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Abstract

Background

Transcatheter mitral valve replacement (TMVR) has garnered interest as a viable alternative
to the traditional surgical mitral valve replacement (SMVR) for high-risk patients requiring
redo operations. This study aims to evaluate the association of TMVR with selected clinical
and financial outcomes.

Methods

Adults undergoing isolated redo mitral valve replacement were identified in the 2016-2020
Nationwide Readmissions Database and categorized into TMVR or SMVR cohorts. Various
regression models were developed to assess the association between TMVR and in-hospi-
tal mortality, as well as additional secondary outcomes. Transseptal and transapical cathe-
ter-based approaches were also compared in relation to study endpoints.

Results

Of an estimated 7,725 patients, 2,941 (38.1%) underwent TMVR. During the study period,
the proportion of TMVR for redo operations increased from 17.8% to 46.7%
(nptrend<0.001). Following adjustment, TMVR was associated with similar odds of in-hospi-
tal mortality (AOR 0.82, p = 0.48), but lower odds of stroke (AOR 0.44, p = 0.001), prolonged
ventilation (AOR 0.43, p<0.001), acute kidney injury (AOR 0.61, p<0.001), and reoperation
(AOR0.29, p = 0.02). TMVR was additionally correlated with shorter postoperative length of
stay (pLOS; B -0.98, p<0.001) and reduced costs (8 -$10,100, p = 0.002). Additional analy-
sis demonstrated that the transseptal approach had lower adjusted mortality (AOR 0.44, p =
0.02), shorter adjusted pLOS (B -0.43, p<0.001), but higher overall costs (B $5,200, p =
0.04), compared to transapical.

PLOS ONE | https://doi.org/10.1371/journal.pone.0301939  May 23, 2024

1/12


https://orcid.org/0000-0003-0327-9847
https://orcid.org/0000-0003-3778-1966
https://orcid.org/0000-0002-4705-0262
https://doi.org/10.1371/journal.pone.0301939
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0301939&domain=pdf&date_stamp=2024-05-23
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0301939&domain=pdf&date_stamp=2024-05-23
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0301939&domain=pdf&date_stamp=2024-05-23
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0301939&domain=pdf&date_stamp=2024-05-23
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0301939&domain=pdf&date_stamp=2024-05-23
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0301939&domain=pdf&date_stamp=2024-05-23
https://doi.org/10.1371/journal.pone.0301939
https://doi.org/10.1371/journal.pone.0301939
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hcup-us.ahrq.gov/tech_assist/centdist.jsp
https://hcup-us.ahrq.gov/tech_assist/centdist.jsp

PLOS ONE

Surgical versus transcatheter repeat mitral valve replacement

Conclusions

In this retrospective cohort study, we noted TMVR to yield similar odds of in-hospital mortal-
ity as SMVR, but fewer complications and reduced healthcare expenditures. Moreover,
transseptal approaches were associated with lower adjusted mortality, shorter pLOS, but
higher cost, relative to the transapical. Our findings suggest that TMVR represent a cost-
effective and safe treatment modality for patients requiring redo mitral valve procedures.
Nevertheless, future studies examining long-term outcomes associated with SMVR and
TMVR in redo mitral valve operations, are needed.

Introduction

Mitral regurgitation is the most common valvular disorder in the United States, affecting more
than two million individuals [1]. In recent times, an increasing proportion of patients choose a
bioprosthetic valve to avoid the need for lifelong anticoagulation [2, 3]. Importantly, several
investigators have reported a concomitant rise in the need for reoperation attributable to has-
tened degeneration of biological valves compared to mechanical prostheses [4-7].Thus, sur-
geons and cardiologists are faced with decisions regarding the optimal management of
patients who require multiple valve replacements over their lifetime.

Given the significant morbidity and mortality associated with repeat sternotomy, transcath-
eter mitral valve replacement (TMVR) has garnered attention as a less invasive alternative to
the traditional surgical mitral valve replacement (SMVR) [8, 9]. Nevertheless, the use of
TMVR remains controversial due to the complex anatomy of the mitral valve, technical chal-
lenges of the transcatheter approach, and lack of prospective or large-scale analyses [10-12].
The available literature comparing the two approaches have demonstrated TMVR to have
lower or equivalent mortality, shorter length of stay, and lower hospitalization costs, relative to
SMVR [13, 14]. However, these studies comprised of fewer than 400 estimated patients in each
treatment group and may not be able to change practice [13, 14].

In the present work, we examined the clinical and financial outcomes of TMVR and repeat
SMVR using a large nationally representative cohort. We hypothesized TMVR to be associated
with lower mortality, complication rates, hospitalization costs, and shorter postoperative
length of stay, compared to SMVR.

Methods

This was a retrospective study of the 2016 to 2020 Nationwide Readmissions Database (NRD).
Maintained by the Healthcare Cost and Utilization Project (HCUP), the NRD is the largest all-
payer readmission database in the US [15]. It contains discharge data from 31 states in the
country and utilizes center-specific discharge weights to provide accurate estimates for
approximately 60% of all U.S hospitalizations. Additionally, each patient is assigned a unique
linkage number, allowing for tracking of readmissions across hospitals within each calendar
year.

Using relevant International Classification of Disease, 10™ Revision (ICD-10) codes, we
identified all adults (> 18 years) with a diagnosis of bioprosthetic valve dysfunction who subse-
quently underwent TMVR or SMVR (S1 Table). Based on prior literature, this cohort was
defined to have received a repeat valve procedure [13, 14]. Furthermore, those undergoing
both TMVR and SMVR on the same index operation were classified as SMVR, as they
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55,647 adut admissions for isolated mitral vaive
replacement were identified in the 2016-2020 Natiomvide
Readmissions Database

Patients excluded if

1) No diagnosis of bioprosthetic vake
dysfunction

2) Diagnosis of endocarditis

3) Missing key data such as age, sex, cost,
postoperative length of stay

7,725 patients underwent isolated
redo mitral vaive replacement

4,784 (61.9%) received surgical metral 2,941 (38.1%) received transcatheter
vaie replacement (SMVR) metral vave replacement (TMVR)

Fig 1. Study flowchart of survey-weighted estimates. Of the 55,647 adult hospitalizations for isolated mitral valve
replacements identified in the 2016-2020 NRD, 7,725 patients were included in this study. Of these, 2,941 (38.1%)
underwent transcatheter mitral valve replacement. All estimates represent survey-weighted methodology.

https://doi.org/10.1371/journal.pone.0301939.9001

ultimately received a more invasive intervention. Those undergoing concomitant cardiac pro-
cedures, including coronary artery bypass grafting, aortic valve replacement or repair, pul-
monic valve replacement or repair, tricuspid valve replacement or repair, or mitral valve
repair, were excluded. Patients with history of endocarditis or missing data for age, sex, hospi-
talization charges, or postoperative length of stay (pLOS), were excluded from analysis to
reduce heterogeneity (1.1%; Fig 1).

Hospital and patient characteristics were defined according the NRD data dictionary [15].
Patient comorbidities and complications were ascertained using relevant ICD-10 codes
(S1 Table). The Van Walraven modification of the Elixhauser Comorbidity Index was used to
quantify each patient’s burden of chronic conditions [16, 17]. Costs were calculated from hos-
pitalization charges by applying center-specific cost-to-charge ratios and adjusted for inflation
using the 2020 Personal Health Index [18, 19]. Annual institutional volumes of SMVR and
TMVR, inclusive of initial and repeat interventions, were tabulated and examined in a contin-
uous manner. To calculate pLOS, the day that TMVR or SMVR was performed was first ascer-
tained using the prday variable from the NRD data dictionary. pLOS was subsequently
calculated as the difference between the total length of stay (NRD variable los) and the day of
operation.

The primary outcome of interest was in-hospital mortality. Secondary endpoints included
perioperative complications, pLOS, hospitalization costs, non-home discharge, and 30-day
non-elective readmissions. Complications of interest were derived from Society of Thoracic
Surgeons Performance Measures. These included stroke or transient ischemic attack (TIA),
prolonged ventilation (>96 hours), acute kidney injury (AKI), reoperation, major bleeding,
and vascular complications [20]. Major bleeding consisted of gastrointestinal bleed, postopera-
tive hematoma or hemorrhage, hemoptysis, epistaxis, intracranial hemorrhage, and require-
ment for blood transfusion [21, 22]. Meanwhile, vascular complications comprised of injuries
to blood vessels, accidental puncture or laceration of a circulatory system organ or structure,
and acute limb ischemia [23-25]. Non-home discharge was defined as discharge to an acute
care hospital, intermediate care facility, or a skilled nursing facility.
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Cuzick’s nonparametric test (nptrend) was used to assess the significance of temporal
trends [26]. The Mann-Whitney U test and Pearson’s x> tests were utilized to examine the sig-
nificance of intergroup differences for continuous and categorical variables, respectively.
Covariate selection was guided using the Least Absolute Shrinkage Selection Operator
(LASSO), a regularization method that enhances model generalizability by reducing collinear-
ity and overfitting [27]. LASSO was performed with 10-fold cross-validation, and A =
0.0068966 was chosen to minimize the Bayesian information criterion (BIC). Following
LASSO, covariates selected to be incorporated into the entropy balancing model included
institutional annual SMVR and TMVR volumes, age, sex, elective status, Elixhauser Index, and
comorbidities such as liver disease, neurologic conditions, coagulopathy, and chronic lung dis-
ease. Entropy balancing was subsequently used to adjust for differences in patient and hospital
characteristics between TMVR and SMVR. Unlike propensity matching, entropy balancing
assigns sample weights to balance distribution of covariates. Thus, it does not rely on specific
propensity score models and retains the entire sample for analysis [28-30]. The product of
entropy balancing weight and center-specific discharge weight was subsequently computed
and assigned to each patient. Linear, Poisson, and logistic regression models were developed
to determine the association of TMVR or SMVR and outcomes of interest, as appropriate.

A subgroup analysis was similarly conducted to compare the differences in clinical and
financial endpoints between the transapical (TA-TMVR) and transseptal (TS-TMVR)
approaches of TMVR. Given the similar patient characteristics between TA-TMVR and
TS-TMVR (S2 Table), no entropy balancing was utilized. Linear, Poisson, and logistic regres-
sion models were constructed to evaluate the relationship between type of transcatheter access
and endpoints of interest.

The number of patients reported in this study are survey-weighted estimates as reported by
HCUP. Continuous variables are reported as medians with interquartile ranges (IQR), and cat-
egorical variables are presented as percentages (%). Regression outputs are reported as
adjusted odds ratios (AOR) or as beta coefficients () with 95% confidence intervals (CI), as
appropriate. Statistical significance was set at oo = 0.05. All statistical analyses were performed
using Stata 16.0 (StataCorp, College Station, TX). The Stata codes used to conduct the analysis
are also reported in the S4 Table. Given the de-identified nature of the NRD, the study was
deemed exempt from full review by the Institutional Review Board at the University of Califor-
nia, Los Angeles.

Results
Cohort characteristics

Of 7,725 patients meeting inclusion criteria, 2,941 (38.1%) received TMVR. The proportion of
patients receiving TMVR increased from 17.8% in 2016 to 46.7% in 2020 (nptrend < 0.001;

Fig 2). During the study period, the numbers of hospitals performing redo mitral valve operations
increased from 296 to 306. Patient characteristics are detailed in Table 1. Compared to SMVR,
TMVR were older (75 years [67-81] vs 65 [55-73], p < 0.001), but similar in the distribution of
sex (female: 59.4 vs 57.5%, p = 0.23) and Elixhauser index (6 [5-8] vs 6 [5-8], p = 0.29). Although
TMVR and SMVR had similar income distributions, TMVR patients were more commonly cov-
ered by Medicare (82.9 vs 56.9%, p < 0.001) and more likely to receive treatment at large (79.4 vs
73.9%, p = 0.002), metropolitan teaching (92.0 vs 86.1%, p = 0.001) institutions.

Unadjusted outcomes

On bivariate comparison, in-hospital mortality rates were similar in groups (TMVR: 4.4 vs
SMVR: 4.8%, p = 0.58). Major complications were overall less frequent with the transcatheter
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Fig 2. Annual trends in the volumes of surgical mitral valve replacement (SMVR) and transcatheter mitral valve
replacement (TMVR), 2016-2020. The proportion of TMVR procedures significantly increased over the study
period, nptrend < 0.001.

https://doi.org/10.1371/journal.pone.0301939.g002

approach, as evidenced by lower rates of stroke/TIA (1.7 vs 5.2%, p < 0.001), prolonged
mechanical ventilation (2.9 vs 8.0%, p < 0.001), AKI (20.2 vs 29.5%, p < 0.001), reoperation
(0.7 vs 2.3%, p = 0.003), and major bleeding (7.8 vs 9.9%, p = 0.03), while rates of vascular com-
plications were similar (3.7 vs 3.4%, p = 0.64). The TMVR group also experienced shorter
pLOS (2 days [1-5] vs 9 [6-15]), accrued lower hospitalization costs ($55,900 [42,200-79,500]
vs 64,800 [46,700-95,000]), and faced lower rates of non-home discharge (16.6 vs 31.9%, all

p < 0.001), compared to SMVR. At 30-days post-discharge, non-elective readmissions were
similar between the two groups (15.4 vs 13.8%, p = 0.22) (Table 2).

Adjusted outcomes

A logistic model was developed to model in-hospital mortality and yielded adequate discrimi-
nation (C-statistic = 0.76). Following entropy balancing and risk adjustment, TMVR was
found to be associated with similar odds of in-hospital mortality (AOR 0.82, 95%CI [0.48,
1.42]). TMVR was similarly linked to lower odds of stroke (AOR 0.44, 95%ClI [0.27, 0.72]),
prolonged ventilation (AOR 0.43, 95%CI [0.27, 0.67]), AKI (AOR 0.61, 95%CI [0.47, 0.79]), or
reoperation (AOR 0.29, 95%CI [0.11, 0.79]), but similar odds of major bleeding (AOR 0.79,
95%CI [0.57, 1.11]) or vascular complications (AOR 1.56, 95%ClI [0.89, 2.72]). Moreover, com-
pared to SMVR, TMVR experienced shorter pLOS (B -0.98, 95%CI [-1.09, -0.86]) and
decreased inpatient costs (B -$10,100, 95%CI [-16,500, —3,700]). Finally, the TMVR approach
was associated with lower odds of non-home discharge (AOR 0.23, 95%CI [0.16, 0.31]), but
similar odds of 30-day readmission (AOR 0.92, 95%CI [0.65, 1.29]) (Table 3).

Subgroup analysis

Among the transcatheter group across the study period, the proportion of trans-septal trans-
catheter mitral valve replacement (TS-TMVR) increased from 62.0% in 2016 to 91.3% in 2020
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Table 1. Demographic, clinical, and hospital characteristics.

SMVR TMVR p-value
(n =4,784) (n=2,941)
Age (years, median, IQR) 65 [55-73] 75 [67-81] <0.001
Female (%) 57.5 59.4 0.23
Elixhauser Index (median, IQR) 6 [5-8] 6 [5-8] 0.29
Payer Status (%) <0.001

Private 27.1 9.6
Medicare 56.9 829
Medicaid 11.7 5.1
Uninsured/Other 4.1 2.3

Income Quartile (%) 0.09
76th - 100th 18.7 21.1
51st - 75th 25.7 27.9
26th - 50th 28.5 27.0
0 - 25th 25.3 22.6
Hospital Status (%) 0.001
Non-Metropolitan 1.9 1.0
Non-Teaching Metropolitan 12.0 7.0
Teaching Metropolitan 86.1 92.0
Hospital Size (%) 0.002
Large 73.9 79.4
Medium 19.3 17.1
Small 6.7 3.5
Comorbidities (%)

Cardiac Arrhythmia 81.5 76.3 <0.001
Congestive Heart Failure 53.3 74.1 <0.001
Chronic Lung Disease 27.3 34.9 <0.001
Coagulopathy 39.7 19.4 <0.001
Diabetes 23.2 28.3 <0.001
End Stage Renal Disease 25.7 40.0 <0.001
Liver Disease 6.0 6.6 0.44
Other Neurologic Condition 13.3 7.0 <0.001
Pulmonary Circulatory Disease 43.6 52.3 <0.001

Reported as proportions unless otherwise noted. Statistical significance was set at p < 0.05.

*SMVR, surgical mitral valve replacement; TMVR, transcatheter mitral valve replacement; IQR, interquartile range.

https://doi.org/10.1371/journal.pone.0301939.t001

(nptrend < 0.001, S1 Fig). TS-TMVR and TA-TMVR cohorts were similar in terms of age, sex,
burden of comorbidities, insurance coverage, and income distribution (S2 Table). Compared to
TA-TMVR, TS-TMVR more frequently received care at large (80.1 vs 75.4%, p = 0.002) and met-
ropolitan teaching (92.6 vs 88.7%, p = 0.03) hospitals. After adjustment, the transseptal approach
had lower odds of in-hospital mortality (AOR 0.44, 95%CI [0.22, 0.87]), relative to the transapical
approach. Nonetheless, TS-TMVR had similar odds of stroke/TIA, prolonged ventilation, AKI,
reoperation, major bleeding, and vascular complications compared to TA-TMVR (S3 Table).
With TA-TMVR as reference, TS-TMVR was associated with shorter pLOS (f -0.43, 95%CI
[-0.59, -0.27]), but significantly increased adjusted costs ( +$5,200, 95%CI [+300, +10,200]).
Finally, the transseptal approach was linked to similar odds of nonhome discharge (AOR 0.98,
95%CI [0.53, 1.80]) and 30-day readmission (AOR 1.20, 95%CI [0.79, 1.82]).
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Table 2. Unadjusted outcomes of patients undergoing surgical (SMVR) or transcatheter (TMVR) mitral valve replacement.

SMVR TMVR p-value
(n =4,784) (n=2,941)
In-Hospital Mortality (%) 4.8 4.4 0.58
Major Complications (%)
Stroke/TIA 52 1.7 <0.001
Prolonged Ventilation 8.0 2.9 <0.001
Acute Kidney Injury 29.5 20.2 <0.001
Reoperation 2.3 0.7 0.003
Major Bleeding 9.9 7.8 0.03
Vascular Complications 34 3.7 0.64
Resource Utilization
pLOS (days, median, IQR) 9 [6-15] 2 [1-5] <0.001
Costs ($1,000s, median, IQR) 64.8 [46.7-95.0] 55.9 [42.2-79.5] <0.001
Nonhome Discharge (%) 31.9 16.6 <0.001
30-Day Readmission (%) 13.8 15.4 0.22

Outcomes reported as proportions unless otherwise noted.

* TIA, transient ischemic attack; pLOS, postoperative length of stay; IQR, interquartile range

https://doi.org/10.1371/journal.pone.0301939.t002

Discussion

As the number of annual TMVR cases in redo operations continues to rise [31], large-scale
examination of surgical and transcatheter approaches is necessary. We used a contemporary
national representative cohort of repeat mitral valve replacement patients and made several
important observations. We found the proportion of TMVR utilization to have more than
doubled, now encompassing nearly half of all repeat mitral valve replacements. After adjusting
for patient and hospital characteristics, TMVR was associated with similar odds of in-hospital
mortality, fewer complications, shorter pLOS, and lower costs, compared to SMVR. Finally,

Table 3. Adjusted outcomes of patients undergoing transcatheter (TMVR) mitral valve replacement, compared

to surgical (SMVR) mitral valve replacement.

AOR/p with 95% CI p-value
In-Hospital Mortality (AOR) 0.82 [0.48, 1.42] 0.48
Major Complications (AOR)
Stroke/TIA 0.44 [0.27, 0.72] 0.001
Prolonged Ventilation 0.43[0.27, 0.67] <0.001
Acute Kidney Injury 0.61 [0.47, 0.79] <0.001
Reoperation 0.29[0.11, 0.79] 0.02
Major Bleeding 0.79 [0.57, 1.11] 0.17
Vascular Complications 1.56 [0.89, 2.72] 0.12
Resource Utilization
pLOS (B, days) -0.98 [-1.09, -0.86] <0.001
Costs (B, $1,000s) -10.1[-16.5, -3.7] 0.002
Nonhome Discharge (AOR) 0.23 [0.16, 0.31] <0.001
30-Day Readmission (AOR) 0.92 [0.65, 1.29] 0.62

Outcomes reported as Adjusted Odds Ratio (AOR) or B Coefficient, with 95% confidence intervals (CI).
* TIA, transient ischemic attack; pLOS, postoperative length of stay

https://doi.org/10.1371/journal.pone.0301939.t003
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we identified the transseptal approach to be linked to lower odds of in-hospital mortality,
shorter LOS, and higher costs, compared to the transapical method. With implications for
shared decision making, our findings merit further discussion.

The observed increase in transcatheter utilization for redo mitral valve replacement is con-
sistent with prior reports [13, 14, 31, 32]. However, several concerns regarding the anatomical
and technical challenges of transcatheter valve placement remain [10, 11]. One such area of
discussion is the development of left ventricular outflow tract obstruction (LVOTO). LVOTO
is a known rare complication with a reported incidence of 1-2% in SMVR and 5% in TMVR
[32-35]. It is caused by the attachment of the anterior leaflet to the left ventricular outflow
tract, thereby restricting flow [36]. The complication has been shown to be an independent
predictor of mortality after TMVR, but prophylactic measures such as septal ablation may be
utilized to help mitigate its incidence [37, 38]. Besides LVOTO, the large delivery system of
TMVR also presents as a barrier that limits the adoption of this approach. Since the mitral
valve is a bigger valve, it requires a larger prosthesis, transported via correspondingly larger
sheaths [39]. Yet, this sizable set up imposes a challenge in maneuvering in a tight space and
angling the prosthesis at the appropriate mitral annular plane [10]. To address this issue,
newer TMVR technologies have been designed with smaller delivery apparatus while still
accommodating for the large prostheses. The smallest apparatus being tested to date is mea-
sured at 20 French, close to the 14-French size observed in sheaths for transcatheter aortic
valve replacement [40, 41]. With evolving technologies available, improving protocols, and
increasing familiarity with the transcatheter approach, TMVR is gaining acceptance as an
alternative for high-risk repeat procedures [31]. Thus, ongoing examination of the clinical and
financial efficacy associated with TMVR will be necessary in the coming years.

Our study adds to mounting literature suggesting TMVR to be cost-effective with safe peri-
operative clinical outcomes, with an observed mortality rate of ~4.5% across both cohorts [6,
7, 32]. Similar to other national studies, we found TMVR to have equivalent adjusted odds of
in-hospital mortality compared to SMVR, even after entropy balancing [13, 14]. We further
identified TMVR to experience fewer postoperative complications than SMVR. This is congru-
ent with prior literature, despite the frequent utilization of TMVR among patients with high
surgical risk. In a study of 78 patients in Italy, Simonetto et al. found that TMVR patients have
a lower rate of life-threatening bleeding, postoperative atrial fibrillation, and shorter ventila-
tion time, compared to SMVR [9]. TMVR additionally demonstrated superior financial out-
comes compared to SMVR as it was linked to shorter pLOS and lower hospitalization costs.
The lower level of resource utilization of TMVR may be directly related to the fewer complica-
tions experienced by these patients. Additionally, this finding is comparable to previous studies
in TMVR as well as transcatheter aortic valve replacement [13, 14, 42]. Compared to surgical
aortic valve replacement, transcatheter aortic valve replacement had been demonstrated to be
linked to increased costs during the early years. A possible significant contributing factor to
the observation was the novelty of the valve and supporting equipment [43, 44]. However,
increasing familiarity with the transcatheter approach and continuing advancements in the
technology may now contribute to cost mitigation for the transcatheter approach in recent
years [42].

Subgroup analysis of transseptal and transapical TMVR approaches revealed TS-TMVR to
be associated with decreased odds of mortality. This differs from a prior study by Whisenant
et al, who found TS-TMVR to have similar unadjusted mortality rates than TA-TMVR (3.6 vs
6.4%, p = 0.06) [32]. Unlike our study, however, this study did not adjust for factors that may
influence mortality. We additionally noted patients undergoing TS-TMVR to have shorter
pLOS despite higher adjusted hospitalization costs, compared to their TA-TMVR counterparts
[9, 45]. The need for more complex delivery systems and closure of potential iatrogenic atrial

PLOS ONE | https://doi.org/10.1371/journal.pone.0301939  May 23, 2024 8/12


https://doi.org/10.1371/journal.pone.0301939

PLOS ONE

Surgical versus transcatheter repeat mitral valve replacement

septal defects with TS-TMVR may contribute to these cost differences [11]. Although transapi-
cal approaches may be required in patients with left atrial thrombus, the results of this study
show that TS-TMVR may be the safer, if costlier, approach [45].

Our study has several important limitations inherent to the use of administrative data and
its retrospective nature. First, the dataset is based in ICD-10 codes and therefore subject to var-
iation in coding practices. Further, we are unable to account for granular clinical variables
including valve-in-valve vs valve-in-ring replacement, transvalvular gradients, ventricular
function, and several individual factors. The NRD is similarly limited in description of preop-
erative risk stratification, as it lacks the variables necessary to calculate the STS Risk Score.
Additionally, our results are limited to in-hospital events and readmission during a singular
calendar year, limiting comparison of long-term outcomes. Finally, we are unable to determine
any causal relationships due to the retrospective nature of the database. Despite these limita-
tions, we utilized robust statistical methodology and the largest national cohort to date to
examine contemporary trends and outcomes of TMVR for redo mitral valve operations.

Conclusions

This study demonstrated that relative to SMVR, TMVR was associated with similar odds of
mortality, lower likelihood of complications, and reduced healthcare expenditures. Further-
more, while the transseptal approach is linked to lower adjusted mortality and shorter pLOS
compared to transapical TMVR, it remains associated with higher costs. In overall, our find-
ings suggest that TMVR offers a cost-effective and safe treatment method for patients under-
going redo mitral valve operations. Nevertheless, future studies examining long-term
outcomes associated with SMVR and TMVR in redo mitral valve operations, are needed.

Supporting information

S1 Fig. Annual trends in the volumes of transapical transcatheter mitral valve replacement
(TA-TMVR) and transseptal transcatheter mitral valve replacement (TS-TMVR), 2016-
2020. The proportion of TS-TMVR procedures significantly increased over the study period,
nptrend < 0.001.

(TIF)

S1 Table. ICD10 diagnosis and procedure codes for cohort selection and classification.
(DOCX)

$2 Table. Demographic, clinical, and hospital characteristics of patients undergoing trans-
apical transcatheter mitral valve replacement (TA-TMVR) or transseptal transcatheter
mitral valve replacement (TS-TMVR).

(DOCX)

$3 Table. Adjusted outcomes of patients undergoing transseptal transcatheter mitral valve
replacement (TS-TMVR), compared to transapical transcatheter mitral valve replacement
(TA-TMVR).

(DOCX)

S4 Table. Stata codes for statistical analysis.
(DOCX)

Author Contributions
Conceptualization: Nguyen K. Le, Nikhil Chervu, Peyman Benharash.

PLOS ONE | https://doi.org/10.1371/journal.pone.0301939  May 23, 2024 9/12


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0301939.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0301939.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0301939.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0301939.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0301939.s005
https://doi.org/10.1371/journal.pone.0301939

PLOS ONE

Surgical versus transcatheter repeat mitral valve replacement

Data curation: Nguyen K. Le, Nikhil Chervu, Saad Mallick.

Formal analysis: Nguyen K. Le, Nikhil Chervu, Saad Mallick, Joanna Curry, Peyman
Benharash.

Investigation: Nguyen K. Le, Nikhil Chervu, Saad Mallick, Peyman Benharash.

Methodology: Nguyen K. Le, Nikhil Chervu, Saad Mallick, Amulya Vadlakonda, Peyman
Benharash.

Software: Nguyen K. Le, Nikhil Chervu, Saad Mallick, Joanna Curry.
Supervision: Peyman Benharash.
Validation: Nguyen K. Le.

Visualization: Nguyen K. Le, Nikhil Chervu, Saad Mallick, Amulya Vadlakonda, Shineui Kim,
Peyman Benharash.

Writing - original draft: Nguyen K. Le, Nikhil Chervu, Saad Mallick, Amulya Vadlakonda,
Shineui Kim, Peyman Benharash.

Writing - review & editing: Nguyen K. Le, Nikhil Chervu, Saad Mallick, Amulya Vadlakonda,
Shineui Kim, Joanna Curry, Peyman Benharash.

References
1. Enriquez-Sarano M, Akins CW, Vahanian A. Mitral regurgitation. The Lancet. 2009; 373(9672):1382—
94.

2. Gammie JS, Chikwe J, Badhwar V, Thibault DP, Vemulapalli S, Thourani VH, et al. Isolated Mitral Valve
Surgery: The Society of Thoracic Surgeons Adult Cardiac Surgery Database Analysis. Ann Thorac
Surg. 2018 Sep; 106(3):716-27. https://doi.org/10.1016/j.athoracsur.2018.03.086 PMID: 30032907

3. Kostyunin AE, Yuzhalin AE, Rezvova MA, Ovcharenko EA, Glushkova TV, Kutikhin AG. Degeneration
of Bioprosthetic Heart Valves: Update 2020. JAHA. 2020 Oct 6; 9(19):e0185086. https://doi.org/10.1161/
JAHA.120.018506 PMID: 32954917

4. Goldstone AB, Chiu P, Baiocchi M, Lingala B, Patrick WL, Fischbein MP, et al. Mechanical or Biologic
Prostheses for Aortic-Valve and Mitral-Valve Replacement. N Engl J Med. 2017 Nov 9; 377(19):1847—
57. https://doi.org/10.1056/NEJMoa1613792 PMID: 29117490

5. Urena M, Himbert D, Brochet E, Carrasco JL, lung B, Nataf P, et al. Transseptal Transcatheter Mitral
Valve Replacement Using Balloon-Expandable Transcatheter Heart Valves. JACC Cardiovasc Interv.
2017 Oct; 10(19):1905-19.

6. Ejiofor JI, Hirji SA, Ramirez-Del Val F, Norman AV, McGurk S, Aranki SF, et al. Outcomes of repeat
mitral valve replacement in patients with prior mitral surgery: A benchmark for transcatheter
approaches. J Thorac Cardiovasc Surg. 2018 Aug; 156(2):619-627.e1. https://doi.org/10.1016/}.jtcvs.
2018.03.126 PMID: 29759741

7. Mehaffey HJ, Hawkins RB, Schubert S, Fonner C, Yarboro LT, Quader M, et al. Contemporary out-
comes in reoperative mitral valve surgery. Heart. 2018 Apr; 104(8):652—6. https://doi.org/10.1136/
heartjnl-2017-312047 PMID: 28982718

8. Wilbring M, Alexiou K, Tugtekin SM, Sill B, Hammer P, Schmidt T, et al. Transapical Transcatheter
Valve-in-Valve Implantation for Deteriorated Mitral Valve Bioprostheses. Ann Thorac Surg. 2013 Jan;
95(1):111-7. https://doi.org/10.1016/j.athoracsur.2012.08.004 PMID: 23063191

9. Simonetto F, Purita PAM, Malerba M, Barbierato M, Pascotto A, Mangino D, et al. Surgical redo versus
transseptal or transapical transcatheter mitral valve-in-valve implantation for failed mitral valve bio-
prosthesis. Catheter Cardiovasc Interv. 2021 Mar; 97(4):714—-22. https://doi.org/10.1002/ccd.29324
PMID: 33048438

10. Testa L, Popolo Rubbio A, Casenghi M, Pero G, Latib A, Bedogni F. Transcatheter Mitral Valve
Replacement in the Transcatheter Aortic Valve Replacement Era. J Am Heart Assoc. 2019 Nov 19; 8
(22):e013352. https://doi.org/10.1161/JAHA.119.013352 PMID: 31694451

11.  Hensey M, Brown RA, Lal S, Sathananthan J, Ye J, Cheung A, et al. Transcatheter Mitral Valve
Replacement: An Update on Current Techniques, Technologies, and Future Directions. JACC Cardio-
vasc Interv. 2021 Mar; 14(5):489-500. https://doi.org/10.1016/j.jcin.2020.12.038 PMID: 33663778

PLOS ONE | https://doi.org/10.1371/journal.pone.0301939  May 23, 2024 10/12


https://doi.org/10.1016/j.athoracsur.2018.03.086
http://www.ncbi.nlm.nih.gov/pubmed/30032907
https://doi.org/10.1161/JAHA.120.018506
https://doi.org/10.1161/JAHA.120.018506
http://www.ncbi.nlm.nih.gov/pubmed/32954917
https://doi.org/10.1056/NEJMoa1613792
http://www.ncbi.nlm.nih.gov/pubmed/29117490
https://doi.org/10.1016/j.jtcvs.2018.03.126
https://doi.org/10.1016/j.jtcvs.2018.03.126
http://www.ncbi.nlm.nih.gov/pubmed/29759741
https://doi.org/10.1136/heartjnl-2017-312047
https://doi.org/10.1136/heartjnl-2017-312047
http://www.ncbi.nlm.nih.gov/pubmed/28982718
https://doi.org/10.1016/j.athoracsur.2012.08.004
http://www.ncbi.nlm.nih.gov/pubmed/23063191
https://doi.org/10.1002/ccd.29324
http://www.ncbi.nlm.nih.gov/pubmed/33048438
https://doi.org/10.1161/JAHA.119.013352
http://www.ncbi.nlm.nih.gov/pubmed/31694451
https://doi.org/10.1016/j.jcin.2020.12.038
http://www.ncbi.nlm.nih.gov/pubmed/33663778
https://doi.org/10.1371/journal.pone.0301939

PLOS ONE

Surgical versus transcatheter repeat mitral valve replacement

12

13.

14.

15.
16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Rogers JH, Sorajja P, Thourani VH, Sharma RP, Chehab B, Cowger J, et al. Randomized Trials Are
Needed for Transcatheter Mitral Valve Replacement. JACC Cardiovasc Interv. 2021 Sep; 14(18):2039—
46. https://doi.org/10.1016/}.jcin.2021.06.014 PMID: 34556279

Zia Khan M, Zahid S, Khan MU, Kichloo A, Jamal S, Mannan Khan Minhas A, et al. Redo Surgical Mitral
Valve Replacement Versus Transcatheter Mitral Valve in Valve From the National Inpatient Sample. J
Am Heart Assoc. 2021 Sep 7; 10(17):e020948. https://doi.org/10.1161/JAHA.121.020948 PMID:
34459226

Gill J, Zahra F, Retzer E. In-Hospital Outcomes and Predictors of Mortality for Redo Surgical Mitral
Valve Replacement Versus Transcatheter Mitral Valve-in-Valve Replacement. Am J Cardiol. 2022 Aug;
176:89-95. https://doi.org/10.1016/j.amjcard.2022.04.023 PMID: 35644696

NRD Overview [Internet]. [cited 2023 Oct 9]. Available from: https://hcup-us.ahrg.gov/nrdoverview.jsp

Elixhauser A, Steiner C, Harris DR, Coffey RM. Comorbidity Measures for Use with Administrative
Data: Medical Care. 1998 Jan; 36(1):8-27.

Van Walraven C, Austin PC, Jennings A, Quan H, Forster AJ. A Modification of the Elixhauser Comor-
bidity Measures Into a Point System for Hospital Death Using Administrative Data. Medical Care. 2009
Jun; 47(6):626-33. https://doi.org/10.1097/MLR.0b013e31819432e5 PMID: 19433995

Cost-to-Charge Ratio Files [Internet]. [cited 2023 Oct 9]. Available from: https://hcup-us.ahrg.gov/db/
ccr/costtocharge.jsp

Using Appropriate Price Indices for Expenditure Comparisons [Internet]. [cited 2023 Oct 9]. Available
from: https://meps.ahrqg.gov/about_meps/Price_Index.shtml

Kurlansky PA, O’'Brien SM, Vassileva CM, Lobdell KW, Edwards FH, Jacobs JP, et al. Failure to Res-
cue: A New Society of Thoracic Surgeons Quality Metric for Cardiac Surgery. The Annals of Thoracic
Surgery. 2022 Jun; 113(6):1935—42. https://doi.org/10.1016/j.athoracsur.2021.06.025 PMID:
34242640

lyengar A, Sanaiha Y, Aguayo E, Seo YJ, Dobaria V, Toppen W, et al. Comparison of Frequency of
Late Gastrointestinal Bleeding With Transcatheter Versus Surgical Aortic Valve Replacement. Am J
Cardiol. 2018 Nov; 122(10):1727-31. https://doi.org/10.1016/j.amjcard.2018.07.047 PMID: 30316451

Sohal S, Mehta H, Kurpad K, Mathai SV, Tayal R, Visveswaran GK, et al. Declining Trend of Transapi-
cal Access for Transcatheter Aortic Valve Replacement in Patients with Aortic Stenosis. Musialek P,
editor. J Interv Cardiol. 2022 Sep 19; 2022:1-6. https://doi.org/10.1155/2022/5688026 PMID:
36262460

Arora S, Lahewala S, Zuzek Z, Thakkar S, Jani C, Jaswaney R, et al. Transcatheter aortic valve
replacement in aortic regurgitation: The U.S. experience. Catheter Cardiovasc Interv. 2021 Jul; 98(1):
E153-62. https://doi.org/10.1002/ccd.29379 PMID: 33166062

Romero CM, Shafi |, Patil A, Secemsky E, Weinburg |, Kolluri R, et al. Incidence and predictors of acute
limb ischemia in acute myocardial infarction complicated by cardiogenic shock. J Vasc Surg. 2023 Mar;
77(3):906-912.e4. https://doi.org/10.1016/j.jvs.2022.11.044 PMID: 36400364

Chihade DB, Lieb KR, Wainwright BS, Shaw PM. Sex-Related Disparities in Acute Limb Ischemia
Treatment Outcomes. Ann Vasc Surg. 2023 Sep; 95:133—41. https://doi.org/10.1016/j.avsg.2023.04.
004 PMID: 37142119

Cuzick J. A wilcoxon-type test for trend. Statistics in Medicine. 1985 Jan; 4(1):87—-90. https://doi.org/10.
1002/sim.4780040112 PMID: 3992076

Tibshirani R. Regression Shrinkage and Selection Via the Lasso. J R Statist Soc B. 1996 Jan; 58
(1):267-88.

Hainmueller J. Entropy Balancing for Causal Effects: A Multivariate Reweighting Method to Produce
Balanced Samples in Observational Studies. Political Analysis. 2012; 20(1):25—46.

Amusa L, Zewotir T, North D. Examination of Entropy balancing technique for estimating some standard
measures of treatment effects: A simulation study [Internet]. University of Salento; 2019 [cited 2023
Oct 9]. Available from: http://siba-ese.unisalento.it/index.php/ejasa/article/view/20409/17885

Vegetabile BG, Griffin BA, Coffman DL, Cefalu M, Robbins MW, McCaffrey DF. Nonparametric estima-
tion of population average dose-response curves using entropy balancing weights for continuous expo-
sures. Health Serv Outcomes Res Method. 2021 Mar; 21(1):69-110. https://doi.org/10.1007/s10742-
020-00236-2 PMID: 34483714

Elbadawi A, Mahta D, Elgendy 1Y, Dang AT, Mahmoud M, Iskandar M, et al. Trends in utilization, out-
comes, and readmissions after transcatheter mitral valve replacement. Cathet Cardio Intervent. 2022
Feb; 99(3):906—14. https://doi.org/10.1002/ccd.29963 PMID: 34569695

Whisenant B, Kapadia SR, Eleid MF, Kodali SK, McCabe JM, Krishnaswamy A, et al. One-Year Out-
comes of Mitral Valve-in-Valve Using the SAPIEN 3 Transcatheter Heart Valve. JAMA Cardiol. 2020
Nov 1; 5(11):1245-52. https://doi.org/10.1001/jamacardio.2020.2974 PMID: 32745164

PLOS ONE | https://doi.org/10.1371/journal.pone.0301939  May 23, 2024 11/12


https://doi.org/10.1016/j.jcin.2021.06.014
http://www.ncbi.nlm.nih.gov/pubmed/34556279
https://doi.org/10.1161/JAHA.121.020948
http://www.ncbi.nlm.nih.gov/pubmed/34459226
https://doi.org/10.1016/j.amjcard.2022.04.023
http://www.ncbi.nlm.nih.gov/pubmed/35644696
https://hcup-us.ahrq.gov/nrdoverview.jsp
https://doi.org/10.1097/MLR.0b013e31819432e5
http://www.ncbi.nlm.nih.gov/pubmed/19433995
https://hcup-us.ahrq.gov/db/ccr/costtocharge.jsp
https://hcup-us.ahrq.gov/db/ccr/costtocharge.jsp
https://meps.ahrq.gov/about_meps/Price_Index.shtml
https://doi.org/10.1016/j.athoracsur.2021.06.025
http://www.ncbi.nlm.nih.gov/pubmed/34242640
https://doi.org/10.1016/j.amjcard.2018.07.047
http://www.ncbi.nlm.nih.gov/pubmed/30316451
https://doi.org/10.1155/2022/5688026
http://www.ncbi.nlm.nih.gov/pubmed/36262460
https://doi.org/10.1002/ccd.29379
http://www.ncbi.nlm.nih.gov/pubmed/33166062
https://doi.org/10.1016/j.jvs.2022.11.044
http://www.ncbi.nlm.nih.gov/pubmed/36400364
https://doi.org/10.1016/j.avsg.2023.04.004
https://doi.org/10.1016/j.avsg.2023.04.004
http://www.ncbi.nlm.nih.gov/pubmed/37142119
https://doi.org/10.1002/sim.4780040112
https://doi.org/10.1002/sim.4780040112
http://www.ncbi.nlm.nih.gov/pubmed/3992076
http://siba-ese.unisalento.it/index.php/ejasa/article/view/20409/17885
https://doi.org/10.1007/s10742-020-00236-2
https://doi.org/10.1007/s10742-020-00236-2
http://www.ncbi.nlm.nih.gov/pubmed/34483714
https://doi.org/10.1002/ccd.29963
http://www.ncbi.nlm.nih.gov/pubmed/34569695
https://doi.org/10.1001/jamacardio.2020.2974
http://www.ncbi.nlm.nih.gov/pubmed/32745164
https://doi.org/10.1371/journal.pone.0301939

PLOS ONE

Surgical versus transcatheter repeat mitral valve replacement

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

Asgar AW, Ducharme A, Messas N, Basmadjian A, Bouchard D, Pellerin M. Left Ventricular Outflow
Tract Obstruction Following Mitral Valve Replacement: Challenges for Transcatheter Mitral Valve Ther-
apy. Structural Heart. 2018 Sep; 2(5):372-9.

Guerrero M, Vemulapalli S, Xiang Q, Wang DD, Eleid M, Cabalka AK, et al. Thirty-Day Outcomes of
Transcatheter Mitral Valve Replacement for Degenerated Mitral Bioprostheses (Valve-in-Valve), Failed
Surgical Rings (Valve-in-Ring), and Native Valve With Severe Mitral Annular Calcification (Valve-in-
Mitral Annular Calcification) in the United States: Data From the Society of Thoracic Surgeons/Ameri-
can College of Cardiology/Transcatheter Valve Therapy Registry. Circ Cardiovasc Interv. 2020 Mar; 13
(3):e008425. https://doi.org/10.1161/CIRCINTERVENTIONS.119.008425 PMID: 32138529

Yoon SH, Whisenant BK, Bleiziffer S, Delgado V, Dhoble A, Schofer N, et al. Outcomes of transcatheter
mitral valve replacement for degenerated bioprostheses, failed annuloplasty rings, and mitral annular
calcification. Eur Heart J. 2019 Feb 1; 40(5):441-51. https://doi.org/10.1093/eurheartj/ehy590 PMID:
30357365

Khan JM, Babaliaros VC, Greenbaum AB, Foerst JR, Yazdani S, McCabe JM, et al. Anterior Leaflet
Laceration to Prevent Ventricular Outflow Tract Obstruction During Transcatheter Mitral Valve Replace-
ment. J Am Coll Cardiol. 2019 May; 73(20):2521-34.

Guerrero M, Urena M, Himbert D, Wang DD, Eleid M, Kodali S, et al. 1-Year Outcomes of Transcatheter
Mitral Valve Replacement in Patients With Severe Mitral Annular Calcification. J Am Coll Cardiol. 2018
May; 71(17):1841-53. https://doi.org/10.1016/j.jacc.2018.02.054 PMID: 29699609

Eleid MF, Collins JD, Mahoney P, Williamson EE, Killu AM, Whisenant BK, et al. Emerging Approaches
to Management of Left Ventricular Outflow Obstruction Risk in Transcatheter Mitral Valve Replacement.
JACC Cardiovasc Interv. 2023 Apr; 16(8):885-95.

von Ballmoos MCW, Kalra A, Reardon MJ. Complexities of transcatheter mitral valve replacement
(TMVR) and why it is not transcatheter aortic valve replacement (TAVR). Ann Cardiothorac Surg. 2018
Nov; 7(6):724—30. https://doi.org/10.21037/acs.2018.10.06 PMID: 30598885

Young MN, Elmariah S. A Decade Later, Continued Transformation of Transcatheter Aortic Valve
Replacement. US Cardiology Review 2018;12(1):28-32 [Internet]. 2018; Available from: https://doi.org/
10.15420/usc.2017:25:2

Russo G, Gennari M, Gavazzoni M, Pedicino D, Pozzoli A, Taramasso M, et al. Transcatheter Mitral
Valve Implantation: Current Status and Future Perspectives. Circ Cardiovasc Interv. 2021 Sep; 14(9):
e€010628. https://doi.org/10.1161/CIRCINTERVENTIONS.121.010628 PMID: 34407621

Baron SJ, Ryan MP, Moore KA, Clancy SJ, Gunnarsson CL. Contemporary Costs Associated With
Transcatheter Versus Surgical Aortic Valve Replacement in Medicare Beneficiaries. Circ: Cardiovascu-
lar Interventions. 2022 Mar; 15(3):e011295. https://doi.org/10.1161/CIRCINTERVENTIONS.121.
011295 PMID: 35193382

Osnabrugge RLJ, Head SJ, Genders TSS, Van Mieghem NM, De Jaegere PPT, Van Der Boon RMA,
et al. Costs of Transcatheter Versus Surgical Aortic Valve Replacement in Intermediate-Risk Patients.
Ann Thorac Surg. 2012 Dec; 94(6):1954—60. https://doi.org/10.1016/j.athoracsur.2012.07.002 PMID:
22959568

Ailawadi G, LaPar DJ, Speir AM, Ghanta RK, Yarboro LT, Crosby IK, et al. Contemporary Costs Associ-
ated With Transcatheter Aortic Valve Replacement. Ann Thorac Surg. 2016 Jan; 101(1):154—60.

Dvir D. Transseptal Instead of Transapical Valve Implantation. JACC Cardiovasc Interv. 2016 Jun; 9
(11):1175-7.

PLOS ONE | https://doi.org/10.1371/journal.pone.0301939  May 23, 2024 12/12


https://doi.org/10.1161/CIRCINTERVENTIONS.119.008425
http://www.ncbi.nlm.nih.gov/pubmed/32138529
https://doi.org/10.1093/eurheartj/ehy590
http://www.ncbi.nlm.nih.gov/pubmed/30357365
https://doi.org/10.1016/j.jacc.2018.02.054
http://www.ncbi.nlm.nih.gov/pubmed/29699609
https://doi.org/10.21037/acs.2018.10.06
http://www.ncbi.nlm.nih.gov/pubmed/30598885
https://doi.org/10.15420/usc.2017:25:2
https://doi.org/10.15420/usc.2017:25:2
https://doi.org/10.1161/CIRCINTERVENTIONS.121.010628
http://www.ncbi.nlm.nih.gov/pubmed/34407621
https://doi.org/10.1161/CIRCINTERVENTIONS.121.011295
https://doi.org/10.1161/CIRCINTERVENTIONS.121.011295
http://www.ncbi.nlm.nih.gov/pubmed/35193382
https://doi.org/10.1016/j.athoracsur.2012.07.002
http://www.ncbi.nlm.nih.gov/pubmed/22959568
https://doi.org/10.1371/journal.pone.0301939



