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Abstract

OBJECTIVES: This study sought to evaluate the impact of patient–prosthesis mismatch (PPM) on the risk of perioperative, early-, mid- and
long-term mortality rates after surgical aortic valve replacement.

METHODS: Databases were searched for studies published until March 2018. The main outcomes of interest were perioperative mortality,
1-year mortality, 5-year mortality and 10-year mortality.
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RESULTS: The search yielded 3761 studies for inclusion. Of these, 70 articles were analysed, and their data were extracted. The total num-
ber of patients included was 108 182 who underwent surgical aortic valve replacement. The incidence of PPM after surgical aortic valve re-
placement was 53.7% (58 116 with PPM and 50 066 without PPM). Perioperative mortality [odds ratio (OR) 1.491, 95% confidence interval
(CI) 1.302–1.707; P < 0.001], 1-year mortality (OR 1.465, 95% CI 1.277–1.681; P < 0.001), 5-year mortality (OR 1.358, 95% CI 1.218–1.515;
P < 0.001) and 10-year mortality (OR 1.534, 95% CI 1.290–1.825; P < 0.001) were increased in patients with PPM. Both severe PPM and
moderate PPM were associated with increased risk of perioperative mortality, 1-year mortality, 5-year mortality and 10-year mortality
when analysed together and separately, although we observed a higher risk in the group with severe PPM.

CONCLUSIONS: Moderate/severe PPM increases perioperative, early-, mid- and long-term mortality rates proportionally to its severity.
The findings of this study support the implementation of surgical strategies to prevent PPM in order to decrease mortality rates.

Keywords: Aortic stenosis • Aortic valve replacement • Heart valve prosthesis • Meta-analysis • Prosthesis–patient mismatch

INTRODUCTION

Rationale

Previous meta-analyses have been published to evaluate whether
patient–prosthesis mismatch (PPM) is a risk factor for short-term
mortality and long-term mortality, showing an increase in all-
cause mortality of 31%, 34%, 42% and 26%, respectively [1–4], in
patients with any degree of PPM. Since the publication of these
previous meta-analyses—the last one including articles published
until 2014 [4]—new original data became available regarding the
impact of PPM outcomes following surgical aortic valve replace-
ment (SAVR).

Objectives

We aimed to investigate whether PPM increases the risk for
death after SAVR. This analysis was planned in accordance with
the current guidelines for performing comprehensive systematic
reviews and meta-analysis, including the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA) [5]
guidelines. We prespecified our analytical plan and registered the
study protocol with PROSPERO, the international prospective
register of systematic reviews (CRD42018089883).

METHODS

Eligibility criteria

With the Population, Intervention, Comparison, Outcome and Study
design (PICOS) strategy, studies were considered if (i) the population
comprised patients who underwent SAVR; (ii) there was a group of
patients who developed moderate PPM (with indexed effective ori-
fice area (iEOA) between 0.85 cm2/m2 and 0.65 cm2/m2) or severe
PPM (iEOA <_ 0.65 cm2/m2) after SAVR; (iii) there was a control group
of patients with non-significant/no PPM (iEOA > 0.85 cm2/m2); (iv)
outcomes studied included any of the following: perioperative, 1-
year, 5-year and 10-year mortality rates; and (v) studies were retro-
spective, prospective, randomized or non-randomized.

Information sources

The following databases were used (until April 2018): MEDLINE;
EMBASE; CENTRAL/CCTR (Cochrane Controlled Trials Register);
ClinicalTrials.gov; SciELO (Scientific Electronic Library Online);

LILACS (Literatura Latino Americana em Ciências da Saúde);
Google Scholar and reference lists of relevant articles.

Search

We conducted the search with the following terms: ‘mismatch
OR PPM OR patient-prosthesis mismatch OR prosthesis-patient
mismatch’ AND ‘AVR OR aortic valve replacement.’

Study selection

The following steps were taken as done in previous studies of
ours [6–10]: (1) identification of titles of records through search-
ing databases; (2) the removal of duplicates; (3) screening and se-
lection of abstracts; (4) assessment for eligibility through full-text
articles and (5) the final inclusion in study. One reviewer followed
steps 1–3. Two independent reviewers followed step 4 and
selected studies. Inclusion or exclusion of studies was decided
unanimously. When there was disagreement, a third reviewer
made the final decision.

Data items

The crude end points were perioperative, 1-year, 5-year and 10-
year mortality rates.

Data collection process

Two independent reviewers extracted the data as done in previ-
ous studies of ours [6–10]. When there was disagreement about
the data, a third reviewer checked them and made the final deci-
sion. From each study, we extracted patient characteristics, study
design and outcomes. When the data were not clearly available
in the articles, we contacted the authors of the original articles by
email.

Risk of bias in individual studies

Included studies were assessed for the following characteristics:
retrospective or prospective; randomized or non-randomized;
multicentric or not; selection bias, detection bias, attrition bias
and adequacy of multivariable adjustment for possible confound-
ers. Taking these characteristics into account, the papers were
classified into A (low risk of bias), B (moderate risk of bias) or C
(high risk of bias). Two independent reviewers assessed the risk
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of bias. Agreement between the 2 reviewers was assessed with
kappa statistics for full-text screening and rating of relevance and
risk of bias. When there was disagreement about risk of bias, a
third reviewer checked the data and made the final decision as
done in previous studies of ours [6–10].

Summary measures

The principal summary measures were odds ratio (OR) with 95%
confidence interval (CI) and P values (considered statistically sig-
nificant when P < 0.05) for death. The meta-analysis was com-
pleted with the software Comprehensive Meta-Analysis (version
2, Biostat, Inc., Englewood, NJ, USA) as done in previous studies
of ours [6–10].

Synthesis of the results

Adopting the same statistical approach outlined in previous stud-
ies of ours [6–10], forest plots were generated for graphical pre-
sentations of clinical outcomes, and we performed the I2 test and
v2 test for the assessment of heterogeneity across the studies [11].
Interstudy heterogeneity was explored using the v2 statistic, but
the I2-value was calculated to quantify the degree of heterogen-
eity across the studies that could not be attributable to chance
alone. When I2 was more than 50%, significant statistical hetero-
geneity was considered to be present. Each study was summar-
ized by the OR, whose values were combined across studies
using a weighted DerSimonian–Laird random effects model [12].

Risk of bias across studies

To assess the publication bias, a funnel plot was generated for
each outcome, statistically assessed by Begg and Mazumdar’s
test [13] and Egger’s test [14], as done in previous studies of ours
[6–10].

Sensitivity analysis

We analysed the pool data regarding the outcomes according to
PPM severity (moderate or severe). We also investigated the in-
fluence of each study on the overall effect—by sequentially
removing one study—to test the robustness of the main results,
so that we could verify whether any study had an excessive influ-
ence on the overall results. Furthermore, we analysed the data as
to the period when patients were operated on (over the past
10 years, to study more contemporary patients), the type of valve
in the studies (only biological or only mechanical) and the way
the iEOA was measured (predicted from EOA measured in vitro
by the manufacturer, predicted from published normal reference
values of EOA measured in vivo or measured directly in each pa-
tient by Doppler echocardiography following SAVR).

RESULTS

Study selection

At first, we identified 3761 articles, of which 76 studies were con-
sidered relevant and read as full text. Seventy publications
(Supplementary Material, References) satisfied the pre-

established eligibility criteria. The level of concordance between
the reviewers regarding the study relevance and study validity was
excellent (Kappa = 0.86) and good (Kappa = 0.84), respectively.
Figure 1 displays the search strategy.

Study characteristics

A total of 108 182 patients (moderate/severe PPM: 58 116
patients; non-significant/no PPM: 50 066 patients) were included
from studies published from 1998 to 2018. The incidence of
moderate/severe PPM after SAVR was 53.7%, varying from 6.1%
to 93.8%. The studies consisted of patients whose mean or me-
dian age varied from 46.5 years to 81.0 years. There were studies
mostly from North America, Europe and Asia and only 1 from
Latin America. All the studies were observational, 32.8% were
prospective, 17.1% were multicentric and 77.1% had some multi-
variate adjustment for possible confounders. Other characteristics
are described elsewhere (Supplementary Material, Table S1). The
overall internal validity was considered moderate risk of bias
(Supplementary Material, Table S2).

Synthesis of the results

The OR for perioperative mortality in the ‘PPM’ group compared
with the ‘non-significant/no PPM’ group in each study is reported
in Fig. 2. There was evidence of moderate statistical heterogen-
eity of treatment effect among the studies for perioperative mor-
tality. The overall OR (95% CI) of perioperative mortality showed
a statistically significant difference between the groups, with
higher risk in the ‘PPM’ group (random effects model: OR 1.491,
95% CI 1.302–1.707; P < 0.001).

The OR for 1-year mortality in the ‘PPM’ group compared with
the ‘non-significant/no PPM’ group in each study is reported in
Fig. 3. There was evidence of moderate statistical heterogeneity
of treatment effect among the studies for perioperative mortality.
The overall OR (95% CI) of 1-year mortality showed a statistically
significant difference between the groups, with higher risk in the
‘PPM’ group (random effect model: OR 1.465, 95% CI 1.277–
1.681; P < 0.001).

The OR for 5-year mortality in the ‘PPM’ group compared with
the ‘non-significant/no PPM’ group in each study is reported in
Fig. 4. There was evidence of high statistical heterogeneity of
treatment effect among the studies for perioperative mortality.
The overall OR (95% CI) of 5-year mortality showed a statistically
significant difference between the groups, with higher risk in the
‘PPM’ group (random effect model: OR 1.358, 95% CI 1.218–
1.515; P < 0.001).

The OR for 10-year mortality in the ‘PPM’ group compared
with the ‘non-significant/no PPM’ group in each study is reported
in Fig. 5. There was evidence of high statistical heterogeneity of
treatment effect among the studies for perioperative mortality.
The overall OR (95% CI) of 10-year mortality showed a statistical-
ly significant difference between the groups, with higher risk in
the ‘PPM’ group (random effect model: OR 1.534, 95% CI 1.290–
1.825; P < 0.001).

Risk of bias across studies

Figure 6 displays statistically significant asymmetries around the
axis for 1-year mortality and 5-year mortality but no asymmetry
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around the axis for perioperative mortality and 10-year mortality.
This means that we observed a high risk of publication bias
related to the former 2 outcomes and low risk of publication bias
to the latter 2 outcomes.

Sensitivity analysis

We observed in the sensitivity analyses (see Table 1) that the risk
for mortality was higher in the groups with PPM regardless of the
severity (moderate or severe) when we compared them with the
non-significant/no PPM group. However, when we compared se-
vere versus moderate PPM, we observed that the former had a
higher risk than the latter. Statistical heterogeneity of the effects
was massively present.

When we removed the studies one-by-one from the analysis
to establish whether any of the individual studies had any special
impact on the pooled results, no particular effect was observed.

When we analysed studies including patients who underwent
SAVR only within the last 10 years to assess more contemporary
patients, we found that the overall OR (95% CI) for perioperative
mortality showed a statistically significant difference between the
groups, with higher risk in the ‘PPM’ group (random effect model:
OR 1.750, 95% CI 1.167–2.623; P = 0.007—see Table 2).

When we analysed studies according to the type of valves, we
found that the overall OR (95% CI) for perioperative mortality
showed a statistically significant difference between the groups,
with higher risk in the ‘PPM’ group for mechanical valves (ran-
dom effect model: OR 1.750, 95% CI 1.167–2.623; P = 0.007—see
Table 2) but not for biological valves. We highlight that most of
the studies included both types of prostheses, and we were not
able to analyse separately their data regarding the type of
prostheses.

When we analysed the data according to how the iEOA was
measured to define the presence of PPM (whether in vivo, in vitro

Figure 1: Flow diagram of studies included in data search. CCTR: Cochrane Controlled Trials Register; LILACS: Literatura Latino Americana em Ciências da Saúde;
PPM: patient–prosthesis mismatch; SciELO: Scientific Electronic Library Online.
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Figure 2: Odds ratio and conclusions plot of perioperative mortality. The summary effect of moderate/severe PPM on perioperative mortality is shown. CI: confidence
interval; PPM: patient–prosthesis mismatch.
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Figure 3: Odds ratio and conclusions plot of 1-year mortality. The summary effect of moderate/severe PPM on 1-year mortality is shown. CI: confidence interval;
PPM: patient–prosthesis mismatch.
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Figure 4: Odds ratio and conclusions plot of 5-year mortality. The summary effect of moderate/severe PPM on 5-year mortality is shown. CI: confidence interval;
PPM: patient–prosthesis mismatch.
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or measured by echocardiography), we found that the overall OR
(95% CI) for perioperative mortality showed a statistically signifi-
cant difference with higher risk in the ‘PPM’ group regardless of
the way by which iEOA was measured (see Table 2).

DISCUSSION

Summary of evidence

To our knowledge, this is the largest meta-analysis of studies per-
formed to date that provides incremental value by demonstrating
that patients with moderate/severe PPM have higher risk for
perioperative, early-, mid- and long-term mortality rates in com-
parison to those with non-significant/no PPM. We also observed
that more than half of the patients leave the operation room
with significant PPM, which already has a negative impact on the
perioperative period. Moreover, mortality rates increase not only
with severe PPM but also with moderate PPM, with the former
having a worse effect on mortality than the latter.

Some considerations

These results have important clinical implications, given that PPM
is a potentially modifiable risk factor. Until now, 4 meta-analyses
dealt with patients with PPM after SAVR [1–4], and a plethora of
studies has emerged since the last one [4]. Dayan et al. [4] pub-
lished a meta-analytical study including 58 studies with 40 381
patients (39 568 SAVR and 813 transcatheter aortic valve replace-
ment) and observed that severe PPM is associated with poorer
long-term survival, but, when it comes to the effect of moderate
PPM, the studies were not unanimous. Although Dayan et al. [4]
found that moderate PPM increases the risk of perioperative
death, they did not observe the same for the overall mortality,
which was explained by a possible vulnerability of the heart to
some remaining afterload in the perioperative period, albeit just
moderate. Contrasting with these results, we found that moderate
PPM was significantly associated with increased mortality, not only
in the perioperative period but also in the early-, mid- and long-
term follow-up. Furthermore, we observed that severe PPM has an
even greater negative impact on mortality than moderate PPM.

Figure 5: Odds ratio and conclusions plot of 10-year mortality. The summary effect of moderate/severe PPM on 10-year mortality is shown. CI: confidence interval;
PPM: patient–prosthesis mismatch.
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Considering that we observed an incidence of PPM after
SAVR higher than 50% that implies higher rates of mortality, it
would be no exaggeration to say that this problem has reached
epidemic proportions, and surgeons would have to take meas-
ures to counter the risk of PPM after SAVR in order to decrease
mortality.

Patient–prosthesis mismatch as a global health
issue: different realities in developed and
developing countries

Fallon et al. [15] observed recently, in the USA, that the incidence
of PPM has been decreasing over the years. In 2004, the

Figure 6: Publication bias. Funnel plot analysis of the outcomes on perioperative mortality, 1-year mortality, 5-year mortality and 10-year mortality.

Table 1: Sensitivity analysis

Perioperative mortality Studies (N) Patients (N) Summary measures Heterogeneity

OR 95% CI P-value I2 (%) v2 P-value

Moderate PPMa

Perioperative 32 76 540 1.283 1.095–1.503 <0.001 25.9 0.002
1 year 30 76 494 1.232 1.020–1.489 0.031 66.3 <0.001
5 years 27 75 446 1.231 1.091–1.388 0.001 65.4 <0.001
10 years 18 67 842 1.310 1.028–1.668 0.029 92.6 <0.001

Severe PPMa

Perioperative 26 40 723 2.284 1.566–3.329 <0.001 61.4 <0.001
1 year 24 38 480 2.136 1.575–2.897 <0.001 65.0 <0.001
5 years 18 36 659 1.841 1.401–2.418 <0.001 78.1 <0.001
10 years 13 35 152 1.963 1.173–3.285 <0.001 94.3 <0.001

Severe PPM versus moderate PPM
Perioperative 23 50 924 1.736 1.252–2.406 0.001 51.2 0.003
1 year 20 48 532 1.532 1.169–2.006 0.002 53.5 0.003
5 years 17 47 536 1.412 1.165–1.710 <0.001 56.7 0.002
10 years 13 46 555 1.476 1.103–1.952 0.009 79.3 <0.001

aCompared with non-significant/no PPM.
CI: confidence interval; OR: odds ratio; PPM: patient–prosthesis mismatch.
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incidence of moderate and severe PPM was 60.1% and 13.8% re-
spectively, whereas in 2014, these rates decreased to 46.8% for
moderate PPM and 6.2% for severe PPM. Although this repre-
sents a 22% reduction in moderate PPM and 55% reduction in
severe PPM, their data mean that, even in the USA, more than
50% of the patients still leave the operation room with a consid-
erable degree of PPM. In addition, we must not leave unmen-
tioned that Fallon et al. [15] showed that, among the valve
models implanted by year, 2 increasingly common implant mod-
els were the Magna and Trifecta, which made up 47% and 19%,
respectively. However, we must highlight that not all the coun-
tries of the world can afford the so-called ‘new-generation’ pros-
theses with a better profile. In the largest country of Latin
America (Brazil), for example, a non-negligible fraction of the
patients are operated on at centres of the public health system,
where the patients cannot receive these new generation prosthe-
ses simply because they are not available in the system due to
the price. It is a very different reality. When it comes to these
new models of prostheses (including stentless, sutureless and
transcatheter valves), they may well be the reality in Europe and
in the USA but not within the public health systems in Latin
America (including Brazil), Africa and most part of Asia, where
surgeons have to work with other types of prostheses with ‘older’
technology.

In Europe and in the USA, PPM is often diagnosed in small eld-
erly women experiencing calcific aortic stenosis who are very
obese, so that the implantation of a 21-mm biological valve
would result in PPM. Surgeons from developed countries might
think that these patients would rarely be so active to the point of
resulting in a real clinical problem, and thus, they should not
worry about this issue. On the other hand, in developing coun-
tries, surgeons mostly come across younger patients who are
part of the working age population who experience rheumatic
heart disease, which means that surgeons throughout the world
have to deal with very different patients.

What might be the solution to this problem?

There is no easy answer to this question, but we find that surgical
aortic root enlargement (SARE) would allow for larger prosthesis
implantation and might be a useful adjunct to SAVR. Some sur-
geons (maybe most of them) are reluctant to perform such surgi-
cal procedure because they think that it implies higher operative

mortality rates, although the medical literature has given fresh
evidence to the contrary.

Rocha et al. [16] showed that SARE does not increase the op-
erative mortality of SAVR among 7039 patients (SAVR, n = 5185;
SAVR + SARE, n = 1854). In-hospital mortality was actually higher
in the latter group (3.0% vs 4.3%, P = 0.008), but when the cohort
was restricted to isolated SAVR with or without SARE, mortality
was not statistically significant different (1.1% vs 1.7%, P = 0.290).
Following adjustment baseline characteristics, SAVR + SARE was
not associated with an increased risk of in-hospital mortality
when compared with SAVR (OR 1.030, P = 0.850). The results
were also similar when propensity matching was used for base-
line characteristics. Correia et al. [17], Penaranda et al. [18] and
Dhareshwar et al. [19] also found that SARE does not increase
mortality in the context of SAVR.

Sources of heterogeneity

The statistical heterogeneity in the analyses might be related to
various sources, for example, to the type of prosthesis (biopros-
thetic or mechanical valve). The type of valve could be a con-
founding factor, as mechanical valves are implanted more often
in younger patients, who generally have a more active lifestyle
and faster metabolism, thereby increasing the cardiac workload,
the transvalvular flow and, consequently, the gradient across the
valve in case of PPM [20]. This rationale is valid to such an extent
that there are some studies suggesting that the impact of PPM on
postoperative survival is more pronounced in younger patients
than in elderly [21, 22]. Curiously, we also observed in our sensi-
tivity analysis a higher risk in the ‘PPM’ group for mechanical
valves but not for biological valves. Just a word of caution: most
of the studies were composed of a mixed pool of patients
(receiving biological or mechanical valves), and we were not able
to break down the data in those studies, otherwise, we could
have gone deeper in the analysis.

Another important source of heterogeneity might be the def-
inition of PPM applied in the studies. Indeed, when we carried
out subgroup analyses according to the method used to define
PPM, we observed that the use of predicted (measured in vitro
by the manufacturers or in vivo from published normal reference
values) or measured iEOA had similar impact on the risk of peri-
operative mortality. On the one hand, our results show that PPM
is associated with higher rates of mortality regardless of the def-
inition applied. On the other hand, it is noteworthy that the

Table 2: Sensitivity analysis

Perioperative mortality Studies (N) Patients (N) Summary measures Heterogeneity

OR 95% CI P-value I2 (%) v2 P-value

Patients included only within the last 10 yearsa 10 7245 1.750 1.167–2.623 0.007 0.0 0.886
Type of valvea

Only mechanical 14 3431 1.678 1.145–2.457 0.008 40.8 0.088
Only bioprosthesis 9 6251 1.330 0.858–2.060 0.203 0.0 0.491

iEOA measurementa

In vitro 10 15 241 1.787 1.450–2.203 <0.001 9.9 0.350
In vivo 32 77 286 1.272 1.071–1.512 0.006 27.6 0.077
Doppler echocardiography 17 8791 1.799 1.309–2.472 <0.001 0.0 0.565

aComparing moderate/severe PPM with non-significant/no PPM.
CI: confidence interval; iEOA: indexed effective orifice area; OR: odds ratio; PPM: patient–prosthesis mismatch.
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analyses according to the methods showed different statistical
values of heterogeneity, with Doppler echocardiography demon-
strating virtually no heterogeneity.

Furthermore, as the publications included a span of 20 years
with patients who underwent surgical procedures over the past
42 years, one might think that PPM was a ‘problem of the old
days’ due to ‘antiquated prostheses,’ which might well be another
source of heterogeneity. As such rationale would seem to be
plausible, we decided to carry out a subgroup analysis including
patients who underwent SAVR over the past 10 years, which
would include virtually only contemporary prostheses. Our ana-
lysis showed that PPM seems to remain a ‘problem of our days.’

Risk of bias and limitations of the present study

As we described in our previous meta-analytical studies [6–10],
‘there are inherent limitations with meta-analyses, including the
use of cumulative data from summary estimates. Patient data
were gathered from published data, not from individual patient
follow-up. Access to individual patient data would have enabled
us to conduct further subgroup analysis and propensity analysis
to account for differences between the treatment groups. This
meta-analysis included data from studies that reflect the “real
world” but, on the other hand, are less limited by publication
bias, treatment bias, confounders and a certain tendency to over-
estimate treatment effects observed in the observational studies,
since patient selection alters outcome and, thus, makes non-
randomized studies less robust’.

Moreover, considerable statistical heterogeneity was observed
in all the analyses, but we used the random effects model to
counterbalance this aspect. We also observed some publication
bias in the outcomes. We must remind the readers of the fact that
research with statistically significant results is more likely to be
submitted to medical journals and published than work with null
or non-significant results, and that the former is also more likely
to appear more prominently in English, in higher impact journals.
All the aforementioned aspects lead to the appearance of publica-
tion biases, but, in this case, we cannot state that the impact of
PPM on mortality rates observed in our study is due to bias.

CONCLUSIONS

This meta-analysis found that moderate/severe PPM is associated
with a significant increase in perioperative, early-, medium- and
long-term mortality rates after SAVR.

SUPPLEMENTARY MATERIAL

Supplementary material is available at EJCTS online.
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[6] Sá MPBO, Oliveira Neto LAP, Nascimento GCS, Vieira EES, Martins GL,
Rodrigues KC et al. Closure of patent foramen ovale versus medical ther-
apy after cryptogenic stroke: meta-analysis of five randomized con-
trolled trials with 3440 patients. Braz J Cardiovasc Surg 2018;33:89–98.
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