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Abstract

Objective: To determine whether technically innovative cardiac surgical platforms (ie, robotics) deployed
in conjunction with surgical process improvement (systems innovation) influence total hospital costs to
address the concern that expanding adoption might increase health care expenses.
Patients and Methods: We studied 185 propensity-matched patient pairs (370 patients) undergoing
isolated conventional open vs robotic mitral valve repair with identical repair techniques and care teams
between July 1, 2007, and January 31, 2011. Two time periods were considered, before the imple-
mentation of system innovations (pre-July 2009) and after implementation. Generalized linear mixed
models were used to estimate the effect of the type of surgery on cost while adjusting for a time effect.
Results: Baseline characteristics of the study patients were similar, and all patients underwent successful
mitral valve repair with no early deaths. Median length of stay (LOS) for patients undergoing open repair
was unchanged at 5.3 days (P¼.636) before and after systems innovation implementation, and was lower
for robotic patients at 3.5 and 3.4 days, respectively (P¼.003), throughout the study. The overall median
costs associated with open and robotic repair were $31,838 and $32,144, respectively (P¼.32). During the
preimplementation period, the total cost was higher for robotic ($34,920) than for open ($32,650) repair
(P<.001), but during the postimplementation period, the median cost of robotic repair ($30,606) became
similar to that of open repair ($31,310) (P¼.876). The largest decrease in robotic cost was associated with
more rapid ventilator weaning and shortened median intensive care unit LOS, from 22.7 hours before July
2009 to 9.3 hours after implementation of systems innovations (P<.001).
Conclusion: Following the introduction of systems innovation, the total hospital cost associated with
robotic mitral valve repair has become similar to that for a conventional open approach, while
facilitating quicker patient recovery and diminished utilization of in-hospital resources. These data
suggest that innovations in techniques (robotics) along with care systems (process improvement) can
be cost-neutral, thereby improving the affordability of new technologies capable of improving early
patient outcomes.
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W ith unprecedented escalation in
US health care spending and forth-
coming implementation of the

Patient Protection and Affordable Care Act, incre-
mental health care expenditures will be increas-
ingly scrutinized to ensure that they optimize
value and preserve future viability of the health
care system.1 Although quality and innovation
have been heralded as important attributes to
maintain and foster, estimates suggest that to re-
main sustainable, American health care spending
must contract by nearly 3% per year.2,3
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Surgical mitral valve repair is the guideline-
sanctioned standard of care for severe mitral
regurgitation (MR)4,5; however, patients often
must undergo costly and complicated “rescue”
operations because of delayed referral and
incipient heart failure, which increases health
care cost burden. In addition, some patients
and cardiologists defer early surgery to avoid
the presumed morbidity of traditional surgi-
cal intervention performed via open chest
procedures. To address these barriers, less in-
vasive approaches leveraging high-definition
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3-dimensional imaging and robotic telemanip-
ulation to perform mitral valve repair through
incisions several millimeters long in the right
side of the chest have recently emerged.6,7 These
innovations diminish the challenge of recu-
peration from conventional sternotomy,8 with
improved early quality of life and expedited re-
turn to employment postoperatively.9

Whether novel surgical technology, such as
robotics, deployed in conjunction with tailored
postoperative care alters cost, however, is un-
known. To address this question, we intro-
duced less invasive mitral valve repair using
technical innovation (robotics) within a con-
current systems innovation initiative imple-
mented in July 2009 that employed 2 key
interventions: (1) operating room surgical pro-
cess improvement10 and (2) standardized post-
operative intensive care unit (ICU) recovery
algorithms. Under these conditions, we sought
to test the hypothesis that the cost of a techni-
cally innovative approach could not rival that
of a traditional open operation performed
efficiently utilizing systems innovation. We
performed a financial analysis of propensity-
matched patients undergoing conventional
open vs minimally invasive robotic mitral valve
repair using identical surgical repair techniques
and the same health care team.

PATIENTS AND METHODS
Between July 1, 2007, and January 31, 2011, 747
consecutive patients underwent primary open
mitral valve repair or robot-assisted mitral valve
repair (da Vinci S HD Surgical System; Intuitive
Surgical, Inc) (January 1, 2008-January 31,
2011) at Mayo Clinic in Rochester, Minnesota.
We excluded patients with mitral valve pathol-
ogy attributable to congenital, rheumatic, or
ischemic disease, active endocarditis, peripheral
vascular disease, or extensive coronary disease.
Also excluded were those having concomitant
cardiac surgical procedures other than atrial
septal defect/patent foramen ovale closure or
maze/modified maze procedures. Among the
remaining patients with MR due to leaflet pro-
lapse, 282 had open mitral valve repair and
200 underwent a robotic approach. We identi-
fied 185 propensity-matched pairs (370 pa-
tients) who had surgery between July 1, 2007,
andDecember 31, 2010, for comparable baseline
characteristics.11 Patients undergoing open and
robotic procedures were propensity matched
Mayo Clin Proc. n October 2013;88(
on the basis of 13 preoperative variables: age,
sex, body mass index (calculated as the weight
in kilograms divided by the height in meters
squared), New York Heart Association classi-
fication, preoperative creatinine level, ejection
fraction, and presence of atrial fibrillation, hy-
pertension, hyperlipidemia, diabetes mellitus,
chronic lung disease, prior myocardial infarc-
tion, and congestive heart failure (Supplemental
Table 1, available online at http://www.mayo
clinicproceedings.org).

The study was approved by theMayo Clinic
Institutional Review Board, and all patients
provided consent for their data to be used for
study purposes. Patients with mitral leaflet pro-
lapse and severe MR were offered surgery in
accordance with current American College of
Cardiology/American Heart Association guide-
lines.12 All patients had preoperative transtho-
racic echocardiography, and those undergoing
robotic repair additionally had preoperative
electrocardiographically gated volumetric com-
puted tomography of the chest, abdomen, and
pelvis.12,13

As described previously,13,14 robotic mitral
valve repair is presented as an option in our
cardiology valvular heart disease subspecialty
clinics. The only patients routinely excluded
as candidates for robotic mitral valve repair
in this series were those with coronary artery
disease requiring revascularization, severe pe-
ripheral vascular disease precluding safe groin
cannulation, or prior median sternotomy or
right thoracotomy.13,14

Costs
Direct medical costs were measured by using
standardized values for each service and proce-
dure billed during hospitalization. These costs
were obtained from the Olmsted County
Healthcare Expenditure and Utilization Data-
base, which has been used for cost studies since
1995.15,16 This database determines facility
(hospital) costs by multiplying each line-item
charge by the appropriate cost-to-charge ratio
from Medicare cost reports, resulting in a stan-
dardized cost for each service. Health care pro-
fessional/institutional costs were determined by
applying the appropriate Medicare physician or
laboratory fee schedule or gap code fee to each
Current Procedural Terminology fourth edition
code or Healthcare Common Procedure Cod-
ing System tag. To examine cost trends over
10):1075-1084 n http://dx.doi.org/10.1016/j.mayocp.2013.06.022
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time, more than 95% of the 2007-2009 ser-
vices, both in terms of number and cost, were
mapped to identical services in 2010 and
assigned the 2010 standardized costs. The
remaining 2007-2009 services’ costs from the
Olmsted County Healthcare Expenditure and
Utilization Database were adjusted to 2010
levels with the gross domestic product implicit
price deflator. The resulting standardized costs
were aggregated by the National Uniform
Billing Committee’s UB-04 revenue codes and
Berenson-Eggers Type of Service codes into cat-
egories to facilitate comparison between open
and robotic procedures.17

Primary Outcome Measures
The overall costs of the surgical episode (from
date of admission to discharge) as well as thema-
jor components of the overall costs (operating
room, cardiology procedures, anesthesiologist,
ICU/progressive care unit (PCU) room and
board, and hospital cardiology) were reported
and stratified by open and robotic approaches.
Robotic equipment costs were amortized and
embedded in the operating room component.
Secondary outcome measures were ICU length
of stay (LOS) and total hospital LOS.

Technical Innovations
Surgical protocols for the Robotic Cardiac Surgi-
cal Program at Mayo Clinic have been described
previously.13,14 Importantly, other than the per-
formance of robotic operations through less
invasive right thoracic port-based incisions (vs
open sternotomy), technical aspects of the surgi-
cal mitral valve repair procedure were identical
between groups and performed by the same sur-
gical teams.

Key Systems Innovations
Mayo Clinic implemented a surgical process
improvement redesign effort in July 2009 to
reduce the cost of cardiac surgical care. The in-
tegrated, multiyear program focused on 2 key
systems innovations across the entire cardiac
surgical service line. First was a surgical process
improvement initiative in the operating room,
which has been outlined previously.10 Briefly,
the operating room modifications included (1)
coordinated case sequencing across rooms, (2)
staggered start times, (3) increased efficiency
with on-time operating room start times, anes-
thesia preparation time, and room turnover,
Mayo Clin Proc. n October 2013;88(10):1075-1084 n http://dx.doi.o
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and (4) integrated staffing models. The second
systems innovation was implementation of a
clinical pathway in cardiac surgery to standardize
postoperative care algorithms in the ICU,
including weaning from mechanical ventilation,
fluidmanagement, weaning of hemodynamic in-
fusions, and preparation for ICU discharge.

To evaluate the impact of operational efforts
following initiation of theRoboticCardiac Surgi-
cal Program at Mayo Clinic, consecutive cases
were divided into 2 groups on the basis of the
introduction of systems innovations. The preim-
plementation cohort included all cases prior to
July 2009, and the postimplementation group
included all procedures from July 1, 2009,
through January 31, 2011. Robotic and open
cases were compared within respective periods.

Statistical Analyses
Descriptive statistics for categorical variables
were reported as frequency and percentage,
and continuous variables were reported as
mean (SD) or median (range) as appropriate.
Continuous baseline variables were compared
by 2-sample t test or Wilcoxon rank sum test,
and categorical baseline variables were com-
pared using the c2 or Fisher exact test as appro-
priate. P<.05 was considered significant.

Patients who underwent robotic repairs
were matched 1:1 to those who underwent
open procedures on the basis of the propensity
of having robotic surgery. Calipers of width
equal to 0.25 the standard deviation of the logit
of the propensity score were used for matching.
For each case, a control subject was randomly
selected from the potential pool of controls
defined by the calipers. The propensity for ro-
botic surgery was estimated using a logistic
regression model with the response variable be-
ing robotic surgery (yes/no). All variables listed
in Supplemental Table 1 were used to calculate
the propensity score. This strategy allowed us
to choose a set of patients in each surgery group
with similar baseline characteristics. The ana-
lyses were unmatched.

Multivariate adjustment of cost was conduct-
ed using generalized linear models with log link
and the appropriate distribution of cost being
determined using a modified Park test. Separate
models were constructed for each of the different
categories of costs. The confounding variables
adjusted in the multivariate models were those
described in Supplemental Table 1 plus the
rg/10.1016/j.mayocp.2013.06.022 1077
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time trend in terms of calendar quarters to cap-
ture the potential learning curve during the up-
take of robotic surgery. An interaction term of
time with type of surgery was included in the
model to test the difference in change in cost
for robotic and open surgery.

RESULTS

Baseline Characteristics and Early
Postoperative Outcomes
Baseline characteristics of patients undergoing
robotic and open mitral valve repair were com-
parable (Table 1) with similar distribution of
propensity scores (Supplemental Figure, avail-
able online at http://www.mayoclinicproceed
ings.org), although residual differences existed
before the introduction of systems innovations
(before July 2009). Early complications follow-
ing both open and robotic repair were infre-
quent and statistically indistinguishable between
groups with the exception of early postopera-
tive atrial fibrillation and blood transfusions,
which were less frequent in robotic repair pa-
tients (Supplemental Table 2, available online
at http://www.mayoclinicproceedings.org).

Duration of Care
As shown in Figure 1, A, the ICU LOS before
July 2009 was significantly different between
robotic and open approaches (mean [median],
24.7 hours [22.7 hours] vs 26.7 hours [24.6
hours]; P¼.006). After implementation of sys-
tems innovations, the ICU LOS after robotic
repair further declined considerably compared
with that after open surgery (mean [median],
13.7 hours [9.3 hours] vs 27.8 hours [24.3
hours]; P<.001; Figure 1, A).

The surgical case start time for robotic and
open procedures was then analyzed to ensure
that this factor did not differentially advantage
one group of patients, thereby potentially facili-
tating transfer from the ICU on the same day as
surgery. Surgical start times were not signifi-
cantly different for robotic andopenmitral repair
cases for a sample of patients between March
2010 and December 2010 (median, 8:05 AM vs
7:55 AM). Electronic capture of case start time
for patients beforeMarch 2010was not available.

Total hospital LOS in the period before sys-
tems innovation was significantly shorter in ro-
botic vs open surgical cases (mean [median],
4.0 days [3.5 days] vs 5.6 days [5.3 days];
Mayo Clin Proc. n October 2013;88(
P<.001; Figure 1, B). Following the adoption
of systems innovation, hospital LOS after ro-
botic surgery further declined in comparison
to that for open surgical repairs (mean [median],
3.7 days [3.4 days] vs 5.7 days [5.3 days];
P<.001; Figure 1, B). Median hospital length
of stay for robotic patients was thus similar at
3.5 and 3.4 days (P¼.003), while the median
hospital length of stay was unchanged for open
patients at 5.3 days (P¼.636).

Costs
The median costs associated with open and
robotic mitral valve repair for the entire study
period were $31,838 and $32,144, respec-
tively, and were not statistically different
(P¼.32). Considering only introductory cases
from the period before implementation of sys-
tems innovations (before July 2009), the overall
cost was higher for robotic repair than for open
mitral repair (median, $34,920 vs $32,650;
P<.001; Figure 2, A). After implementation
of systems innovations, the cost of robotic
repair decreased considerably to a level compa-
rable to that of open surgery (median, $30,606
vs $31,310; P>.876; Figure 2, A). The interac-
tion plot for total cost for the 2 groups across
time confirmed that the median total cost of ro-
botic mitral repair was higher early after intro-
duction of the technology, but costs decreased
steadily with time (Figure 2, B).

Operating room cost was significantly
higher for robotic surgery before systems inno-
vation implementation (median, $12,691 vs
$8474; P<.001). After July 2009, robotic oper-
ating room cost declined considerably but still
remained higher than that for open surgery (me-
dian, $11,234 vs $8474; P<.001; Table 2).
While operating room cost remained constant
in open surgical procedures, it decreased over
time in the robotic cohort (P<.001; Figure 2, C).

Through the duration of the study, ICU and
PCU room and board costs remained constant
for open surgery (median, $8663) but were
significantly lower for robotic surgery both before
and after the adoption of systems innovations
(median, $5600 before and $4595 after;
Table 2). Intensive care unit and PCU room and
board costs were consistently lower for robotic
surgery at all time points (P<.001; Figure 2, D).

A generalized linear multivariate analysis
was performed to confirm predictors of cost.
Total cost decreased over time (P¼.03). The
10):1075-1084 n http://dx.doi.org/10.1016/j.mayocp.2013.06.022
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TABLE 1. Patient Characteristics at Baselinea,b

Characteristic

Pre-July 2009

P value

Post-July 2009

P value
Open
n¼111

Robotic
n¼66

Total
N¼177

Open
n¼74

Robotic
n¼119

Total
N¼193

Age (y) .33 .15
No. 111 66 177 74 119 193
Mean (SD) 56.3 (13.9) 54.3 (10.5) 55.6 (12.7) 58.1 (13.2) 55.6 (11.3) 56.6 (12.1)
Median 56 54 55 61 57 58
Q1, Q3 46.0, 67.0 46.0, 61.0 46.0, 65.0 50.0, 69.0 49.0, 63.0 49.0, 65.0
Range 24.0-81.0 31.0-78.0 24.0-81.0 22.0-82.0 21.0-80.0 21.0-82.0

Sex .86 .20
Male 87 (78.4) 51 (77.3) 138 (78.0) 51 (68.9) 92 (77.3) 143 (74.1)
Female 24 (21.6) 15 (22.7) 39 (22.0) 23 (31.1) 27 (22.7) 50 (25.9)

Body mass index .18 .047
No. 111 66 177 74 119 193
Mean (SD) 26.0 (3.9) 26.8 (3.6) 26.3 (3.8) 26.0 (4.0) 27.1 (3.6) 26.7 (3.8)
Median 25.7 27.1 26.2 25.4 27.2 26.7
Q1, Q3 23.7, 28.3 24.4, 28.8 23.8, 28.6 23.3, 28.5 24.5, 29.4 23.9, 29.0
Range 18.2-39.4 19.5-35.4 18.2-39.4 18.7-37.3 19.2-36.6 18.7-37.3

NYHA class .03 .13
I & II 105 (94.6) 56 (84.8) 161 (91.0) 71 (95.9) 118 (99.2) 189 (97.9)
III & IV 6 (5.4) 10 (15.2) 16 (9.0) 3 (4.1) 1 (0.8) 4 (2.1)

Preoperative creatinine (mg/dL)c .48 .14
No. 111 66 177 74 119 193
Mean (SD) 1.0 (0.2) 1.0 (0.2) 1.0 (0.2) 1.0 (0.2) 1.0 (0.2) 1.0 (0.2)
Median 1 1 1 1 1 1
Q1, Q3 0.9, 1.1 0.8, 1.1 0.8, 1.1 0.8, 1.1 0.9, 1.1 0.9, 1.1
Range 0.6-1.5 0.6-1.4 0.6-1.5 0.6-1.6 0.5-1.5 0.5-1.6

Ejection fraction (%) .25 .28
No. 111 66 177 74 119 193
Mean (SD) 64.7 (5.5) 65.7 (5.7) 65.1 (5.6) 62.7 (8.2) 64.6 (7.3) 63.8 (7.7)
Median 65 66 65 65 65 65
Q1, Q3 60.0, 69.0 62.0, 70.0 60.0, 69.0 60.0, 68.0 60.0, 70.0 60.0, 68.0
Range 51.0-81.0 55.0-81.0 51.0-81.0 30.0-78.0 40.0-78.0 30.0-78.0

Hypertension .34 .36
No 73 (65.8) 48 (72.7) 121 (68.4) 49 (66.2) 71 (59.7) 120 (62.2)
Yes 38 (34.2) 18 (27.3) 56 (31.6) 25 (33.8) 48 (40.3) 73 (37.8)

Diabetes >.99 >.99
No 110 (99.1) 65 (98.5) 175 (98.9) 74 (100.0) 118 (99.2) 192 (99.5)
Yes 1 (0.9) 1 (1.5) 2 (1.1) 0 (0.0) 1 (0.8) 1 (0.5)

Dyslipidemia .24 .53
No 47 (42.3) 34 (51.5) 81 (45.8) 32 (43.2) 46 (38.7) 78 (40.4)
Yes 64 (57.7) 32 (48.5) 96 (54.2) 42 (56.8) 73 (61.3) 115 (59.6)

Chronic lung disease .75 >.99
No 105 (94.6) 61 (92.4) 166 (93.8) 71 (95.9) 113 (95.0) 184 (95.3)
Yes 6 (5.4) 5 (7.6) 11 (6.2) 3 (4.1) 6 (5.0) 9 (4.7)

Previous MI .53 .38
No 109 (98.2) 66 (100.0) 175 (98.9) 73 (98.6) 119 (100.0) 192 (99.5)
Yes 2 (1.8) 0 (0.0) 2 (1.1) 1 (1.4) 0 (0.0) 1 (0.5)

Congestive heart failure >.99 >.99
No 110 (99.1) 65 (98.5) 175 (98.9) 74 (100.0) 118 (99.2) 192 (99.5)
Yes 1 (0.9) 1 (1.5) 2 (1.1) 0 (0.0) 1 (0.8) 1 (0.5)

aMI ¼ myocardial infarction; NYHA ¼ New York Heart Association; Q ¼ quartile.
bValues are presented as No. (percentage) unless indicated otherwise.
cSI conversion factor: To convert creatinine value to mmol/L, multiply by 88.4.
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FIGURE 1. Intensive care unit (ICU) (A) and total hospital (B) length of stay
(LOS) by surgery type. Left panels present LOS before implementation of
systems innovation (before July 2009), and right panels show LOS after
implementation (after July 2009). End point of upper whisker ¼ third
quartile plus 1.5 times the interquartile range or maximum; upper edge of
box ¼ third quartile; horizontal line inside box ¼ median; diamond ¼ mean;
lower edge of box ¼ first quartile; end point of lower whisker ¼ first
quartile minus 1.5 times the interquartile range or minimum; open circle ¼
extreme value beyond end points of whiskers.
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diminution in cost was more pronounced for
robotic than for open mitral valve repair
(P¼.024; Supplemental Table 3, available on-
line at http://www.mayoclinicproceedings.org;
Figure 2, A).

DISCUSSION
In this study, we found that the introduction of
technical innovation to perform mitral valve
repair using robotic technology was initially
associated with higher total hospital resource
Mayo Clin Proc. n October 2013;88(
utilization; however, costs decreased steadily
and significantly with experience. Closely
risk-matched patients undergoing open mitral
valve repair also had decreases in cost second-
ary to concurrent adoption of systems innova-
tions; however, the magnitude of decrement
was less than that seen after the introduction
of robotic technology. Considering that the to-
tal hospital cost of robotic mitral valve repair is
now similar to that of standard therapy and that
robotic repair also expedites transition from
the ICU and hospital discharge, an opportunity
exists to improve value in surgical care delivery
using technical (robotic) innovation. To our
knowledge, this is the first study to reveal
that (1) cost savings can be attained through
adoption of systems innovation in a large and
diverse heart valve surgery program, (2) techni-
cally innovative robotic heart valve therapy can
be introduced and optimized to become cost-
neutral in comparison with conventional open
surgery, and (3) patients who are treated under
this novel paradigm (systems plus technical
innovation) benefit from accelerated in-hospital
recovery with cost-moderating advantages to
the health care system.

In the current health care environment,
health care institutions are increasingly expected
to critically assess the economic value (outcomes
divided by cost) of new treatments and technolo-
gies, particularly in potentially high-cost inpa-
tient surgical subspecialties. However, as Kaplan
and Porter18 recently stated regarding value in
health care, “what is not measured cannot be
managed or improved.” Although clinical out-
comes in cardiac surgery are routinely monitored
and publicly tracked, costs, in contrast, are often
difficult to accurately capture and thus are not
reliably reported. Recognition of this knowl-
edge gap is important, as new technologies,
potentially capable of offering improvements
in technical efficacy and patient outcomes
due to diminished physiologic burden, emerge
in the contemporary health care milieu.

The introduction of novel surgical technol-
ogy has the potential to increase health care
costs, in part by fostering the propagation
of unnecessary interventions.19 In the case
of chronic severe MR, effective nonsurgical
therapy does not exist. Mitral valve repair is
standard, evidence-based treatment, improving
long-term patient survival and freedom from
heart failure.7 Early referral for mitral valve
10):1075-1084 n http://dx.doi.org/10.1016/j.mayocp.2013.06.022
www.mayoclinicproceedings.org
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surgery is important to minimize the delayed
but substantial costs associated with the medi-
cal management of chronic debilitating heart
failure in those denied surgical intervention
and prevent the need for eventual higher-risk
and complicated surgical rescue.5 Conven-
tional open mitral valve repair has become the
default surgical approach because of the ability
to deliver high-quality results with greater than
95-99% certainty with low perioperative mor-
bidity and mortality when performed by ex-
perienced surgical teams within referent heart
valve programs. The concern among otherwise
asymptomatic and high-functioning patients
with severe MR referred for early surgery, how-
ever, is the perceived duration of postoperative
debility. Additionally, some health care pro-
fessionals delay surgical referral because of the
antiquated and erroneous assumption that sur-
gical risk is high or that operative outcomes are
Mayo Clin Proc. n October 2013;88(10):1075-1084 n http://dx.doi.o
www.mayoclinicproceedings.org
poor. Avoiding prompt correction of severe MR
leads to cross-subsidization of care by unpro-
ductively shifting the cost of early surgery to
the subsequent management of chronic heart
failure and contributes to escalating health
care costs.18,20

Why have the potential benefits of smaller,
better-tolerated surgical incisions remained
obscurely defined? In robot-assisted surgery,
an important and nontrivial learning curve ex-
ists, and thus, reported outcomes have varied
among centers with differing levels of experi-
ence. Data from high-volume repair centers
suggest that significant improvements in out-
comes occur with the accrual of robotic exper-
tise.13,14 Perhaps consequently, there has been
a steady diminution in total hospital cost of ro-
botic cases. To date, robotic mitral valve repair
at Mayo Clinic using technically identical repair
techniques (and thus similar efficacy) and the
rg/10.1016/j.mayocp.2013.06.022 1081
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TABLE 2. Distribution of Costs by Eraa,b

Cost

Pre-July 2009

P value

Post-July 2009

P value
Open

(n¼111)
Robotic
(n¼66)

Open
(n¼74)

Robotic
(n¼119)

Total (F and P) .0003 .88
Mean (SD) 33,812 (6437) 36,140 (4904) 32,610 (6880) 31,986 (6583)
Median 32,650 34,920 31,310 30,606

Operating room (F) <.001 <.001
Mean (SD) 8560 (673) 12,753 (1132) 8626 (1118) 11,595 (1456)
Median 8474 12.621 8474 11,234

Cardiology procedure (P) .43 <.001
Mean (SD) 3770 (866) 3781 (971) 3475 (771) 3348 (541)
Median 3735 3229 3140 3229

Anesthesiology (P) <.001 <.001
Mean (SD) 767 (133) 1052 (137) 740 (491) 866 (289)
Median 735 1020 717 889

ICU and PCU room
and board (F) <.001 <.001

Mean (SD) 9298 (2493) 6510 (1806) 9352 (3469) 5350 (1881)
Median 8663 5600 8663 4595

Hospital cardiology (F) <.001 .15
Mean (SD) 3571 (2316) 1987 (613) 2501 (1668) 1912 (466)
Median 1966 1884 1791 1803

aF ¼ facility cost; ICU ¼ intensive care unit; P ¼ physician cost; PCU ¼ progressive care unit.
bValues are presented in US dollars.

MAYO CLINIC PROCEEDINGS

1082
same care delivery team has a mortality rate of
less than 0.2%, and the risks of stroke and early
mitral valve reoperation are both less than
0.5%. These rates compare favorably with cur-
rent United Kingdom and US Society of
Thoracic Surgeons benchmarks.21,22 Finally,
preliminary studies suggest that robotic surgery
is associated with benefits in both early postop-
erative quality of life and rate of return to
work.9 These findings represent measurable
improvements in health care outcomes.

Linking cost with process optimization
supports the integration of sustainable expense
reduction strategies in clinical practice.18 Our
finding of improvement in efficiency of re-
source utilization with less invasive innovative
surgical procedures thus assumes growing
importance in the current health care economy.
Several prior reports have documented that
less invasive valve operations may decrease
costs in the range of 7% to 34% when com-
pared with conventional sternotomy.23-25

Diminished physical rehabilitation and earlier
return to work also further influence postho-
spitalization resource utilization but are more
difficult to quantify and are beyond the scope
of the current study. A cost analysis performed
Mayo Clin Proc. n October 2013;88(
by Iribarne et al25 revealed that less invasive
mitral valve repair or replacement surgery
through ministernotomy or minithoracotomy
was associated with roughly $9000 in cost sav-
ings per patient (P¼.006). The present study
provides further reassurance (in closely risk-
matched populations) that the use of robotic
technology plus systems innovation to perform
technically sophisticated mitral valve repair
through small-port access incisions can be
financially neutral while offering important
value-added patient benefits.

Several additional principles may guide the
profession forward in minimizing costs and
optimizing outcomes in less invasive cardiac
surgical procedures that rely on innovative tech-
nologies. First, with increasing appreciation that
allocation of certain technically specialized and
judgment-sensitive procedures to referral cen-
tersmay be associatedwith improved outcomes,
the a priori qualification of a necessary mini-
mum volume of surgeon and center experience
with a reference procedure (such as open mitral
valve repair) before the introduction of a techni-
cally advanced platform (such as minimally
invasive or robotic mitral valve repair) may be
justified. Second, unyielding adherence to the
10):1075-1084 n http://dx.doi.org/10.1016/j.mayocp.2013.06.022
www.mayoclinicproceedings.org
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emulation of proven conventional open surgical
techniques in the closed chest milieu, guided by
rigorous (echocardiographic) control, is impera-
tive. Third, forthcoming training and credential-
ing requirements for robotic surgery will be
important guideposts to surgeons and institu-
tions keen to adopt these platforms. Finally, a
paradigm shift in adopting innovative postoper-
ative clinical management is crucial. Merely
investing in a technically innovative robotic plat-
form offering a lighter physiologic burden and
then failing to appropriately deescalate the in-
tensity of postoperative care through systems
innovation unnecessarily inflate cost, decrease
value, and blunt the potential advantage of
port access procedures.

Our study has some limitations. Although
collection of data was prospective, this review
is observational. Patients were low risk and
had minimal associated disease burden; consis-
tent with our programmatic preference of per-
forming mitral valve repair for ACC/AHA
Class IIa indications (absence of heart failure
symptoms, left ventricular dysfunction or other
“triggers” but with a mitral repair rate of 95-
99%) to optimize long term survival.5 Assur-
ance of true equivalence, although ideal when
attained via randomized assignment, may not
be possible because of strong preexisting pa-
tient and cardiologist preferences. These data
offer a unique opportunity to link clinical out-
comes of robotic mitral valve repair with cost-
containment measures for the first time. The
tempo with which systems innovation oc-
curred between open and robotic platforms
cannot be quantified exactly, although 2 of
the authors (R.M.S. and H.M.B.) performed
both open and robotic operations and were
the primary surgeons responsible for most of
the patients in this series. Furthermore, these
2 surgeons used exact principles and tech-
niques of standard open mitral valve repair as
established by the senior author (H.V.S.). Po-
tential differences in application of process im-
provements between conventional and robotic
cohorts were thus minimized. The opportunity
to enlist both cohorts in expedited recovery
pathways was equally available; however, we
cannot rule out the theoretical possibility that
the patients undergoing robotic surgery were
preferentially more capable of participating
because of the smaller incision size. Future
studies will address these possibilities.
Mayo Clin Proc. n October 2013;88(10):1075-1084 n http://dx.doi.o
www.mayoclinicproceedings.org
CONCLUSION
The total hospital cost associated with the use
of robotic technology to perform less invasive
mitral valve repair has become similar to that
for conventional open operation, while facili-
tating quicker patient recovery and reducing
utilization of in-hospital resources. These
data suggest that technical innovation within
a milieu of systems improvement in cardiac
surgical practice can be cost-neutral while
improving affordability and contributing
health care value.
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