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Afterload Mismatch Is Associated With 
Higher Cardiac Mortality After Heart 
Transplantation
Mattia Corianò , MD;* Nicola Pradegan, MD;* Andrea Golfetto, MD; Vincenzo Tarzia , MD, PhD;  
Annalisa Angelini , MD, PhD; Chiara Tessari , MD, PhD; Marny Fedrigo, MD, PhD; Giuseppe Toscano , MD; 
Gino Gerosa , MD† Francesco Tona , MD, PhD† 

BACKGROUND: Heart transplant (HT) recipients tend to develop unfavorable ventricular–arterial interactions, yet the prognostic 
implications of this altered physiology remain unclear. We aimed to identify the presence of afterload mismatch (AM) after heart 
transplantation, its determinants, and its impact on long-term cardiac mortality.

METHODS: An observational, single-center study was conducted on the historical cohort of patients who received HT at 
our institution. Patients survived the first year after HT with a LVEF ≥50%, cardiac allograft vasculopathy grades 0 to 1, 
and acute cellular rejection grades 0 to 1R. Arterial elastance and ventricular elastance were calculated noninvasively using 
blood pressure, end-systolic volume, and end-diastolic volume. Patients were grouped as follows: low afterload (LA— arte-
rial elastance <median), matched high afterload (MHA— arterial elastance ≥median, ventricular elastance ≥median), and AM 
(arterial elastance ≥median, ventricular elastance <median).

RESULTS: Overall, 345 patients who received HT were enrolled. Left ventricular ejection fraction was lower in AM (57%) 
than in LA and MHA (63% and 64%, respectively; P<0.0001); stroke volume was lower in AM than in LA but comparable 
between AM and MHA (27, 35, and 26 mL/m2 for AM, LA, and MHA, respectively; P=0.0001). Predictors of AM were male 
recipient/male donor (β=0.15, P=0.0067) and male recipient/female donor (β=0.6, P=0.0078). After a median of 11.3 years, 
59 recipients had died. Cardiac mortality was higher in the group with AM (AM median survival: 17.2, 27.8, and 24.1 years 
for AM, LA, and MHA, respectively; log-rank P=0.005). After adjusting for confounding variables, AM was associated with 
cardiac mortality (hazard ratio [HR], 2.26 [95% CI, 1.18–4.35]; P=0.0143)as were male recipient/female donor (HR, 2.94 
[95% CI], 1.18–4.35; P=0.0358).

CONCLUSION: Three phenotypes of patients who received HT were identified, and AM resulted as an independent predictor of 
cardiac mortality.
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In patients with advanced heart failure, heart trans-
plantation (HT) remains the gold-standard therapy 
for improving their quality of life and prognosis.1 Since 

the first HT was performed in 1967, advances in organ 
preservation, operation techniques, complication mon-
itoring, and immunosuppressive regimens have led to a 
steady increase in median post-HT survival throughout 
the 20th century.2,3 However, recent research indicates 

that this trend of improving survival rates has slowed in 
the 21st century, with the median survival after HT now 
estimated at 1213 years.2 As reported by the “Thirty-
Ninth Adult HT Report” of the International Society for 
Heart and Lung Transplantation (ISHLT), long-term car-
diac mortality after HT is primarily related to late graft 
failure, followed by cardiac allograft vasculopathy and 
acute rejection.4–6 It is also known that transplanted 
hearts exhibit altered physiology, characterized by an 
abnormal afterload burden, consisting of an increased 
arterial elastance (Ea) at rest and a pathological rise 
in Ea under inotropic stress.7 However, the associa-
tion between the altered physiology and cardiac mor-
tality has not yet been investigated. Starting from this 
assumption, we hypothesize that afterload mismatch 
(AM)—an abnormal response to afterload character-
ized by a reduction in left ventricular elastance (Ees) 
alongside an increase in Ea—may represent an early 
marker of altered physiology associated with worse 
outcomes in patients who received HT.

Therefore, the objective of this study was to evaluate 
the relationship between different afterload conditions 
and cardiac mortality, as well as to identify predictors 
of AM in left ventricular (LV) function.

METHODS
Study Population and Clinical Parameters
In this single-center retrospective observational cohort 
study, we collected data from patients who underwent 
HT at the University Hospital of Padua between January 
1985 and December 2015. Since the start of the HT pro-
gram at our institution, all surviving patients who received 
HT have been routinely admitted to the hospital 1 year 
after transplantation for standard follow-up procedures, 
including echocardiography, coronary angiography, and 
endomyocardial biopsy. In addition, the data from these 
1-year follow-up admissions have been systematically 
stored since the beginning of the HT program.

The inclusion criteria for this study were as follows: 
an LV ejection fraction (LVEF) ≥50%; cardiac allograft 
vasculopathy of ISHLT grade 0 (no detectable angio-
graphic lesion) or 1 (angiographic left main <50%, a 
primary vessel with a maximum lesion of 70%, or any 
branch stenosis <70% without allograft dysfunction) at 
1 year from HT8; and acute cellular rejection of ISHLT 
grade 0 (no rejection) or 1R (mild rejection; interstitial 
or perivascular infiltrate with no more than 1 focus of 
myocyte damage) at 1 year from HT.9 Patients who 
died within 1 year after HT and those with incomplete 
data were excluded. For further details, see Data S1.

Baseline data on demographics, clinical charac-
teristics, medical history, medications, lifestyle habits, 
and cardiac test results were collected. Variables re-
garding donor–recipient size matching were calculated 

CLINICAL PERSPECTIVE

What Is New?
•	 Three different remodeling phenotypes ob-

served after heart transplant reflect difference 
in afterload conditions and left ventricular 
geometry.

•	 Developing afterload mismatch is associated 
with increased cardiac mortality following heart 
transplant; sex mismatch is associated with 
cardiac mortality and is a predictor of afterload 
mismatch in the absence of predicted heart 
mass mismatch.

What Are the Clinical Implications?
•	 Afterload mismatch can explain late graft failure 

in the absence of other objective causes.
•	 Early alterations of cardiac physiology after 

heart transplant can be detected using a sim-
ple, noninvasive echocardiographic method; 
high-risk patients may benefit from a more ag-
gressive approach to managing risk factors as-
sociated with increased afterload.

Nonstandard Abbreviations and Acronyms

AM	 afterload mismatch
Ea	 arterial elastance
EDV	 end-diastolic volume
Ees	 ventricular elastance
ESP	 end-systolic pressure
ESV	 end-systolic volume
Fd	 female donor
Fr	 female recipient
HT	 heart transplant
ISHLT	 International Society for Heart and Lung 

Transplantation
LA	 low afterload
Md	 male donor
MHA	 matched high afterload
Mr	 male recipient
SV	 stroke volume
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as described in Data S1. The cohort was categorized 
into 4 groups based on sex matching, as follows: male 
recipients who received an organ from a male donor 
(Mr/Md); male recipients who received an organ from a 
female donor (Mr/Fd); female recipients who received 
an organ from an Fd; and female recipients who re-
ceived an organ from a male donor.

This study was conducted in accordance with the 
principles of the Declaration of Helsinki, the Declaration 
of Istanbul, and the ethical standards of the ISHLT, and it 
was approved by the Ethics Committee for Clinical Trials 
of the Province of Padua, Italy. All patients provided in-
formed consent to participate in the study. The data that 
support the findings of this study are available from the 
corresponding author upon reasonable request.

Echocardiographic Measurements
We retrospectively reviewed data from transthoracic 
Doppler echocardiography examinations performed 
during follow-up admissions 1 year after HT. These data 
were from the institutional echocardiography storage 
database of our center and were collected from medi-
cal reports where available. If these reports were una-
vailable, echocardiographic images were reviewed by 
2 independent echocardiographic readers (M.C. and 
A.G.) who were blinded to the patients’ medical history. 
Measurements were performed offline using a vendor-
independent software package (ComPACS, MediMatic 
Srl, Genoa, Italy) at the time of data collection.

Two-dimensional and Doppler echocardiographic 
images were captured from the standard parasternal, 
apical, and subcostal views. In addition, pulsed-wave 
tissue Doppler imaging was performed to assess di-
astolic function.10 The LV end-systolic volume (ESV), 
end-diastolic volume (EDV), and LVEF were calculated 
from conventional apical 2- and 4-chamber images 
using the biplane Simpson technique. The pulsed-
wave Doppler parameters included transmitral peak 
rapid filling and atrial velocity, E-wave deceleration 
time, and E-wave/A-wave ratio, and the tissue Doppler 
imaging parameters included peak systolic (s′—index 
of global systolic function) and early and late diastolic 
velocities at the septal mitral annulus (e′ and a′, respec-
tively).10 Systolic and diastolic blood pressure and heart 
rate were also recorded. All measurements were per-
formed under stable hemodynamic conditions.

Calculation of Ea, Ees, and Grouping 
According to Afterload Status
Ea and Ees were calculated using a noninvasive 
method as proposed by Ikonomidis et al.,11 based on 
LV-EDV, LV-ESV, and systolic blood pressure (SBP) 
determined by non-invasive blood pressure measure-
ments during echocardiographic examination. The fol-
lowing formulae were used:

where ESP is the end-systolic pressure and SV is the 
stroke volume.12

After calculating the median values for Ea and Ees, 
the patients were grouped into 3 categories based on 
different afterload conditions. The low afterload (LA) 
group included patients having an Ea lower than the 
median, the matched high afterload (MHA) group in-
cluded patients having an Ea higher than or equal to 
the median and an Ees higher than or equal to the me-
dian, and the AM group included patients having an Ea 
higher than or equal to the median and an Ees lower 
than the median.

Outcome and Follow-Up
Patients were followed up from the date of transplan-
tation until the occurrence of death, cardiac retrans-
plant, or the date of last known follow-up. The primary 
end point was time to cardiac mortality, defined as a 
composite of cardiac retransplantation or death due 
to graft failure, rejection, acute coronary syndrome, or 
cardiac allograft vasculopathy. Survival analysis began 
after the first year post transplantation. Follow-up data 
were obtained by reviewing institutional medical re-
cords. Patients who experienced a noncardiac death 
or who were lost to follow-up before experiencing the 
primary end point were censored at the date of death 
or last known clinical contact, respectively.

Statistical Analysis
The normality of the distribution was investigated 
using the Shapiro–Wilk test. Continuous variables 
are expressed as means ± SDs if normally distrib-
uted or medians with interquartile ranges (IQRs) if 
skewed and were compared using Student’s t test or 
the Mann–Whitney test accordingly. Categorical vari-
ables are presented as counts and percentages and 
were compared using the χ2 test or Fisher’s exact test 
as appropriate. Clinical variables, transplant-related 
factors, and echocardiographic measurements were 
compared among the 3 groups. Post hoc analyses 
were conducted using the pairwise proportional test 
for categorical variables and Dunn’s multiple com-
parisons test for continuous variables. Adjustment 
for multiple comparisons was performed using the 
Benjamini–Hochberg method.

The cardiac mortality-free survival rate was estimated 
using the Kaplan–Meier method, and differences between 
groups were assessed using the log-rank test. Adjusted 

Ees=
ESP

ESV

Ea=
ESP
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ESP=systolic blood pressure∗0.9
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associations between AM and the primary clinical end 
point were examined using univariable and multivariable 
Cox proportional hazard regression models. Variables 
with P<0.05 in the univariable analysis were considered 
for inclusion in the multivariable analysis. Backward step-
wise multivariable regression was performed to select 
the most predictive variables within 2 different models, 
including pretransplant variables (model 1) and posttrans-
plant variables (model 2) as covariates. Data from the 
Cox proportional hazard model are reported as hazard 
ratios (HRs) and the corresponding 95% CIs. To evalu-
ate the incremental value of AM in addition to the other 
covariates in the 2 models, calculations of the overall C-
statistics as proposed by Harrell et al.13 were performed 
as an analogue of the area under the receiver operating 
characteristic curve for survival analysis. Furthermore, we 
assessed the impact of adding AM to a basic model using 
the continuous net reclassification improvement, and the 
DeLong test was performed to compare the C-statistics 
of different models. Subgroup analyses were conducted 

to assess the consistency of the association between af-
terload status and cardiac mortality across clinical char-
acteristics, testing interaction terms to evaluate potential 
effect modification.

Binary logistic regression analysis was performed 
to identify the univariable and multivariable predictors 
of AM. Variables with P<0.05 in the univariable analy-
sis were considered for inclusion in the multivariable 
analysis. Backward stepwise multivariable regression 
was performed to select the most predictive risk fac-
tors within 2 different models. The first model included 
recipient sex and the second included sex matching 
category as their covariates. Data from the binary lo-
gistic regression analysis are presented as regression 
coefficients (β) and their corresponding P-values. The 
predictive ability of the 2 models and differences in C-
statistics between the models were calculated as de-
scribed for the survival analysis.13

A 2-sided significance level of α=0.05 was consid-
ered appropriate to indicate statistical significance. 

Figure 1.  Study flow chart.
ACR indicates acute cellular rejection; CAV, cardiac allograft vasculopathy; Ea, arterial elastance; Ees, end-systolic elastance; HT, 
heart transplantation; LVEF, left ventricular ejection fraction; and RS, reject score.
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Statistical analyses were conducted, and figures were 
illustrated using R (Version 4.3.1).

RESULTS
Baseline Characteristics and Comparison 
Between Groups
A flow chart of this study is provided in Figure 1. From 
November 1985 to December 2015, 829 HTs were 
performed at our institution. A total of 484 patients 
were excluded: 130 patients died within 1 year after HT; 
25 had an LVEF <50%, 13 had cardiac allograft vascu-
lopathy of an ISHLT grade that was >1, 69 had acute 
cellular rejection of an ISHLT grade that was >1R, and 
247 had incomplete data. The final cohort consisted of 
345 patients. The baseline characteristics of the co-
hort who received HT are shown in Table 1. Descriptive 
analyses of the proportion of different afterload groups 
according to the gender of recipients and donors, as 
well as the presence and category of sex mismatch, 
are presented in Figure S1.

Overall, most of the recipients and donors were 
male (75% and 60%, respectively), with a median age 
of 55 years (41–62) for recipients and 36 years (23–48) 
for donors. Sex mismatch was present in 35% of the 
cohort, and the median predicted heart mass and body 
weight mismatch were −1.9% (−3.9 to 0.0) and 8.7% 
(−4.1 to 22.0), respectively. Only 6% of the patients 
had a left ventricle assistant device before HT, and 8 
patients had received a combined heart–kidney trans-
plantation. Arterial hypertension was the most common 
cardiovascular risk factor (63%), followed by hypercho-
lesterolemia (34%) and diabetes (18%). Regarding echo-
cardiographic parameters, the median LVEF, LV-EDV, 
LV-ESV, and ESP were 63% (59–67), 48 mL/m2 (41–56), 
18 mL/m2 (14–321), and 117 mm Hg/m2 (108–135), re-
spectively (Table  2). Therefore, the median Ea was 
4.03 mm Hg/mL per m2 (3.42–4.80), and the median Ees 
was 6.75 mm Hg/mL per m2 (5.52–8.40).

After grouping according to the Ea and Ees medi-
ans, the groups with AM, MHA, and LA consisted of 
49 (14%), 124 (36%), and 172 (50%) patients, respec-
tively. Most of the patients with AM were male (95%), 
whereas the patients with MHA were older and had a 
higher incidence of arterial hypertension (85%).

The distribution of Ea and Ees in the afterload groups 
and differences in the main echocardiographic param-
eters are illustrated in Figure 2. Briefly, Ea and Ees sig-
nificantly differed among the 3 groups (P < 0.001), with 
a median value of 3.42 and 5.87 mm Hg/mL per m2 for 
the group with LA, 4.99 and 8.49 mm Hg/mL per m2 
for the group with MHA, and 4.50 and 6.01 mm Hg/
mL per m2 for the group with AM. Both LV-EDV and 
SV were higher in the group with LA than in the other 

groups. LV-ESV was higher in the group with LA than 
in the group with MHA but comparable between the 
groups with LA and AMThe LV-EDV and LV-ESV of the 
group with MHA were the lowest among the groups 
(P<0.001 for both), and the ESP was significantly 
higher (P<0.001). The LV-EDV of the group with AM 
lay intermediate between the other 2 groups, and the 
LV ESV was significantly higher in the group with AM 
than in the group with MHA (P=<0.001). In addition, 
SV was significantly lower in the group with AM than in 
the group with LA (P<0.001) but comparable between 
the groups with AM and MHA (P=0.246). Finally, the 
LVEF of the group with AM was the lowest among the 
groups (P<0.001). For further details, see Table 2.

Association of Afterload Groups With 
Cardiac Mortality
After a median of 11.3 years (6.3–17.75 years) of follow-up, 
the cardiac mortality end point was observed in 59 patients 
(17%), with an overall median survival of 26.1 years (IQR, 
23.7–28.0 years). The causes of cardiac death are shown 
in Table S1. Compared with the group with LA, in which 21 
(12%) patients died due to cardiac causes and the median 
survival was 27.8 years (IQR, 27.1–28.0 years), 25 (20%) of 
the patients died in the group with MHA (median survival: 
24.1 years; IQR, 21.0–28.0 years), and 13 (26%) died in the 
group with AM (median survival: 17.2 years; IQR, 15.6–
20.8). Survival significantly differed among the 3 groups 
(log-rank test P = 0.005), and the group with AM showed 
the lowest survival compared with the groups with MHA 
and LA (post hoc: LA versus MHA P=0.174; LA versus AM 
P=0.004; AM versus MHA P=0.045) (Figure 3).

After adjustment for confounding variables, AM 
was found to be independently associated with car-
diac mortality (HR, 2.51 [95% CI, 1.35–4.69]; P=0.003). 
Data from the Cox proportional hazard model are pre-
sented in Table 3. Subgroup analyses showed that the 
association between afterload mismatch and cardiac 
mortality was consistent across clinical subgroups, 
with no significant interactions observed (Figure S3).

Predictors of Afterload Mismatch and 
Relation With Sex Matching Category
Table 4 shows the univariable and multivariable logis-
tic regression analyses for predictors of AM. The sex 
matching categories Mr/Md (β: 0.15; P value: 0.007) 
and Mr/Fd (β: 0.60; P value: 0.008), along with aspar-
tate alanine transferase (β: 0.01; P value: 0.001), were 
identified as predictors of AM after adjusting for con-
founding factors (multivariable model C-statistic, 0.69 
[95% CI, 0.61–0.77]). When considering recipient sex 
in the multivariable model instead of the sex match-
ing category, Mr sex emerged as a predictor of AM (β: 
0.13; P value: 0.0023), but the overall C-statistic was 
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Table 1.  Baseline Characteristics of Patients Who Underwent Heart Transplantation

Variable Overall (n=345)
Low afterload 
(n=172)

Matched high 
afterload (n=124)

Afterload mismatch 
(n=49) P value

Recipient characteristics

Age at heart transplant, y 55 (41–62) 52 (39–61) 59 (49–64) 56 (36–59) <0.001*

Male sex, n (%) 260 (75) 127 (74) 88 (71) 45 (92) 0.013

Weight, kg 66 (56–74) 65 (54–72) 66 (59–75) 65 (57–76) 0.377

Height, m 1.7 (1.6–1.8) 1.7 (1.6–1.8) 1.7 (1.6–1.7) 1.7 (1.7–1.8) 0.245

BSA, m2 1.8 (1.6–1.9) 1.8 (1.6–1.9) 1.8 (1.6–1.9) 1.7 (1.6–1.9) 0.577

BMI, kg/m2 22.8 (20.4–25.0) 22.6 (20.3–24.7) 23.3 (20.6–25.8) 23.1 (20.3–24.9) 0.111

PHM, g 163 (136–176) 164 (129–176) 161 (138–176) 164 (151–178) 0.287

Transplant-related characteristics

Donor age, y 36 (23–48) 36 (22–48) 39 (25–49) 32 (21–48) 0.306

Donor male sex, n (%) 206 (60) 107 (62) 66 (53) 33 (67) 0.149

Sex mismatch, n (%) 118 (34) 54 (31) 46 (37) 18 (37) 0.548

Mismatch category 0.066

Fr/Fd 53 (15) 28 (16) 24 (19) 1 (2)

Fr/Md 32 (9) 17 (10) 12 (10) 3 (6)

Mr/Fd 86 (25) 37 (21) 34 (27) 15 (31)

Mr/Md 174 (50) 90 (52) 54 (43) 30 (61)

Donor weight, kg 70 (60–80) 70 (64–79) 68 (61–75) 75 (60–83) 0.332

Donor height, m 1.7 (1.6–1.8) 1.7 (1.6–1.8) 1.7 (1.6–1.8) 1.7 (1.6–1.8) 0.489

Donor BSA, m2 1.8 (1.7–1.9) 1.9 (1.7–2.0) 1.8 (1.7–1.9) 1.9 (1.6–2.0) 0.193

Donor BMI, kg/m2 24.2 (22.4–25.9) 24.5 (23.0–26.1) 23.9 (22.5–25.4) 23.5 (20.3–24.9) 0.327

Donor PHM, g 166 (142–180) 166 (144–182) 164 (138–176) 170 (152–183) 0.266

Weight mismatch, % 8.7 (−4.1 to 22.0) 10.4 (−2.6 to 26.7) 5.4 (−7.2 to 18) 8.9 (−2.7 to 18) 0.102

PHM mismatch, % −1.9 (−3.9 to 0.0) −1.9 (−4.2 to −0.1) −1.9 (−3.7 to −0.1) −1.5 (−3.4 to 0.3) 0.926

Donor ischemic time, min 180 (138–229) 180 (131–227) 180 (146–220) 200 (151–240) 0.094

Combined heart–kidney 
transplant, n (%)

8 (2) 5 (3) 1 (1) 2 (4) 0.335

Ischemic heart disease, n (%) 115 (33) 47 (27) 46 (37) 22 (45) 0.038#

Left ventricle assistant device, 
n (%)

20 (6) 9 (5) 7 (6) 4 (8) 0.738

Laboratory variables

Hemoglobin, g/dL 12.5 (11.1–13.8) 12.5 (11.0–13.7) 12.4 (11.5–13.9) 12.6 (11.3–13.7) 0.387

Hematocrit, % 37.7±5.4 37.2±5.2 38.3±5.6 38.0±5.9 0.460

Estimated glomerular filtration 
rate, mL/min per m2

35 (24–50) 37 (24–52) 31 (24–44) 40 (28–53) 0.044+

Azotemia, mg/dL 10.9 (8.1–15.1) 10.6 (7.8–15.2) 11.2 (8.5–15.0) 10.6 (7.9–14.3) 0.640

Aspartate aminotransferase, 
IU/L

23 (19–28) 22 (19–14) 23 (19–28) 25 (21–29) 0.262

Alanine aminotransferase, IU/L 19 (14–25) 19 (14–24) 18 (14–24) 23 (15–33) 0.141

Na+, mEq/L 140 (138–142) 140 (138–142) 140 (139–142) 140 (138–141) 0.489

K+, mEq/L 4.2 (3.8–4.5) 4.2 (3.9–4.5) 4.1 (3.8–4.4) 4.2 (3.9–4.5) 0.061

Medical history

Diabetes, n (%) 63 (18) 26 (15) 25 (20) 12 (25) 0.225

Hypertension, n (%) 218 (63) 84 (49) 105 (85) 29 (59) <0.001°

Hypercholesterolemia, n (%) 133 (34) 57 (34) 40 (33) 16 (34) 0.969

Obesity, n (%) 38 (11) 15 (9) 16 (13) 7 (14) 0.377

Medications

Cyclosporine, n (%) 329 (97) 163 (95) 121 (99) 45 (98) 0.098

 (Continued)
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slightly lower than in the previous model (0.67 [95% CI, 
0.59–0.75]), although not significantly different.

DISCUSSION
In this study, we demonstrated that AM is associated 
with higher cardiac mortality through long-term follow-
up after HT and that sex mismatch represents a pre-
dictor for the development of AM.

The concept of AM was theorized by John Ross Jr 
and defined as “an inability of the left ventricle, oper-
ating at any stable level of inotropic state, to maintain 
a normal SV against the prevailing systolic load on the 
ventricle.”14 The main pathophysiological determinants 
of AM are preload, afterload, and contractility. In fact, 
under experimental conditions where the preload is ar-
tificially held constant, a progressive increase in aortic 
pressure causes a progressive decrease in LV SV and 
EF. When the preload is not artificially fixed, an increase 
in aortic pressure is compensated for by an increase 
in the LV-EDV; such compensation is maintained until 
the limit of preload reserve is reached. Regarding con-
tractility, an increase in systolic function results in an 
upward shift and steepening of the pressure–volume 
slope, improving the afterload sensitivity of the ventri-
cle and mitigating the impact of afterload on SV. On 
the other hand, a decrease in contractility results in a 
downward shift and a less positive slope of the pres-
sure–volume relationship, reducing the afterload sensi-
tivity and amplifying the negative impact of afterload on 
SV. An illustration of AM and its physiological determi-
nants is presented in Figure S2.

We formulated our working hypothesis consider-
ing that recipients of HT were found by Latus et al.7 to 
present an abnormal increase in Ea both at rest and 
with dobutamine infusion. From this assumption, we 
hypothesized that prolonged exposure to a high after-
load could lead to AM, similar to hypertensive cardiop-
athy or aortic stenosis.14–17

The study cohort was selected to exclude possible 
causes of reduced LV contractility not related to in-
creased afterload. Therefore, patients with cardiac al-
lograft vasculopathy of an ISHLT grade >1, acute cellular 
rejection of an ISHLT grade >1R, and an LVEF <50% 
were excluded. Moreover, patients were included if they 
had survived for at least 1 year after HT. In fact, it is well 
known that the first year after HT is critical due to the 
high risk of death from primary graft failure, rejection, 
and infections.4,18,19

Evaluating Cardiac Performance With a 
Noninvasive Single-Beat Method
Although many methods, both invasive and nonin-
vasive, have been proposed for the measurement of 
Ea and Ees,12,20 we evaluated cardiac performance 
using a simplified noninvasive method as proposed by 
Ikonomidis et al.,11 referring to older studies aiming to 
identify noninvasive ways to assess the heart–vascu-
lar crosslink. In particular, the noninvasive formulas for 
Ea and Ees used in this article were validated against 
invasive measurements (obtained via conductance 
catheter analysis) by Chen et  al.,21 both at rest and 
after inotropic stress with dobutamine administered 
at 5 to 10 μg/kg per min. Ea was calculated as ESP/

Variable Overall (n=345)
Low afterload 
(n=172)

Matched high 
afterload (n=124)

Afterload mismatch 
(n=49) P value

Everolimus, n (%) 72 (21) 32 (18) 24 (19) 16 (33) 0.075

Tacrolimus, n (%) 10 (3) 8 (5) 1 (1) 1 (2) 0.151

Azathioprine, n (%) 90 (26) 42 (24) 36 (29) 12 (26) 0.620

Prednisone, n (%) 181 (55) 91 (53) 72 (59) 28 (58) 0.543

Methylprednisolone, n (%) 2 (1) 1 (1) … 1 (2) 0.259

Mycophenolate mofetil, n (%) 125 (36) 61 (35) 45 (37) 19 (40) 0.871

Angiotensin-converting 
enzyme inhibitor/angiotensin 
receptor blocker, n (%)

102 (34) 53 (35) 36 (34) 13 (29) 0.776

Calcium channel blocker, n (%) 50 (17) 28 (19) 15 (14) 7 (16) 0.627

Mineralocorticoid receptor 
antagonist, n (%)

41 (14) 22 (15) 15 (14) 4 (9) 0.628

Beta blocker, n (%) 27 (9) 14 (9) 7 (7) 6 (14) 0.383

Diuretics, n (%) 218 (73) 105 (70) 80 (75) 33 (75) 0.583

Statin, n (%) 137 (45) 61 (41) 59 (55) 17 (39) 0.044

Post hoc analysis with Benjamini–Hochberg adjustment: (*) LA vs MHA: P<0.001; LA vs AM: P=0.434; MHA vs AM: P=0.013. (#) LA vs MHA: P=0.145; LA vs 
AM: P=0.091; MHA vs AM: P=0.439. (+) LA vs MHA: P=0.051; LA vs AM: P=0.269; MHA vs AM: P=0.029. (°) LA vs MHA: P<0.001; LA vs AM: P=0.264; MHA vs 
AM: P=0.001. BMI indicates body mass index; BSA, body surface area; Fd, female donor; Fr, female recipient; LA, low afterload; MHA, matched high afterload; 
Md, male donor; Mr, male recipient; and PHM, predicted heart mass.

Table 1.  Continued
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SV (considering ESP = SBP * 0.9) and measured with 
echocardiography, showing a linear relation against in-
vasive measurements with a slope of 1.01 and r=0.75 
(P<0.0001). In contrast, the calculation of Ees required 
further consideration. A more comprehensive formula 
based on the single-beat method was compared with 
invasive measurements, showing a strong linear cor-
relation (r=0.91, P<0.0001). However, the simplified 
formula was found to have a weaker correlation with 
invasively determined Ees (r=0.56) and consistently 
overestimated the Ees, particularly at higher values.21 
Nonetheless, despite being less accurate than the 
single-beat method, the simplified Ees formula pro-
vides a practical and accessible approach for evaluat-
ing cardiac performance in daily clinical practice.

Considering that no reference values of Ea and 
Ees have been validated, the median values of Ea 
and Ees were considered as cutoff points for group-
ing the cohort. Compared with the receiver operating 

characteristic curve method, the median value is less 
affected by extreme values and sample size and suited 
the hypothesis-generating scope of this study well.

Characteristics of Groups With Afterload
The resulting 3 groups with afterload exhibited distinct 
characteristics, which may reflect 3 different phases of 
the natural history of HT remodeling. The group with LA 
was mainly composed of younger patients, with a lower 
burden of ischemic heart disease and arterial hyper-
tension. These characteristics indicate better vascular 
function compared with the other groups and, therefore, 
better cardiac performance. Indeed, the group with LA 
demonstrated higher LV-EDV and SV, indicating a lower 
degree of concentric remodeling and greater ability of 
the heart to supply blood to the body.

The group with MHA was characterized mainly by a 
higher proportion of arterial hypertension, enhanced by 

Table 2.  Echocardiographic Parameters 1 y After Heart Transplant

Variable Overall (n=345)
Low afterload 
(n=172)

Matched high 
afterload (n=124)

Afterload 
mismatch (n=49) P value

Arterial elastance, mm Hg/mL per m2 4.03 (3.42–4.80) 3.42 (3.04–3.72) 4.99 (4.40–5.40) 4.50 (4.15–4.75) <0.001

End-systolic elastance, mm Hg/mL per m2 6.75 (5.52–8.40) 5.87 (4.88–7.01) 8.49 (7.61–10.62) 6.01 (5.41–6.42) <0.001

Ventricular-arterial coupling 0.59 (0.49–0.71) 0.57 (0.47–0.68) 0.56 (0.48–0.64) 0.74 (0.71–0.80) <0.001

LV end-diastolic diameter, mm 25 (23–27) 25 (25–28) 24 (22–26) 24 (23–26) <0.001

LV posterior wall thickness, mm 11 (10–12) 11 (10–12) 11 (10–12) 11 (10–12) 0.276

LV IVS, mm 11 (10–13) 11 (10–12) 12 (10–13) 11 (11–13) 0.258

LV mass, g 98 (82–114) 101 (86–114) 94 (75–110) 98 (80–112) 0.132

LV mass index, g/m2 55 (46–67) 58 (48–70) 53 (42–66) 56 (47–64) 0.116

LV end-diastolic volume, mL/m2 48 (41–56) 55 (50–61) 40 (36–45) 48 (44–52) <0.001

LV end-systolic volume, mL/m2 18 (14–21) 20 (16–24) 15 (12–17) 21 (19–23) <0.001

Stroke volume, mL/m2 31 (26–35) 35 (32–38) 26 (23–29) 27 (24–30) <0.001

LV ejection fraction, % 63 (59–67) 64 (60–68) 64 (61–67) 57 (55–58) <0.001

SAP, mm Hg 130 (120–150) 130 (120–140) 140 (130–150) 130 (120–150) <0.001

DAP, mm Hg 89 (85–95) 89 (85–95) 90 (85–96) 91 (85–94) 0.952

Pulse pressure (SAP − DAP), mm Hg 45 (34–56) 39 (29–48) 52 (44–64) 40 (35–55) <0.001

End-systolic pressure (systolic blood pressure*0.9), 
mm Hg

117 (108–135) 117 (108–126) 126 (117–135) 117 (108–135) <0.001

Heart rate, bpm 90 (86–95) 89 (83–97) 90 (86–96) 91 (85–94) 0.843

Cardiac output, L/min 2.7 (2.3–3.2) 3.1 (2.8–3.5) 2.33 (2.0–2.6) 2.5 (2.1–2.7) <0.001

Systemic vascular resistance, Wood units 38.4 (32.9–45.4) 32.8 (30.3–35.8) 46.0 (41.2–51.3) 43.3 (39.6–46.8) <0.001

Total arterial compliance, mL/mm Hg 1.48 (1.11–1.96) 1.13 (0.83–1.37) 2.01 (1.68–2.34) 1.63 (1.35–1.93) <0.001

E/A 1.6 (1.3–2.2) 1.6 (1.3–2.1) 1.5 (1.4–1.9) 1.8 (1.3–2.3) 0.501

Deceleration time, ms 165 (140–198) 170 (140–210) 170 (155–190) 150 (133–161) 0.016

E/e′ 7.4 (5.8–10.4) 7.8 (5.8–10.4) 7.4 (6.2–8.3) 7.1 (6.0–11.5) 0.830

Mitral regurgitation ≥ mild 261 (76) 134 (78) 86 (69) 41 (84) 0.088

Tricuspid regurgitation ≥ mild 257 (74) 129 (75) 90 (73) 38 (77) 0.778

Pleural effusion 42 (12) 21 (12) 14 (11) 7 (14) 0.863

Tricuspid annular plane systolic excursion, mm 20 (17–21) 20 (17–21) 19 (17–21) 18 (16–20) 0.280

Systolic pulmonary artery pressure, mm Hg 28 (25–33) 28 (25–33) 28 (23–33) 28 (25–33) 0.931

DAP indicates diastolic artery pressure; IVS, interventricular septum; LV, left ventricular; and SAP, systolic artery pressure.
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the higher ESP compared with the other groups. The 
echocardiographic features of the group with MHA re-
flect the initial phase of adaptation to increased afterload. 
Specifically, the group with MHA exhibited the smallest 
LV dimension (both EDV and ESV), reflecting a higher 
degree of concentric remodeling, similar to other car-
diovascular conditions characterized by increased af-
terload.14,22,23 In this context, according to Laplace’s law, 
the increased wall thickness associated with concentric 
remodeling (in the denominator of the ratio) offsets the in-
creased pressure overload (in the nominator of the ratio).

Lastly, the group with AM was predominantly repre-
sented by men with a history of ischemic heart disease 
before HT. Their echocardiographic features reflect 
maladaptation to pressure overload.16,24 Indeed, the 
group with AM demonstrated similar SV to the group 
with MHA but higher LV-EDV and LV-ESV, resulting in 
a lower LVEF compared with the other groups. A sim-
ilar finding was described by Treibel et al.17 in a pop-
ulation of patients affected by severe aortic stenosis. 
They identified a maladaptive ventricular response to 
pressure overload in men, characterized by higher LV 

Figure 2.  Distribution of arterial elastance, left ventricular end-systolic elastance, and volumes across different afterload 
groups.
Left: This figure presents a scatterplot displaying the distribution of Ea and Ees across different afterload groups. The LA group, 
shown in green, had a median Ea of 3.42 mm Hg/mL per m2 and a median Ees of 5.87 mm Hg/mL per m2. The MHA group had a median 
Ea of 4.99 mm Hg/mL per m2 and a median Ees of 8.49 mm Hg/mL per m2. The AM group had a median Ea of 4.50 mm Hg/mL per m2 
and a median Ees of 6.01 mm Hg/mL per m2. Right: The group with LA exhibited a higher LV-EDV and SV, indicating low exposure to 
increased afterload. The group with MHA demonstrated characteristics consistent with concentric remodeling, with lower LV-EDV 
and LV-ESV compared with the other groups. The group with AM displayed features consistent with a maladaptive response to 
afterload, including an LV-EDV higher than that of the group with MHA but lower than that of the group with LA, an LV-ESV similar 
to that of the group with LA, and an SV comparable to that of the group with MHA. AM indicates afterload mismatch; Ea, arterial 
elastance; EDV, end-diastolic volume; Ees, end-systolic elastance; ESV, end-systolic volume; LA, low afterload; left ventricular; MHA, 
matched high afterload; and SV, stroke volume.
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volumes and lower LVEF. Notably, the maladaptation 
of heart physiology in the group with AM is associated 
with lower cardiac survival compared with the other 
groups. In fact, even after adjusting for confounding 
factors, AM remained a significant factor associated 
with cardiac mortality.

This finding opens the door to future research. We 
have demonstrated the presence of 3 different remod-
eling phenotypes, differing in afterload conditions and 
LV geometry. Further studies are needed to elucidate 
how the response of recipients of HT to high afterload 
differs from classic pressure overload models (eg, hy-
pertensive heart disease and aortic stenosis).

Clinical Implication of Higher Mortality in 
Afterload Mismatch Group
The higher cardiac mortality observed in the group 
with AM carries several clinical implications. First, the 
development of AM can explain why late graft failure 
can occur even in the absence of an objective cause. 
The characteristics of graft failure and its impact on 
prognosis were meticulously investigated by Lόpez-
Sainz et  al.6 Their findings revealed that the majority 
of patients admitted for late graft failure had normal 

values of LVEF and exhibited signs of both allograft 
vasculopathy and acute cellular rejection. Interestingly, 
18% of patients with late graft failure had an unrec-
ognized cause, suggesting the need to explore other 
unknown mechanisms. In our study, the group with 
AM demonstrated increased sensitivity to afterload, 
making them more susceptible to episodes of acute 
decompensation, secondary to a rise in LV filling pres-
sure with minimal elevations in blood pressure.

Second, subtle early alterations in cardiac physiol-
ogy can be detected using a simple noninvasive echo-
cardiographic method, making it suitable for serial 
evaluations over time.

Third, the identification of subclinical AM should 
prompt a more aggressive approach to controlling 
risk factors associated with increased afterload. It 
is well known that, in patients who received HT, the 
primary contributors to arterial hypertension, and 
thus increased afterload, are related to alterations in 
the renin–angiotensin–aldosterone system response, 
as well as the use of calcineurin inhibitors and ste-
roids.25,26 However, achieving optimal blood pressure 
control is often challenging, as there are limitations 
in uptitrating antihypertensive medications when pro-
gressive chronic kidney disease is present. In this 

Figure 3.  Survival according to the 3 afterload conditions.
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Table 3.  Cox Proportional Hazard Model

Variables

Univariable Multivariable

HR 95% CI P value HR 95% CI P value

Model 1: pretransplant (Harrell’s C: 0.759 [95% CI: 0.7327–0.8527])

Afterload mismatch 2.51 1.35–4.69 0.0038 2.26 1.18−4.35 0.0143

Recipient sex* 2.08 1.02–4.23 0.0432

Donor sex 0.77 0.45–1.30 0.327

Sex mismatch 1.53 0.91–2.59 0.1105

Sex match category

Fr/Fd Reference

Fr/Md 1.16 0.31–4.34 0.8218 1.73 0.45–6.66 0.4232

Mr/Fd 1.85 1.26–9.11 0.0156 2.94 1.07−8.07 0.0358

Mr/Md 1.85 0.72–4.75 0.2038 1.67 0.63–4.43 0.3043

Recipient age 1.049 1.02–1.07 <0.0001 1.02 0.99–1.04 0.2314

Donor age 1.05 1.03–1.07 <0.0001 1.05 1.03–1.08 <0.0001

PHM difference 1.16 1.03–1.30 0.0115 1.02 0.81–1.28 0.8582

Weight difference 0.99 0.98–1.01 0.0672

Donor ischemic time 1.01 1.01–1.02 0.0009 1.01 1.00–1.01 0.0089

Heart–kidney 0.67 0.16–2.76 0.578

Heterotopic 2.15 0.29–15.70 0.451

LV assistant device 6.72 2.61–17.29 <0.0001 3.81 1.34–10.81 0.0119

Ischemic heart disease 2.43 1.43–4.13 0.001 1.81 1.03–3.18 0.0409

Model 2: 1 y after heart transplant (Harrell’s C: 0.716 [95% CI: 0.6279–0.8113])

Afterload mismatch 2.51 1.35–4.69 0.0038 2.63 1.42–5.25 0.0060

LV end-diastolic volume, per each mL/m2 0.99 0.97–1.01 0.493

LV end-systolic volume, per each mL/m2 1.01 0.08–1.04 0.601

Stroke volume, per each mL/m2 0.96 0.93–1.01 0.0692

LVEF 0.97 0.94–0.99 0.0425 0.98 0.94–1.03 0.5334

LV mass 1.00 0.99–1.01 0.343

LV mass indexed 1.00 0.99–1.00 0.736

E/e′ 1.10 0.86–1.34 0.45

Mitral regurgitation ≥ moderate 0.75 0.43–1.32 0.32

Tricuspid regurgitation ≥ moderate 0.62 0.36–1.07 0.084

Systolic pulmonary artery pressure 0.99 0.94–1.04 0.666

Pericardial effusion≥moderate 3.91 1.87–8.20 0.0003 1.82 0.79–4.18 0.156

End-systolic pressure 1.00 0.99–1.02 0.555

Everolimus 1.67 0.97–2.90 0.0648

Cyclosporine 0.25 0.09–0.71 0.0092 0.15 0.04–0.51 0.0025

Tacrolimus 2.89 0.89–9,37 0.0768

Azathioprine 0.75 0.40–1.43 0.385

Prednisone 3.17 1.78–5.62 <0.0001 3.95 1.99–7.81 <0.0001

Methylprednisolone 1.17 0.16–8.55 0.876

Mophethyl micophenolate 1.51 0.89–2.56 0.124

Angiotensin-converting enzyme inhibitor 0.56 0.31–1.02 0.0588

Calcium channel blocker 0.84 1.19–0.41 0.635

Mineralcorticoid receptor antagonist 0.85 0.26–2.74 0.784

Loop diuretic 3.91 1.80–8.49 0.0005 3.49 1.58–7.70 0.0020

Beta blocker 1.02 0.45–2.28 0.968

Statins 1.04 0.59–1.84 0.885

 (Continued)
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context, novel therapies currently under investigation, 
both pharmacological and invasive, hold potential for 
the better management of increased afterload in recip-
ients of HT.27,28

Sex Mismatch as Predictor of Cardiac 
Mortality and Afterload Mismatch
The finding of sex mismatch and, in particular, the Mr/
Fd category, as a factor associated with cardiac mor-
tality prompts interesting reflections. The role of sex 
mismatch as a determinant of worse prognosis after 
HT is still under ongoing debate, and the literature pre-
sents conflicting results.24 Some studies have shown 
that donor–recipient sex mismatch is an independent 
predictor of mortality after HT, whereas others have 
demonstrated that survival differences are largely at-
tributable to differences in predicted heart mass.29–31

It is noteworthy that none of the previous studies 
analyzed 1-year conditional survival. In contrast, our 
study excluded patients who had died within 1 year 
after HT, allowing for a better evaluation of the impact 
of sex mismatch on long-term follow-up. Additionally, 
the variability in the predicted heart mass difference 
in our cohort was narrow (−1.9% [−3.9% to 0.0%]) and 
did not differ between the 3 groups. Therefore, we can 
hypothesize that the effect of sex mismatch on long-
term mortality is related to other mechanisms beyond 
differences in heart geometry between a donor and 
recipient.

In this scenario, the observation that both Mr/
Md and Mr/Fd are predictors for the development of 
AM led the authors to hypothesize that male recipi-
ents have higher afterload sensitivity, which is further 

exacerbated by receiving an organ from an Fd. This hy-
pothesis is supported by a previous finding showing in-
creased afterload sensitivity in men, as demonstrated 
by Treibel et al.17 in a cohort of patients affected by aor-
tic stenosis. The underlying mechanisms of their find-
ings may be related to differences in gene expression 
and responses to androgen and estrogen stimulation, 
which affect the contractile properties of the myocar-
dium and the activation of profibrotic and inflammatory 
pathways.32–38 Whether and how these mechanisms 
affect graft function is beyond the scope of this explor-
ative study, and future research in this field is needed 
to explore novel potential mechanisms related to poor 
graft survival.

Limitations
The main limitations of this study are its retrospective 
nature and the inclusion of a single center. Therefore, 
our research should be viewed as hypothesis gener-
ating, and its findings require validation in larger mul-
ticenter cohorts. Additionally, the time period of this 
study was long, and various practices in HT have 
evolved over time, including surgical techniques and 
immunosuppressive therapy. Although no differences 
were observed between groups in the use of immuno-
suppressive medications, the potential for confounding 
effects due to variation in surgical techniques cannot 
be excluded. Second, the association between AM 
and cardiac mortality was demonstrated over a 30-
year follow-up period, but prospective hemodynamic 
data were not available for us to assess the progres-
sion of cardiac dysfunction. Consequently, the strength 
of a value (ie, Ea and Ees) derived from a single time 

Variables

Univariable Multivariable

HR 95% CI P value HR 95% CI P value

Glomerular filtration rate 0.99 0.98–1.01 0.357

Diabetes 1.18 0.60–2.35 0.629

Arterial hypertension 0.99 0.58–1.70 0.971

Hypercholesterolemia 1.00 0.58–1.75 0.99

Hemoglobin 0.87 0.76–0.99 0.0404 0.92 0.77–1.08 0.3043

Hematocrit 0.95 0.91–1.00 0.0593

Azotemia 1.02 0.98–1.06 0.254

Aspartate aminotransferase 1.01 0.99–1.02 0.543

Alanine aminotransferase 0.99 0.97–1.01 0.488

Na 1.01 0.99–1.09 0.837

K* 0.45 0.26–0.77 0.0036 0.23 0.11–0.45 <0.0001

Model 1: Exclusion order: PHM difference, recipient age. C-statistic without AM: 0.79 (95% CI 0.73–0.85). C-statistic with AM: 0.78 (95% CI, 0.69–0.81). NRI: 
0.049 (95% CI, −0.03 to 0.12). DeLong P value: 0.4056. Model 2: Exclusion order: LVEF, hemoglobin, pleural effusion. C-statistic without AM: 0.70 (95% CI, 
0.61–0.80). C-statistic with AM: 0.72 (95% CI, 0.63–0.81). NRI: 0.13 (95% CI, −0.01 to 0.27). DeLong P value: 0.08. AM indicates afterload mismatch; EF, ejection 
fraction; Fd, female donor; Fr, female recipient; HR, hazard ratio; LV, left ventricle; MHA, matched high afterload; Md, male donor; Mr, male recipient; NRI, net 
reclassification improvement; and PHM, predicted heart mass.

*Not included in the multivariable model.

Table 3.  Continued
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Table 4.  Predictors of Afterload Mismatch on Univariable and Multivariable Logistic Regression

Variable

Univariable

Multivariable

Model 1 Model 2

β coeff P value β coeff P value β coeff P value

Mr 1.44 0.0072 … … 0.13 0.0023

Md 0.3828 0.241

Category

Fr/Fd Reference Reference … …

Fr/Md 1.683 0.1531 0.08 0.2837 … …

Mr/Fd 2.397 0.0223 0.6 0.0078 … …

Mr/Md 2.383 0.0206 0.15 0.0067 … …

Recipient age −0.01 0.2215

Donor age −0.01 0.3268

Predicted heart mass difference 0.02 0.708

Weight difference 0.01 0.9

LV end-diastolic volume −0.01 0.3857

LV end-systolic volume* 0.05 0.0088

Stroke volume* −0.13 <0.0001

LV ejection fraction* −0.21 <0.0001

E/e′ 0.06 0.3971

Mitral regurgitation ≥ moderate 0.57 0.162

Tricuspid regurgitation moderate 0.19 0.60

Systolic pulmonary artery pressure −0.01 0.9821

Tricuspid annular plane systolic 
excursion

−1.01 0.376

LV mass 0.01 0.8155

LV mass indexed −0.01 0.4052

End-systolic pressure −0.01 0.692

Pericardial effusion ≥ moderate 0.22 0.626

Everolimus 0.76 0.0259 0.07 0.1078 0.07 0.1107

Cyclosporine 0.46 0.6644

Tacrolimus −0.35 0.742

Azathioprine −0.02 0.949

Prednisone 0.12 0.709

Methylprednisolone 1.87 0.188

Mycophenolate mofetil 0.15 0.626

Angiotensin-converting enzyme inhibitor −0.24 0.5

Calcium channel blocker −0.06 0.884

Mineralcorticoid receptor antagonist −0.52 0.344

Loop diuretic 0.14 0.707

Beta blockers 0.57 0.25

Statin −0.33 0.323

Glomerular filtration rate 0.01 0.408

Diabetes 0.46 0.208

Arterial hypertension −0.20 0.531

Hypercholesterolemia 0.02 0.949

Donor ischemic time 0.01 0.0323 0.07 0.124 0.01 0.0910

Heart–kidney 0.72 0.386

Heterotopic 1.82 0.202

 (Continued)
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frame over such an extended period is limited. Further 
studies are needed to evaluate how ventricular–vas-
cular interactions change over time after HT and how 
these changes affect outcomes.

Third, the choice of a noninvasive imaging technique 
for measuring and calculating Ea and Ees is practical 
for clinical daily use but may reduce measurement 
accuracy.39,40 In particular, the Ea and Ees calculated 
using simplified formulas are more load dependent, 
which limits their clinical impact. Additionally, the cal-
culation of Ees using a simplified noninvasive formula 
correlates less well with invasive measurements and 
tends to overestimate the true Ees.21 Moreover, the 
optimal cutoff values of Ea and Ees for identifying pa-
tients at a high risk of AM have not been validated and 
require testing in further research.

Fourth, as mentioned, other mechanisms contribute 
to the pathophysiology of AM. In our study, we stratified 
patients based on afterload conditions, aiming to ex-
clude other causes of reduced contractility and ignoring 
the effect of preload reserve. These 2 mechanisms re-
quire further investigation and correlation with the pres-
ence of AM in other cohorts who received HT.

Conclusions
In this study, we identified 3 phenotypes of patients 
who received HT, characterized by distinct afterload 
conditions. These groups exhibit differences in LV vol-
umes and function, with the AM group demonstrating 
a maladaptive response to afterload and, therefore, 
higher cardiac mortality. Both the sex matching cat-
egories Md/Mr and Mr/female donor were identified as 
predictors of AM, with Mr/female donor also being as-
sociated with cardiac mortality.
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