is usually more prominent and extends from the infun-
dibular region to the inferolateral wall. The posterior leaflet is smaller and, in some 
cases, hypoplastic, and it is inserted along the posterior margin of the TVA from the 
septum to the inferolateral basal segment. Lastly, the septal leaflet is fixed along the 
interventricular septum from the infundibulum to the posterior ventricular margin.

The fibrous TVA is not a flat structure but elliptic in shape under normal 
preloading conditions, with the posterolateral portion at a lower or more apical 
position and the anteroseptal portion in a higher or more atrial situation. Like the 
mitral valve annulus, the TVA is dynamic and changes shape and size during the 
cardiac cycle. TV is the largest and the most apically positioned heart valve, and can 
measure up to 9 cm2 in size in healthy subjects.

The subvalvular apparatus is composed of the tendinous cords and the papillary 
muscles. Usually, there are two different papillary muscles, anterior and posterior, 
but not infrequently, a third septal papillary muscle can be found. The anterior pap-
illary muscle is the largest of these muscles and gives rise to cords that sustain the 
anterior and posterior leaflets, while the posterior papillary muscle supports mainly 
the posterior and the septal leaflets. The septal leaflet is normally directly fixed 
to the septal ventricular wall by third order tendinous cords, resulting in reduced 
displacement during the cardiac cycle.

From an interventional perspective, some issues should be highlighted that may 
pose technical difficulties for an invasive approach [12–14]:

• The TV has a close anatomical relationship with other structures such as the 
non-coronary sinus of Valsalva (adjacent to the anteroseptal commissure), the 
atrioventricular node and the bundle of His (along the intramembranous portion 
of the septum) or the right coronary artery (which runs parallelly to the TVA).

• The distance between the outfall of inferior vena cava, the most frequent 
access for percutaneous TV intervention, and the TV is small, and this can 
challenge the achievement of coaxiality with the TV coaptation plane.

• Implantable cardiac devices can be frequently found in patients with TR and, 
even if not related to the mechanism of TR, right atrial and RV leads can dif-
ficult an adequate percutaneous approach.
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• The anterior position of the tricuspid valve significantly impairs echocardio-
graphic window by transesophageal echocardiography, which has become 
the main imaging technique for guiding structural and valve transcatheter 
interventions.

• Severe RV remodeling and systemic congestion can lead to huge dilatation 
of TVA and tethering of TV leaflets causing very wide gaps, which can limit 
reliable TV percutaneous intervention.

2.2 Etiology

Competence of the TV depends on the integrity of all its components (leaflets, 
TVA and subvalvular apparatus). The dysfunction of any of these structures can 
cause TR and we can differentiate two types according to the mechanism of the 
valve insufficiency:

a. Primary (10–20%): due to organic disease affecting mainly the TV leaflets and/
or the subvalvular apparatus (Table 1). This heterogeneous group includes 
congenital diseases, systemic and local inflammatory or infiltrative disorders, 
and traumatic damage of the valve [15].

b. Functional (80–90%): this is by far the most common type of TR and it is 
secondary to any of the following diseases [16–18]:

 ○ Left-side HF with either preserve or not preserve left ventricular ejection 
fraction: ischemic heart disease, hypertension, dilated cardiomyopathy, 
mitral or aortic valvular disease… leading to increased left atrial pressure and 
postcapillary PH.

 ○ Precapillary PH and/or primary RV dysfunction.

 ○ Atrial fibrillation (AF).

From a physiopathological perspective, all these disorders are closely related 
to each other and frequently two or more of them can coexist in the same patient. 
In fact, all of them end in a common pathway characterized by progressive TVA 
dilatation, RV dilatation and dysfunction, and TV leaflet tethering. These changes 
increase the TR regurgitation, thus, worsening RV adverse remodeling that further 
impairs the coaptation gap of TV leaflets [19]. Moreover, systemic congestion and 

Congenital Ebstein anomaly
Other corrected or non-corrected CHD

Acquired Infectious Endocarditis
Carcinoid syndrome
Rheumatic disease
Myxomatous degeneration
Endomyocardial fibrosis
Traumatism (blunt chest trauma)
Iatrogenic (ICD leads, EMD, drugs, radiation, surgery)

Table 1. 
Causes of primary tricuspid regurgitation. CHD: congenital heart disease, ICD: implantable cardiac devices; 
EMB: endomyocardial biopsy.
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chronic neuro-hormonal activation also contribute to this self-perpetuating mecha-
nism that, if untreated, conducts to irreversible end-stage right HF.

2.3 Diagnosis

To date, transthoracic echocardiography is the gold standard for diagnosis of TR. 
Current guidelines highlight the importance of a comprehensive evaluation of the 
TV in order to improve the quality of the diagnosis, but also, the decision-making 
process, including [20]:

a. TR severy: qualitative, semi-quantitative and quantitative parameters should 
support the grading of TR.

b. Etiology: primary vs. functional.

c. Mechanism: TVA dilatation, TV leaflet tethering, organic TV disease.

d. Complementary key information:

• Left heart size, function and valve disease.

• Pulmonary artery pressure (PAP).

• RV size and function: tricuspid annular plane systolic excursion (TAPSE), 2D 
longitudinal strain, RV-PA coupling).

• Fluid status (size of inferior vena cava).

It should be noted that most of these measurements can be significantly 
affected by the preload conditions of the patient at the time the study is per-
formed. Therefore, intensive intravenous diuretic therapy should be considered in 
patients with an over-volume status in order to perform the study in an as close to 
euvolemic state as possible. In this regard, vena contracta width is becoming one 
of the most used parameters for TR severy grading given its higher independency 
from preload conditions. Recently, a 5-degree scheme for grading TR based on 
the vena contracta and the effective regurgitation orifice area has been suggested 
pointing out the prognosis addictive significance of massive or torrential TR in 
patients with huge regurgitant orifices compared to severe TR [21] (Table 2). In 
this regard, patients with massive or torrential TR showed a lower survival, higher 
cardiovascular mortality and more admissions for heart failure than those with 
severe TR [22].

Echocardiographic 
parameter

Mild Moderate Severe Massive Torrential

VC (biplane) <3 mm 3-6.9 mm 7-13 mm 14-20 mm ≥ 21 mm

EROA (PISA) <20 mm2 20-39 mm2 40-59 mm2 60-79 mm2 ≥ 80 mm2

3D VCA or quantitative 
EROA

75-94 mm2 95-114 mm2 ≥ 115 mm2

Table 2. 
New classification for grading the severity of TR. VC: vena contracta; EROA: effective regurgitant orifice area; 
3D VCA: three-dimensional vena contracta área.
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In addition, right ventricular systolic function assessment is essential when 
evaluating TR. This has been traditionally addressed by the TAPSE and the frac-
tional area change (FAC). However, recently the RV free wall longitudinal strain 
(> −23%) has been proposed as an independent risk factor for all-cause mortality 
and incremental to TAPSE and FAC [23]. In addition, although 3D- echocardiogram 
could evaluate accurately the RV ejection fraction, cardiac magnetic resonance is 
still the gold standard method to assess the RV function and volumes.

Together with the development of new percutaneous techniques, advance 
imaging of TR is also growing, and this evolution will probably contribute to a 
better understanding of the anatomy and mechanism of this disease. To date, both, 
transthoracic and, more specifically, transesophageal echocardiography play a key 
role in the indication of intervention, the selection of candidates for each percu-
taneous or surgical technique, and as guidance for transcatheter procedures [24]. 
In the following years, probably the magnetic resonance imaging and computed 
tomography will provide further insights in this pathology. Furthermore, we expect 
that all the advances in the field of TV imaging will help to find the optimal timing 
for intervention, which nowadays is one of the major challenges of this disease.

2.4 Prognosis

Up to mild TR can be oftenly found in healthy individuals. Moreover, the 
prevalence of moderate to severe TR has increased in the last years and will prob-
ably continue to rise given the expected aging of worldwide population. To date, it 
is frequently associated with other cardiac disorders and can be found in around 
15–40% of patients with AF, HF or severe left-side heart valve disease. The pres-
ence of significant TR is associated to an increased mortality in different series 
and this negative impact on outcomes is related to the severity of the TV insuf-
ficiency. In a retrospective study including more than 5000 patients, the survival 
rates at one year were 92% in patients without TR and 90%, 79% and 64% in 
those with mild, moderate or severe TR, respectively [25]. Likewise, Chorin et al. 
analyzed over 33.000 echocardiograms performed in a 5-year period. In this large 
single center cohort, moderate [HR 1.15, 95% CI 1.02–1.3, p = 0.024] and severe 
TR (HR 1.43, 95% CI 1.08–1.88, p = 0.011) had a worse prognosis than those with 
no or minimal TR [26].

Topilsky et al. observed similar findings when analyzed a cohort of 353 patients 
with isolated TR [27]. They concluded that severe isolated TR was an independent 
predictor of all-cause mortality and found that an effective regurgitant orifice over 
40 mm2 was significantly related to a reduced survival independently of other 
characteristics. It should be highlighted that adverse prognosis impact of moderate 
or severe TR has been reported in a wide range of diverse clinical scenarios, such as 
HF with either preserved or reduced left ventricular ejection fraction, atrial fibril-
lation without left-side HF or mitral or aortic valve disease. Interestingly, a recent 
meta-analysis including 70 studies and 32601 patients followed during a mean of 
over 3 years reported that moderate or severe TR was associated with a two-fold 
increased mortality risk compared to mild or no TR (RR 1.95, 95% CI 1.75–2.17) 
[4]. This association remained statistically significant when adjusted for systolic 
pulmonary artery pressure, RV dysfunction, left ventricular ejection fraction, AF 
or grade of mitral regurgitation.

2.5 Surgical approach

Several surgical approaches to treat TR have been suggested in the last decades. 
Among them, TV repair has been related to superior outcomes compared to TV 
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replacement [28]. Furthermore, ring annuloplasty offers a consistent reduction 
in TR in long-term follow up and is nowadays the first line technique in the TV 
anatomy is suitable [29].

Despite the increasing prevalence of significant TR and its adverse prognosis 
impact on survival, evidence to date of clinical benefit of open-heart surgery is 
scarse. Current guidelines in Europe and USA showed a consensual indication for 
symptomatic primary TR despite medical therapy and for functional TR in patients 
undergoing left heart valve disease. However, these recommendations have a C level 
of evidence.

On the contrary, the indication of TV surgery in patients with isolated func-
tional TR is still controversial. Some aspects should be highlighted regarding this 
issue. First, functional TR is a heterogeneous group including patients at very 
different stages of TV disease, PH and RV remodeling/function, which might not 
benefit from the same therapeutical approach. Second, the evaluation of clini-
cal status and its impairment related to TR is oftenly challenging, especially in 
elderly patients or those with comorbidities. Third, to date, TV surgery has not 
proven any benefit in hard outcomes compared to conservative management in 
this population. In this regard, Axtell et al. assessed outcomes in a retrospective 
cohort of 3276 patients with isolated TR. In this study, there were no differences in 
survival between patients who received medical versus surgical therapy (HR: 1.34; 
95% CI 0.78–2.30; p = 0.288). And four, reported outcomes of isolated TV surgery 
are poor. Alqahtani et al. recently reviewed trends and outcomes of isolated TV 
surgery in USA during over a decade [8]. They concluded that isolated repair was 
associated with high in-hospital mortality (8.1%) and significant rates of perma-
nent pacemaker implantation (10.9%) and new dialysis (4.4%). Morbidity and 
mortality were even worse among those patients who underwent TV replacement 
(10.9%, 34.1% and 5.5%, respectively). Similarly, Dreyfus reported an in-hospital 
mortality of 10% and 19% of major complications during admission in a series of 
241 patients who underwent isolated TV surgery in France during a 2 years period 
[30]. Authors suggested that patients are oftenly referred to late to surgery and that 
an earlier intervention may improve immediate and possibly midterm outcomes. 
Nevertheless, this hypothesis has not been proved yet. As a result, in the real-world 
setting, TV surgery for isolated TR is rarely performed and therefore, most patients 
are managed conservatively.

3. Transcatheter therapies for tricuspid regurgitation

Given the unmet need for invasive correction of TR with an assumable pro-
cedural risk, different percutaneous devices have been developed in recent years 
based on previous surgical techniques and percutaneous devices dedicated for the 
treatment of left-side valve disease. Table 3 summarizes anatomical target and 
surgical background, if any, of current available devices for transcatheter treatment 
of TR, including percutaneous TV repair (PTVR) techniques and orthotopic and 
heterotopic transcatheter TV valve implantation (TTVI). To date, only 3 devices 
have already obtain the CE mark for clinical practice [12, 31].

3.1 Percutaneous tricuspid valve repair

3.1.1 Percutaneous coaptation devices

These devices are designed to ultimately minimize the coaptation gap, including: 
1) MITRACLIP in the tricuspid position or TRICLIP that approximate the leaflets 



89

Percutaneous Treatment of Tricuspid Regurgitation
DOI: http://dx.doi.org/10.5772/intechopen.95799

increasing its coaptation surface; 2) FORMA device, comprising a spacer that 
occupies the regurgitant orifice; 3) PASCAL, that combines clipping of leaflets with 
a minor spacer; and 4) the MISTRAL device that approaches leaflets’ coaptation 
edge by stretching the subvalvular apparatus (Figure 1).

a. MITRACLIP/TRICLIP

MitraClip (Abbott Vascular, Santa Clara, CA, USA) is a polyester-coated 
chromium-cobalt device with two arms that open and close in a controlled 
manner through the release system. The device can be repositioned and more 
devices can be implanted until an adequate reduction of the valve insufficiency 
is achieved. This device was initially designed for the percutaneous treatment 
of mitral regurgitation and has already been used in over 100.000 for this 
purpose. With this back up of experience gained in the treatment of mitral 
regurgitation, it began to be used as an off-label therapy for TR and become the 
most widely used PTVR device (70% of all procedures).

The TriValve registry evaluated the results of MitraClip at 1-year follow-up in a 
series of 249 patients with TR [32]. Concomitant treatment of the mitral valve 
was carried out in 52% of the cases and two or more clips were implanted in 
69.1% of the patients received, most of them (65%) at the anteroseptal com-
missure (65%). Procedural success, defined as TR reduction to grade ≤ 2+, was 
achieved in 77% of cases and an improvement in functional class to NYHA ≤ II 

Anatomical target Surgical background CE 
mark

MITRACLIP/TRICLIP Leaflets Edge-to-edge
Clover suture

Yes

PASCAL Yes

FORMA No No

MISTRAL Leaflets + tendinous cords No No

CARDIOBAND Tricuspid
valve
annulus

Annuloplasty ring Yes

IRIS MILLIPEDE No

DA VIGNI No

TRIALIGN Kay bicuspidization
suture

No

TRICINCH No

PASTA Hetzer
double orifice suture

No

MIA Suture annuloplasty No

TRAIPTA No No

NAVIGATE Tricuspid valve TVR No

LUX-VALVE TVR No

TRISOL VALVE TVR No

SAPIEN Vena cava No No

TRICVALVE No No

TRICENTO No No

Table 3. 
Transcatheter therapies for tricuspid regurgitation.
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was observed in 69% of patients. The following factors were identified as inde-
pendent predictors for procedural failure: tenting area > 3.15 cm2, non-central 
jet, regurgitation through the anteroposterior or posteroseptal commissure, 
coaptation gap >6.5 mm and regurgitant area > 0.695 cm2.

From a technical point of view, two approaches have been described for re-
ducing TR with MitraClip: the triple-orifice technique in which the clips are 
positioned centrally between the septal and the anterior leaflets, as well as be-
tween the septal and the posterior leaflets; and the bicuspidization procedure 
in which clips are deployed between the anterior and the septal leaflets [33] 
(Figure 2). Clipping of the anteroposterior commissure can be challenging 
and, sometimes, this may distort the valve and worsen TR [34].

The TriClip (Abbott Vascular, Santa Clara, CA, USA) is a dedicated MitraClip 
device for the TV. The prospective single-arm multicenter TRILUMINATE 
study evaluated the safety and feasibility of this system for treating TR. The 
6-month results involving 85 patients have recently been published [35]. 
Patients with severe PH or relevant mitral valve insufficiency were excluded. 
Technical success was achieved in all the patients and most clips were deployed 
between the anterior and septal leaflets (77%) with a reduction of at least one 
grade in the severity of TR in 91% of the cases. At 6-month follow-up, 86% 
of the patients presented moderate or less TR and were in NYHA functional 
class was I-II, and a significant improvement in the 6-minute walking test was 
observed.

Figure 1. 
Tricuspid coaptation devices. A: TRICLIP, B: PASCAL, C: FORMA, D: MISTRAL.
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Patients with significant TR and implantable cardiac devices represent a par-
ticularly challenging population. In a cohort of the TriValve registry, PTVR 
was performed in 121 patients with an intracardiac RV electrodes. Most of 
these patients, 106 (87%), were treated with MitraClip and compare to those 
without intracardiac devices, no significant differences were documented in 
procedural success, TR reduction (TR ≤ 2+ 73.7% vs. 70.8%, p = 0.6), clinical 
improvement or survival [36].

b. PASCAL

The Pascal system combines the possibility of grasping the leaflets as with the 
MitraClip device with the use of a spacer. This affords improved coaptation 
and better outcomes following percutaneous repair of TR. The first experience 
targeted to the tricuspid valve in humans have recently been published [37]. 
Out of 28 patients (98% with functional TR), the procedure success rate was 
86%, with no complications in any case. Forty devices were implanted - mostly 
in the anteroseptal position (70%). Detachment of the device was recorded in 
two patients, and 85% of the subjects presented TR ≤ 2+ after 30 days.

Although no clinical trials have compared any of these therapies versus pla-
cebo in patients with TR, an observational study has compared the use of the 
MitraClip with the PASCAL system in the treatment of this valve disease. In 

Figure 2. 
A: Percutaneous tricuspid valve repair with MitraClip. B: Triple-orifice technique. C: Bicuspidization aproach.
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this study published by Braun et al., in which 88 patients were treated with the 
MitraClip and 32 received the PASCAL system, no differences were observed 
between the two devices in terms of success of the procedure, the reduction of 
TR or detachment of the device (11% with MitraClip versus 6% with PAS-
CAL). The authors concluded that both devices are similar in terms of efficacy 
and safety in reducing TR [38].

c. FORMA

The FORMA system (Edwards Lifesciences, Irvine, CA, USA) is designed to 
increase leaflet coaptation, occupying the regurgitant orifice with a spacer 
[39]. A guide is advanced through the subclavian or axillary vein and anchored 
in the apex of the right ventricle. The spacer is then advanced to the tricuspid 
valve plane. Finally, the excess guide is implanted in a subcutaneous pouch. 
The results after 2–3 years of the first cohort of 19 patients treated with this 
system have recently been published [40]. The procedure proved successful in 
89% of the patients, with the recording of one case of right ventricle perfora-
tion. After four months another patient suffered thrombosis of the device, and 
pulmonary thromboembolism was also evidenced in another subject. Although 
functional class improvement was observed in 93% of the cases, at last follow-
up only one-third of the patients presented moderate or lesser TR. The FORMA 
early feasibility study reported two right ventricle perforations in the cohort of 
29 patients. A decrease in TR was seen in 49% of the cases [40]. Despite these 
outcomes, most of the patients experienced improvement of their functional 
class. The single-arm SPACER trial is currently ongoing and will evaluate mor-
tality after 30 days with this device.

d. MISTRAL

The results of the first experience in humans with the Mistral device (Mitralix, 
Yokneam, Israel) have recently been published [41]. This device consists of a 
spiral nitinol guide that grasps the tendinous cords, approximating them to 
the leaflets and thus increasing coaptation. This study included 7 patients with 
severe functional TR; one of them required two devices. No adverse events 
related to the procedure were recorded after 30 days, and a significant decrease 
in effective regurgitant orifice area (EROA), vena contracta and regurgitant 
volume was achieved, together with improved functional class.

3.1.2 Percutaneous annuloplasty devices

As it has been explained above, the basic mechanism underlying functional TR 
is TVA dilatation, which mainly occurs in its anteroseptal diameter. TV annulo-
plasty is currently the surgical treatment of choice in this scenario. Based on this 
surgical technique, different percutaneous annuloplasty devices have been devel-
oped in recent years with the fundamental aim of reducing the annular dimensions 
and prevent further TVA dilatation. These devices can be classified into rings 
(CARDIOBAND, IRIS MILLIPEDE, DA VIGNI, TRAIPTA) or direct suture devices 
(TRIALIGN, TRICINCH, PASTA, MIA) (Figure 3).

a. CARDIOBAND

The CARDIOBAND (Edwards Lifesciences, Irvine, CA, USA) is an annulo-
plasty system consisting of an adjustable surgical-like Dacron ring that is im-
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planted on the atrial side of the tricuspid TVA and fixed with multiple anchors. 
Once the last anchoring has been placed, the device is cinched until enough 
TR reduction is achieved. The two-year results of the TRI-REPAIR study have 
recently been published. This trial evaluated the efficacy and safety of this sys-
tem in 30 patients with symptomatic functional TR (83% in NYHA functional 
class III-IV) [42]. The procedure was successful in all patients and related to 
a significant reduction in TR (72% of the subjects presented TR ≤ moderate) 
and TVA dimension, and to an improvement in functional status (82% of the 
subjects were in NYHA class I-II), 6-minute walk distance and quality of life at 
24-months follow-up. The Early Feasibility Study of CARDIOBAND included 
22 patients with severe symptomatic TR in which this treatment was carried 
out [43]. The procedure success rate was 96%, with improvement of both the 
severity of TR and of the NYHA functional class.

b. IRIS MILLIPEDE

The IRIS transcatheter annuloplasty system (Boston Scientific, Marlborough, 
MA), is a complete semirigid ring that is placed in a supra-annular position 
and anchored through 7–9 screws. The ring can be adjusted to reduce the 

Figure 3. 
A: CARDIOBAND, B: Iris MILLIPEDE, C: TRIALIGN, D: TRICINCH, E: Pasta, F: TRAIPTA, G: Mia.
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TVA diameter and thus the severity of TR. Although this system was initially 
designed to be used in the mitral valve, Rogers et al. presented the results 
obtained in two patients that received this device in the tricuspid position 
in a combined procedure with the mitral valve annuloplasty [44]. For the 
TV treatment, only 7 of the 9 anchors were used in order to avoid the risk of 
atrioventricular block. The results in these patients were good showed no need 
for a pacemaker and a 40% reduction of the TVA size after 12 months, with no 
residual significant TR.

c. DA VINGI

The DA VINGI is a percutaneous annuloplasty device designed to treat the 
mitral and tricuspid valves. This device allows complete annuloplasty with a 
single-step implant. Following a healing period (90 days), the ring is adjusted 
percutaneously. The device has been successfully implanted to date in 6 pa-
tients [45].

d. TRIALING

The TRIALING (Mitralign Inc., Tewksbury, MA, USA) is a direct suture device 
that reproduces the Kay tricuspid bicuspidization surgical technique leading 
to the obliteration of the posterior leaflet of the TV. Through a transjugular 
percutaneous access, two pledgets are inserted in the anteroposterior and pos-
teroseptal commissures. The pledgets are then approximated with a cinching 
mechanism, bringing both commissures together and obliterating the posteri-
or leaflet. The first published experience corresponds to 14 patients with mod-
erate to severe functional TR, achieving a 51% decrease in EROA and a 34% 
reduction of the TVA area [46]. The early feasibility SCOUT I trial included 15 
patients with functional TR and the device was successfully implanted in all 
patients [47]. One patient required right coronary angioplasty due to extrinsic 
compression. At 30-days follow-up, 3 single-pledget annular detachment were 
documented without reintervention. In the remaining 12 cases, a significant 
reduction in the TVA area and EROA were observed, together with clinical 
improvement in functional status [47]. After 12 months, only one patient 
required surgery. The SCOUT II study is currently ongoing and will include 60 
patients [48].

e. TRICINCH

The TriCinch (4Tech Cardio, Galway, Ireland) is an annuloplasty system that 
consists of a screw for anchoring to the TVA at its supravalvular anterior area 
and a Dacron band attached to an expandable stent that is placed at the in-
ferior vena cava (IVC), generating tension and thus reducing the diameter 
of the septolateral diameter of the TVA. In the PREVENT study, 24 patients 
were treated with the first generation of this device. Implantation success was 
achieved in 81% of the patients, with a reduction of one grade or more in the 
severity of TR in 94% of the cases, together with functional class improve-
ment. However, two patients suffered hemopericardium and 5 late detach-
ments were recorded. Because of this, the second-generation TriCinch was 
developed, incorporating an improved anchoring coil system that is inserted in 
the pericardial space with two hemostatic seals. The first in-human experience 
suggests that the device is safe.
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f. PASTA

Lastly, the Pledget-assisted suture tricuspid annuloplasty (PASTA) device is 
an annuloplasty system that reproduces Hetzer’s double orifice suture tech-
nique. Two sutures are placed at ring level in its anterolateral and posterosep-
tal portion, with tightening and approximation of the extremities, creating 
a tricuspid valve with two orifices similar to the final outcome obtained after 
percutaneous mitral valve repair with the MitraClip device. The first experi-
ence was obtained in a porcine model, with good results [49]. The first experi-
ence in humans has recently been published, evidencing a marked reduction in 
valve area - though dehiscence of the device occurred after two days, with the 
recurrence of TR [50].

g. MIA

The Minimally Invasive Annuloplasty (MIA, Micro Interventional Devices, 
Newtown, PA, USA) system is a sutureless device with two anchorages that 
allow reduction of the tricuspid ring. The STTAR study will include 40 patients 
and will evaluate the efficacy and safety of this device [51].

h. TRAIPTA

The transatrial intrapericardial tricuspid annuloplasty (TRAIPTA) system is an 
external indirect annuloplasty device. It consists of an adjustable nitinol guide 
that is advanced through the inferior vena cava to the atrium and penetrating 
the pericardium through a puncture in the right appendage. Once within the 
pericardial space, it is positioned in the atrioventricular sulcus, adjusting its 
size and thus reducing the diameter of the tricuspid ring and improving coap-
tation of the leaflets. The first experience was with a porcine model, in which a 
decrease in TR was achieved, with improvement of coaptation and reduction 
of the diameter of the ring, without serious complications [52]. The puncture 
zone was sealed with an atrial septal occluder (Amplatzer, St. Jude Medical, 
St. Paul, Minnesota or Lepu Medical, Beijing, China) in all cases. Although no 
results in humans are yet available, a new version of the device will be evalu-
ated in a feasibility trial in the coming years.

3.2 Percutaneous tricuspid valve replacement

3.2.1 Orthotopic tricuspid valve implantation

Orthotopic TTVI implies TV replacement and the prosthesis is anchored to the 
native ring and leaflets. To date, there are three devices available: GATE, LUX-
VALVE, TRISOL and EVOQUE (Figure 4A-C).

a. GATE

The GATE (NaviGate Cardiac Structures, Lake Forest, CA, USA) is a self-ex-
panding valve dedicated for placement in the tricuspid position. This is a coni-
cal shaped device with three pericardial leaflets surrounded by a nitinol stent 
that has twelve atrial winglets and ventricular graspers to ensure anchoring. The 
device comes in 5 different sizes (36, 40, 44, 48 and 52 mm in diameter) and 
the procedure can be performed via transjugular or through a minithoracot-



Interventional Treatment for Structural Heart Disease

96

omy access. The first reported compassionate use of this system in 35 patients 
recorded a procedural success rate of 76%, with residual TR ≤ 2+ in all cases, 
and need for surgery in 14% with a 14% 30-day mortality [53]. A multicenter 
registry has been recently published including 30 patients with severe TR and 
right ventricular dysfunction in which the GATE system [54]. Technical success 
was achieved in 87%, but device malpositioning occurred in 4 patients, with 
conversion to open heart surgery in 2 of them (5%). Among those who received 
the device, 76% had mild or less TR at discharge with an in-hospital mortal-
ity was 10%. In addition, at 6-months follow-up, 62% of the patients were in 
NYHA I or II with no late device-related adverse events were documented.

b. LUX-VALVE

LUX-Valve (Jenscare Biotechnology, Ningbo, China) is a self-expanding valve 
that is inserted through the right atrium via a minithoracotomy and anchored 
throught a dedicated mechanism to the leaflets and the interventricular sep-
tum. Lu et al. published their first-in-human experience in 12 patients with 
severe TR and functional class IV [55]. The procedure was successful in all 
patients, but one patient required surgery due to bleeding and another died 
of an acute myocardial infarction. A decrease in TR was observed in all cases, 
with only one of them with a residual moderate leak. The largest series to date 
with results from 35 patients with severe TR and functional class III/IV has 
recently been communicated [56]. The mortality rate at 30 days was 5.7%, with 
significant clinical improvement in NYHA functional class and a decrease in 
right ventricle volume.

c. TRISOL

The TriSol (TriSol Medical, Yokneam, Israel) is a valve specifically designed for 
the treatment of TR that is still in the preclinical development phase.

Figure 4. 
A: Gate, B: Lux-valve, C: TRISOL, D: Edwards SAPIEN, E: TRICVALVE, F: TRICENTO.
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d. EVOQUE

The EVOQUE valve (Edwards Lifesciences, Irvine, CA) was recently evaluated 
in 25 symptomatic (96% NYHA III or IV) patients with severe TR. At 30 days 
76% of the patients were in NYHA I/II and 96% had a TR 2+ with a 92% of 
technical success [57].

3.2.2 Heterotopic tricuspid valve implantation

Heterotopic TTVI refers to the implantation of a competent valve in a position 
different from the native tricuspid valve. The inferior vena cava (IVC), generally 
in combination with the superior vena cava (SVC), are the sites of choice, leading 
to the ventricularization of the right atrium [17]. Therefore, this approach does not 
address the TR itself, but prevents from severe systemic venous congestion related 
to right HF. As a palliative therapy, is it usually indicated in severely symptomatic 
patients with end-stage HF and massive or torrential TR not deemed candidates 
for other invasive approaches. Compared with orthotopic TTVI, this procedure is 
simpler, avoids the introduction of prosthetic material in the inlet of the RV and the 
position of the valve does not interfere with pacemaker or defibrillator electrodes, 
if present [58]. On the contrary, clinical impact of untreated TR, right atrial ven-
tricularization, persistent right atrial volume overload and potentially increased 
RV afterload is unknown. This group of devices includes SAPIEN, TRICVALVE and 
TRICENTO (Figure 4D–F).

a. SAPIEN

The SAPIEN (Edwards Lifesciences, Irvine, CA, USA) is a triple-leaflet bovine 
pericardium valve initially designed for aortic valve replacement in patients 
with severe aortic stenosis. The first off-label use of the SAPIEN XT in the 
IVC was published in 2013 in three patients [59]. After that initial experience, 
this technique was tested in a randomized controlled trial that included 28 
patients comparing medical treatment versus percutaneous implantation of 
this valve in the IVC. The main endpoint of the trial was the exercise capacity 
evaluated by cardiopulmonary exercise test. Nevertheless, this study had to be 
suspended prematurely due to futility and to the recording of numerous com-
plications in the device group [60]. The analysis of available data evidenced a 
systolic decrease in the hepatic vein flow, without reverse RV remodeling [61]. 
In a recent retrospective multicenter registry enrolling 25 patients with severe 
symptomatic TR undergoing heterotopic TTVI (72% SAPIEN XT/3, 24% 
TRICVALVE and 4% DIRECTFLOW) in the IVC (76%) or both VC (24%), 
the procedure was successful in 96% of the patients although in-hospital mor-
tality was 16% [62].

b. TRICVALVE

The TRICVALVE (P&F Products & Features, Vienna, Austria) is a device spe-
cifically designed for its implantation in VC. It consists of two self-expanding 
bovine pericardium valves on a nitinol stent, one for each VC. Lauten et al. 
published first in-human experience in 2011 in a patient that showed clinical 
functional improvement after 8 weeks [63]. The TRICUS feasibility study is 
currently ongoing and will include 10 patients in order to evaluate of clinical 
and adverse events using this device [NCT03723239].
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c. TRICENTO

The Tricento (NVT, Muri, Switzerland) is a coated bicaval covered stent with a 
bicuspid valve positioned laterally that that allows inflow into the right atrium. 
Since the first experience reported in 2018 [64], isolated cases have been pub-
lished, with good periprocedural results [65, 66].

3.3 Outcomes after transcatheter tricuspid valve therapies

3.3.1 Clinical benefits

Most feasibility studies and observational registries have shown a significant 
clinical improvement in terms of NYHA functional class, quality of life or 6-minute 
walk test in patients undergoing PTVR or TTVI. These changes were observed 
even after conservative reductions of TR of 1 or 2 grades after PTVR. Nevertheless, 
no data are available from randomized controlled trials comparing percutaneous 
approach with medical management, and current reported follow-up does not 
exceed 1 or 2 years after the invasive procedure.

With regard to cardiovascular events, Orban et al. evaluated rates of admissions 
due to HF in 119 patients undergoing isolated PTVR (MitraClip 97%) comparing 
the year before and after the procedure [67]. PTVR was associated with a signifi-
cant reduction in the grade of TR to moderate or less in 72% of the cases and with a 
significant lesser incidence of HF admissions (p = 0.02).

Recently, results from the TriValve registry that included 312 patients mostly 
treated with MitraClip device, reported that 30-day mortality was significantly 
lower among those with procedural success (1.9% vs. 6.9%, p = 0.04) [68]. 
Furthermore, more recently, Taramasso et al. published a retrospective propensity 
matched case–control study that included 268 patients from the same registry who 
underwent PTVR and observed significant lower 1-year mortality (23 ± 3% vs. 
36 ± 3%, p = 0.001) and rehospitalization (26 ± 3% vs. 47 ± 3%, p < 0.0001) rates 
when compared to controls managed conservatively [69]. In addition, those patients 
treated with PTVR had higher survival after adjusted for sex, NYHA functional 
class, right ventricular dysfunction and AF. Although these results are encourag-
ing, potential survival benefit of transcatheter tricuspid valve interventions over 
stand-alone medical therapy needs to be tested in clinical trials. Currently, diverse 
ongoing randomized trials will assess this issue in patients receiving TriClip, Pascal, 
Cardioband, and other PTVR devices.

3.3.2 Predictors of outcomes

One of the major limitations of TV surgery is reported high periprocedural 
mortality. Despite transcatheter approaches seem to significantly reduce this risk, 
patient selection remains key to achieve optimal procedural and clinical results. In 
this regard, some important determinants of outcomes have ben already suggested:

a. PH and RV function: Lurz et al. evaluated invasive pulmonary artery pres-
sures and echocardiographic parameters in 243 patients who underwent 
PTVR [70]. The presence of invasive PH, defined as pulmonary artery systolic 
pressure > 50 mmHg), together with discordant absence of PH by echocardio-
graphic estimation, was associated with the combined primary endpoint of 
all-cause mortality, need for repeat hospitalization for HF and reintervention 
during follow-up. This could be explained because in advanced stages of TR 
associated with adverse RV remodeling with severe dilation of the TV annulus, 
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pulmonary hypertension may be severely underestimated by echocardiog-
raphy. Moreover, Stocker et al. observed in a multicenter study including 
236 patients that invasive mean pulmonary artery pressure, transpulmonary 
gradient, pulmonary vascular resistance and RV stroke work were significant 
predictors of 1-year mortality, and that patients with pre-capillary PH had 
the worse prognosis [71]. Similarly, the ratio between TAPSE/invasive PH 
<0.29 mm/mmHg has also shown adverse prognosis impact [72]. This finding 
points out the close relationship between the RV function and PH. So-called 
RV-PA coupling refers to the fact that RV contractility should “match” the RV 
afterload.

b. Nutritional status: from a clinical perspective, a recent study reported that 
an impaired nutritional status is also associated with an increased risk of 
death and rehospitalization for heart failure after PTVR [73]. This finding is 
important since to date most patients were referred to invasive management 
at an advance stage of RV failure in which nutritional status might be already 
impaired and this can impact outcomes.

3.3.3 Patient and device selection

The decision-making process for patient and device selection in these early 
stages of percutaneous approaches to treat TR prompts exhaustive clinical evalua-
tion, specifically guided right heart catheterization and transesophageal hemody-
namic and anatomical evaluation, and heart team meeting. Figure 5 summarizes a 
theorical approach.

Figure 5. 
Theorical algorithm for device selection. TTVI: Transcatheter tricuspid valve implantation, AP: Anteroseptal, 
PS: Posteroseptal, AP: Anteroposterior.
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4. Conclusions

TR is a common heart valve disease associated with high morbidity and mortal-
ity when conservatively managed. Surgery is currently the treatment of choice, 
though very few patients with isolated TR undergo TV surgery in the real-world 
setting due to high surgical risk. In recent years, different percutaneous treatment 
devices have been developed offering promising results with much lower procedural 
adverse outcomes. Further studies are needed to find which will benefit the most 
from these therapies.
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Appendices and Nomenclature

AF Atrial Fibrillation
CHD Congenital Heart Disease
EMB Endomyocardial biopsy
EROA Effective Regurgitant Orifice Area
FAC Fractional Area Change
ICD Implantable Cardiac Device
MIA Minimally Invasive Annuloplasty
PAP Pulmonary Artery Pressure
PASTA Pledget-assisted suture tricuspid annuloplasty
PH Pulmonary hypertension
PTVR Percutaneous Tricuspid Valve Repair
RV Right ventricle
TAPSE Tricuspid Annular Plane Systolic Excursion
TR Tricuspid Regurgitation
TRAIPTA Transatrial Intrapericardial Tricuspid Annuloplasty
TTVI Transcatheter Tricuspid Valve Implantation
TV Tricuspid valve
TVA Tricuspid Valve Annulus
VC vena contracta
3D VCA three-dimensional vena contracta área
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