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BACKGROUND: Previous studies regarding donor−recipient size and sex matching in heart transplanta-

tion (HTx) mainly included Caucasians with only a small portion of Asians. Even predicted heart mass

(PHM) has not yet been elucidated in Asians. We evaluated the association between donor−recipient
sex and size matching, including mismatching by PHM, and post-heart transplant survival in Korea.

METHODS: We enrolled 660 adult HTx recipients between January 2014 and December 2020 using the

Korean Organ Transplant Registry data. Recipients were categorized based on donor−recipient PHM,

body weight, and sex matching. The primary outcomewas 1-year mortality and retransplantation after HTx

and survival analyses were performed using Kaplan−Meier method and Cox proportional hazardmodels.

RESULTS: Among 660 patients, 74 (11.2%), 404 (61.2%), and 182 (27.6%) received undersized

(<�15%), matched (�15% to 20%), and oversized (>20%) hearts by PHM, respectively. Size mis-

matching by PHM was present in a large number of sex-mismatched patients with 85.1% of male

donor−female recipients being classified as oversized by PHM and 62.2% of female donor−male

recipients being classified as undersized by PHM. Recipients of undersized or oversized hearts by

PHM showed an increased 1-year mortality compared with recipients of matched-size hearts (14.8%

versus 9.7%; log-rank p = 0.038). The increased mortality persisted after adjusting for other factors

affecting mortality (hazard ratio = 1.60, 95% confidence interval: 1.01-2.56). These associations were
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not shown in obese recipients (body mass index ≥25 kg/m2). Heart size mismatching by body weight

(log-rank p = 0.332) or sex mismatching (all, log-rank p > 0.05) did not predict 1-year mortality after

HTx.

CONCLUSION: Heart size matching by PHM, not by body weight or sex, was associated with increased

1-year mortality after HTx in Korea.
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Appropriate donor selection is important for optimal out-

comes after heart transplantation (HTx). Traditionally, body

weight is used as a marker of donor−recipient size matching,

and size mismatching by body weight is associated with

increased mortality after HTx.1,2 Additionally, many studies

have reported that donor−recipient sex mismatching is asso-

ciated with poor outcomes after HTx.3,4 Accordingly, the

2010 International Society for Heart and Lung Transplanta-

tion (ISHLT) guideline suggested the use of hearts from

donors whose body weight is no greater than 30% below that

of the recipient, except for female donor-to-male recipients,

in which case a threshold of 20% is suggested.5

However, donor−recipient size matching by body

weight in HTx has limitations. Some studies have shown

only minimal or no association between size matching by

body weight and survival after HTx.6-9 Moreover, body

weight has only a modest correlation with heart size,

because heart size is also significantly affected by age and

sex.10,11 Recently, predicted heart mass (PHM) was pro-

posed as an alternative metric for size matching in HTx.

Studies using population-based cardiac magnetic resonance

imaging data provided the equations for calculating PHM

that incorporate age, sex, height, and weight.12,13 These pre-

diction models give estimates of heart size that differ signif-

icantly from estimates obtained using body weight alone.

Recent studies have shown that PHM was the most optimal

size metric,9,14 and an undersized donor by PHM is associ-

ated with reduced survival or an increased rate of primary

graft dysfunction after HTx.8,15,16

Previous studies regarding donor−recipient size and sex

matching in HTx mainly included Caucasians, with only a

small portion of Asians.8,9,14,15 PHM is the most reliable

metric for donor−recipient size matching in HTx,8 but its

application in Asians has not yet been fully elucidated. Com-

pared to Caucasian recipients, Asian recipients tend to be

younger and more frequently female, have a nonischemic

cause of heart failure, and have lower body weight and body

mass index (BMI); furthermore, Asian ethnicity is associated

with a significantly lower risk of mortality after HTx than

other ethnicities.17-19 Therefore, we aimed to evaluate the

association between donor−recipient sex and size mismatch-

ing, including mismatch defined by PHM, and post-heart

transplant survival in Korea.

Material and methods

Data source and study population

The Korean Organ Transplant Registry (KOTRY) is the first

nationwide prospective cohort of solid organ transplantation in
Korea.20 It was founded in 2014 by the Korean Society of Trans-

plant and Korea Center for Disease Control and has been prospec-

tively collecting data on solid organ transplantations since

2014.21,22 Patients with HTx from seven nationally representative

hospitals are consecutively enrolled upon transplant. After trans-

plant, follow-up visits were recorded at 1, 6, and 12 months, and

annually thereafter. Detailed information regarding the collected

data and definition of comorbidities were described in the Korean

Heart Transplant Registry’s report.21,22 To minimize follow-up

loss and maintain the quality of longitudinal data collection, post-

transplantation comorbidity and mortality data were collected at

regular annual intervals with periodic feedback.23 All methods

were performed in accordance with relevant guidelines and regula-

tions.

In total, 708 patients who underwent HTx were registered in

the KOTRY between January 2014 and December 2020. We

excluded those who underwent combined heart and kidney trans-

plantation (n = 20) or heart retransplantation (n = 28) at baseline.
Ethics statements

Each participating center acquired approval from their institu-

tional review board for the study protocol and prospective acquisi-

tion of patient data. The present study was approved by the

Institutional Review Board of the Yonsei University Health Sys-

tem (4−2021-1386) and was conducted in accordance with the

tenets of the Declaration of Helsinki and the ISHLT ethics state-

ment. Informed consent was obtained from all patients.
Calculation of predicted heart mass

PHM was calculated using published equations for left and right

ventricular PHMs provided by the Multi-Ethnic Study of

Atherosclerosis.8,12,13

(1) Predicted left ventricular mass (g)=a£Height0.54 (m)£
Weight0.61 (kg), where a=6.82 for women and 8.25 for men

(2) Predicted right ventricular mass (g) = a£age�0.32 (years)£
Height1.135 (m) £ Weight0.315 (kg), where a = 10.59 for

women and 11.25 for men

(3) PHM (g) = predicted left ventricular mass

(g) + predicted right ventricular mass (g)

(4) PHM mismatch (%) = [(Donor PHM−Recipient PHM)/

Recipient PHM] £ 100
Donor−recipient size and sex matching

Kransdorf et al. previously assessed the effect of size match on

mortality after HTx by classifying participants into seven groups

using the donor−recipient size metric. The cutoff value of the



Figure 1 Distribution of donor−recipient PHM size matching.
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severely undersized group (septile 1) was a PHM ratio of 0.86 or

body weight ratio of 0.80.14 Considering the design of this study

and similar previous studies, we categorized participants based on

donor−recipient PHM mismatch: <�15% (undersized), �15% to

20% (size-matched), or >20% (oversized).8,14,15,24

Body weight size mismatch (%) was calculated similar to PHM.

(1) Body weight mismatch (%) = [(Donor body weight

−Recipient body weight)/Recipient body weight] £ 100

Additionally, patients were categorized by donor−recipient body
weight mismatch: <�20% (undersized), �20% to 30% (matched),

or >30% (oversized), based on previous studies.5,8,9,14 Sex matching

was classified into 4 groups by recipient and donor sex.

PHM, predicted heart mass.
Primary outcome

The primary outcome was 1-year mortality and retransplantation

after HTx. We assessed the primary outcome according to the

donor−recipient sex and size matching.
Statistical analyses

Descriptive statistics were used to evaluate patients’ baseline char-

acteristics and comorbidities. Categorical variables are reported as

frequencies (percentages). Continuous variables are expressed as

means § standard deviations (SDs) or medians with interquartile

ranges. Categorical variables were compared using Fisher exact

test or Pearson chi-square test, and continuous variables were

compared using Student t test or analysis of variance. The relation-

ship between PHM size match and body weight size match was

evaluated using Pearson correlation coefficient.

Survival analyses were performed using the Kaplan−Meier

method, and the log-rank test was used to evaluate the differences

in the survival trends between the groups. Cox proportional hazard

models were used to identify independent prognostic factors for

mortality after HTx. The proportional hazard assumption was

tested on the basis of Schoenfeld residuals.25 Multivariable analy-

sis was performed with inclusion of clinically relevant variables

according to previous studies5,8,9,14,15 or variables that had a p-

value <0.05 in the univariable analysis. The matched group was

regarded as the reference in regression analysis.

We performed several sensitivity analyses. First, we conducted

analyses by stratifying patients into 2 groups (matched vs mis-

matched) or 3 groups (undersized vs matched vs oversized). We

also conducted additional analysis by dividing groups using

mean + 1 SD of PHM instead of �15% and 20% cutoffs. Addition-

ally, we evaluated whether the association of size matching by PHM

with mortality was consistent in obese or overweight populations.

All tests were 2-tailed, and a p-value <0.05 was considered sta-
tistically significant. Statistical analyses were performed using

SPSS version 25.0 (IBM Corp., Armonk, NY) and R programming

version 4.0.2 (The R Foundation for Statistical Computing,

Vienna, Austria).

Results

Patient baseline characteristics

In total, 660 patients were included in the study. Most recip-

ients (n = 657, 99.5%) and donors (n = 656, 99.6%) were

Korean. Only 3 (0.5%) recipients and 4 (0.6%) donors were
of other Asian ethnicities. The mean age of the recipients

was 53 § 13 years, and 68.9% were male. The mean age of

the donors was 40 § 11 years, and 71.4% were male. The

median donor−recipient PHM mismatch for the entire study

population was +6.9% (interquartile range: �5.7% to 22.6%;

Figure 1). Among 660 patients, 74 (11.2%), 404 (61.2%),

and 182 (27.6%) patients received undersized, matched, and

oversized hearts by PHM, respectively (Table 1). Recipients

of undersized hearts were more likely to be male, have the

etiology of ischemic cardiomyopathy, and have older, female

donors. Recipients of oversized hearts were more likely to be

female and have younger, male donors. Recipient age and

preoperative support were not different between the groups.

Recipients’ mean height, weight, and BMI showed decreas-

ing trends from the undersized to matched to oversized

group. In contrast, donors’ mean height, weight, and BMI

showed increasing trends from the undersized to matched to

oversized group. The prevalence of pulmonary hypertension,

defined as pulmonary artery systolic pressure ≥40 mmHg by

echocardiography, did not differ between the 3 groups

(41.9% in undersized vs 42.8% in matched vs 43.4% in over-

sized; p = 0.975). There was no difference in warm and cold

ischemic time between the groups.

The median donor−recipient body weight mismatch for

the entire study population was +7.3% (interquartile range:

�7.1% to 26.4%; Figure S1). Body weight match showed a

good correlation with PHM match (r = 0.833; Figure S2).

Among 660 patients, 48 (7.3%), 474 (71.8%), and 138

(20.9%) patients received undersized, matched, and over-

sized hearts by body weight matching, respectively. Base-

line characteristics according to body weight size matching

are shown in Table S1. Recipients of undersized hearts

were more likely to be male and have female donors. Recip-

ients of oversized hearts were more likely to be female and

have male donors.
Donor−recipient predicted heart mass and body
weight size by sex matching

There were 448 (67.9%) sex-matched recipient−donor
pairs (91 female recipients of female donors and 357 male

recipients of male donors), and 212 (32.1%) sex-



Table 1 Patient Baseline Characteristics According to Predicted Heart Mass Size Matching

Variables Undersized(<�15%)(N = 74) Matched(�15%-20%)(N = 404) Oversized(>20%)(N = 182) p-Value

Recipient characteristics
Clinical
Age, years 52.3 § 13.3 52.7 § 12.8 53.4 § 13.1 0.782
Male 73 (98.6) 320 (79.2) 62 (34.1) <0.001
Height, cm 169.9 § 5.9 167.8 § 7.9 159.7 § 8.2 <0.001
Weight, kg 68.8 § 11.1 65.4 § 11.0 53.0 § 9.4 <0.001
Body mass index, kg/m2 23.8 § 3.6 23.2 § 3.3 20.8 § 3.4 <0.001
PHM, g 166.7 § 18.0 156.3 § 24.2 124.5 § 21.4 <0.001

Comorbidities
Hypertension 28 (37.8) 125 (30.9) 40 (22.0) 0.020
Diabetes mellitus 29 (39.2) 116 (28.7) 41 (22.5) 0.025
Chronic kidney disease 17 (23.0) 52 (12.9) 30 (16.5) 0.066

Echocardiography and laboratory
findings
LVEF, % 24.3 § 10.6 25.4 § 12.3 27.1 § 13.9 0.194
Pulmonary hypertension (PASP
≥40 mmHg)

31 (41.9) 173 (42.8) 79 (43.4) 0.975

Hemoglobin level, g/dL 11.5 § 2.2 11.3 § 2.3 10.6 § 2.0 0.001
Creatinine level, mg/dL 1.23 § 0.55 1.20 § 0.72 1.02 § 0.50 0.003

Indication of HTx
NICM 43 (58.1) 275 (68.1) 127 (69.8) 0.177
ICM 24 (32.4) 88 (21.8) 31 (17.0) 0.025
VCM 3 (4.1) 16 (4.0) 11 (6.0) 0.522
CHD 4 (5.4) 14 (3.5) 7 (3.8) 0.723
Other 0 (0) 11 (2.7) 6 (3.3) 0.306

Preoperative support
Inotropic drugs 64 (86.5) 306 (75.7) 148 (81.3) 0.065
RRT 13 (17.6) 57 (14.1) 32 (17.6) 0.486
Ventilator 17 (23.0) 92 (22.8) 38 (20.9) 0.868
ECMO 21 (28.4) 118 (29.2) 54 (29.7) 0.979
LVAD 4 (5.4) 39 (9.7) 12 (6.6) 0.290

Donor characteristics
Clinical
Age, years 42.1 § 10.6 40.7 § 11.4 38.5 § 11.7 0.032
Male 12 (16.2) 301 (74.5) 158 (86.8) <0.001
Height, cm 161.4 § 5.6 169.2 § 7.2 172.3 § 6.3 <0.001
Weight, kg 57.2 § 7.0 66.8 § 10.9 72.8 § 13.1 <0.001
Body mass index, kg/m2 22.0 § 2.7 23.3 § 3.4 24.5 § 3.9 <0.001
PHM, g 128.1 § 15.4 159.7 § 24.4 173.2 § 24.4 <0.001

Comorbidities
Hypertension 11 (14.9) 60 (14.9) 22 (12.1) 0.659

Donor cause of death 0.025
Hanging 19 (25.7) 77 (19.1) 25 (13.7)
Intracranial hemorrhage 35 (47.3) 185 (45.8) 76 (41.8)
Trauma 9 (12.2) 93 (23.0) 58 (31.9)
Other 11 (14.9) 49 (12.1) 23 (12.6)

Transplant characteristics
Warm ischemic time, min 68.6 § 31.8 60.3 § 31.4 59.0 § 28.6 0.079
Cold ischemic time, min 105.2 § 58.0 115.3 § 61.0 113.0 § 64.1 0.451

Sex match <0.001
FD/FR 1 (1.4) 67 (16.6) 23 (12.6)
MD/MR 12 (16.2) 284 (70.3) 61 (33.5)
MD/FR 0 (0) 17 (4.2) 97 (53.3)
FD/MR 61 (82.4) 36 (8.9) 1 (0.5)

Values are expressed as means § standard deviations or number (%).

CHD, congenital heart disease; ECMO, extracorporeal membrane oxygenation; FD, female donor; FR, female recipient; ICM, ischemic cardiomyopathy;

LVAD, left ventricular assisting device; LVEF, left ventricular ejection fraction; MD, male donor; MR, male recipient; NICM, nonischemic cardiomyopathy;

PASP, pulmonary artery systolic pressure; PHM, predicted heart mass; RRT, renal replacement therapy; VCM, valvular cardiomyopathy.
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Figure 2 Distribution of donor−recipient PHM size matching by categories of sex matching. The differences in size matching become

apparent in the sex-mismatched categories, with a tendency toward oversizing in male donor/female recipient matching and undersizing in

female donor/male recipient matching. PHM, predicted heart mass.
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mismatched pairs (114 female recipients of male donors

[MD/FR] and 98 male recipients of female donors [FD/

MR]). Figure 2 shows the distribution of PHM matching by

categories of sex matching. Size mismatching by PHM was

present in a large number of sex-mismatched patients;

85.1% of MD/FR were classified as oversized by PHM, and

62.2% of FD/MR were classified as undersized by PHM. In

contrast, none of the MD/FR were undersized, and only

1.0% of FD/MR was oversized.

Figure S3 reveals the distribution of body weight match-

ing by sex matching. The size mismatching by body weight

became apparent in the sex-mismatched patients; 47.4% of

MD/FR were classified as oversized by body weight, and

15.3% of FD/MR were classified as undersized by body

weight.
Figure 3 Kaplan−Meier curve of 1-year survival according to

donor−recipient matching by PHM. PHM, predicted heart mass.
Mortality according to predicted heart mass size
matching

First, we performed survival analyses by classifying partici-

pants into two groups: the mismatched group (undersized

group plus oversized group) and matched group by PHM.
Among 660 participants, 77 (11.7%) participants died or

underwent heart retransplantation during the follow-up

period. The Kaplan−Meier survival curve according to

PHM size matching is shown in Figure 3. Recipients of mis-

matched hearts showed increased 1-year mortality com-

pared with recipients of matched hearts (14.8% vs 9.7%,

log-rank p = 0.038). Univariable Cox proportional hazard

regression analysis of the baseline characteristics and 1-

year mortality are shown in Table 2. Recipient diabetes



Table 2 Univariable Cox Proportional Hazard Regression to
Identify the Prognostic Factors for 1-year Mortality and
Retransplantation After Heart Transplantation

Variables Hazard ratio(95% CI) p-Value

PHM size matching
Matched Reference
Undersized 1.58 (0.91-3.09) 0.180
Oversized 1.60 (0.98-2.62) 0.060
Mismatched
(Undersized + Oversized)

1.60 (1.02-2.50) 0.040

Body weight size
matching
Matched Reference
Undersized 1.17 (0.50-2.72) 0.718
Oversized 1.30 (0.77-2.20) 0.329
Mismatched
(Undersized + Oversized)

1.27 (0.79-2.04) 0.334

Recipient characteristics
Age, years 1.02 (0.99-1.03) 0.120
Male sex 0.98 (0.61-1.59) 0.947
Hypertension 1.51 (0.95-2.39) 0.081
Diabetes mellitus 1.88 (1.20-2.96) 0.006
Chronic kidney disease 2.12 (1.27-3.52) 0.004
LVEF, % 1.00 (0.98-1.02) 0.893
Pulmonary
hypertension

0.99 (0.63-1.55) 0.963

Hemoglobin level, g/dL 0.81 (0.72-0.90) <0.001
Creatinine level, mg/dL 1.23 (0.98-1.54) 0.078
Indication of heart
transplantation

NICM Reference
ICM 1.79 (1.09-2.94) 0.022
VCM 1.88 (0.74−4.73) 0.182
CHD 1.73 (0.62−4.82) 0.293
Other 1.33 (0.32-5.47) 0.698

Preoperative support
Inotropic drugs 1.51 (0.82-2.80) 0.187
RRT 4.51 (2.86-7.10) <0.001
Ventilator 2.82 (1.80-4.43) <0.001
ECMO 2.66 (1.70-4.16) <0.001
LVAD 0.61 (0.22-1.66) 0.328

Donor characteristic
Age, years 1.00 (0.98-1.02) 0.865
Male sex 1.25 (0.74-2.10) 0.392
Hypertension 1.02 (0.54-1.94) 0.944
Donor cause of death
Hanging Reference
Intracranial

hemorrhage
2.25 (1.06-4.79) 0.035

Trauma 1.13 (0.46-2.76) 0.791
Other 2.66 (1.11-6.33) 0.028

Transplant characteristic
Warm ischemic time,
min

1.01 (1.00-1.01) 0.074

Cold ischemic time, min 1.00 (0.99-1.01) 0.835
Sex mismatch
FD/FR Reference
MD/MR 1.54 (0.69-3.43) 0.293
MD/FR 2.09 (0.87-5.04) 0.100
FD/MR 1.65 (0.65-4.18) 0.295

CHD, congenital heart disease; CI, confidence interval; ECMO, extra-

corporeal membrane oxygenation; FD, female donor; FR, female

recipient; ICM, ischemic cardiomyopathy; LVAD, left ventricular assist-

ing device; LVEF, left ventricular ejection fraction; MD, male donor;

MR, male recipient; NICM, non-ischemic cardiomyopathy; PHM, pre-

dicted heart mass; RRT, renal replacement therapy; VCM, valvular

cardiomyopathy.
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mellitus, chronic kidney disease, ischemic cardiomyopathy,

hemoglobin level, renal replacement therapy, ventilator

use, extracorporeal membrane oxygenation, and donor

cause of death of intracranial hemorrhage were associated

with an increased 1-year mortality after HTx. The associa-

tion of sex mismatch with mortality was not statistically

significant (Table 2 and Figure S4). Results of the multivar-

iable Cox proportional hazard model of the effect of PHM

on 1-year mortality are presented in Table 3. Model 1 incor-

porated size matching variables by combining undersized

and oversized into the mismatched group. Model 2 incorpo-

rated size matching variables, undersized and oversized,

separately. After adjustment, mismatching by PHM

remained associated with increased mortality at 1 year

(adjusted hazard ratio [HR] = 1.60, 95% confidence interval

[CI]: 1.01-2.56, p = 0.047).

Second, we conducted analyses by stratifying patients

into three groups: the undersized, matched, and oversized

group by PHM. The Kaplan−Meier curve according to the

three categories of PHM matching is shown in Figure S5.

The undersized or oversized group showed a trend toward

increased mortality compared with the matched group, but

this was not statistically significant (log-rank, p = 0.173 and

0.058, respectively). In multivariable Cox regression,

increased mortality in the undersized and oversized group

failed to meet statistical significance (adjusted HR = 1.44,

95% CI: 0.52-3.98 and adjusted HR = 1.64, 95% CI: 0.99-

2.70, respectively; Table 3).

Third, we performed additional analysis to evaluate

whether the association of size matching by PHM with

increased mortality was consistent in obese and nonobese

patients (Figure 4). Obesity was defined as a BMI ≥25 kg/

m2 according to World Health Organization expert

consultation.26,27 Mismatched heart by PHM was associated

with increased mortality compared with matched heart by

PHM in nonobese recipients (log-rank p = 0.024); however,

this association was not observed in obese recipients (log-

rank p = 0.902). For considering Asian population, the

results of the further analysis using a BMI cutoff value of

23 kg/m2 were similar with those using a 25 kg/m2 cutoff

value (Figure S6). We performed an additional analysis by

dividing groups using mean + 1 SD of PHM: <�14%

(undersized), �14% to 33% (size-matched), or >33%
(oversized). In this supplementary analysis, a mismatched

heart by PHM was associated with a higher 1-year mortality

after HTx compared to a matched heart by PHM, consistent

with our primary result.

Causes of death are shown in Table S2 and were similar

between the matched and mismatched groups (all, p >
0.05). Infection was the leading cause of death, comprising

44.2% of all-cause deaths, and cardiovascular death was the

second common, comprising 19.5% of deaths.



Table 3 Multivariable Cox Proportional Hazard Regression to Identify the Association Between Size-matching Metrics and 1-year
Mortality

Model 1a Model 2a

Variables Hazard ratio(95% CI) p-Value Hazard ratio(95% CI) p-Value

Matching by PHM
PHM size matching
Matched Reference Reference
Undersized 1.44 (0.52-3.98) 0.486
Oversized 1.64 (0.99-2.70) 0.051
Mismatched (undersized + oversized) 1.60 (1.01-2.56) 0.047

Recipient age, years 1.01 (0.99-1.04) 0.183 1.01 (0.99-1.04) 0.185
Recipient diabetes mellitus 1.59 (0.98-2.57) 0.058 1.60 (0.99-2.58) 0.056
RRT 3.29 (1.85-5.84) <0.001 3.30 (1.86-5.87) <0.001
Ventilator 1.16 (0.59-2.26) 0.666 1.16 (0.60-2.26) 0.662
ECMO 1.44 (0.77-2.70) 0.253 1.44 (0.77-2.70) 0.255
LVAD 0.54 (0.19-1.53) 0.247 0.54 (0.19-1.53) 0.245
Pulmonary hypertension 0.88 (0.55-1.42) 0.606 0.88 (0.55-1.41) 0.599
FD/MR 0.87 (0.46-1.67) 0.682 0.896(0.36-2.56) 0.931
Matching by body weight
Body weight size matching
Matched Reference Reference
Undersized 1.05 (0.44-2.53) 0.908
Oversized 1.38 (0.81-2.36) 0.238
Mismatched (undersized + oversized) 1.28 (0.80-2.08) 0.306

Recipient age, years 1.01 (0.99-1.04) 0.172 1.01 (0.99-1.04) 0.173
Recipient diabetes mellitus 1.56 (0.97-2.51) 0.068 1.56 (0.97-2.51) 0.067
RRT 3.43 (1.94-6.07) <0.001 3.39 (1.91-6.01) <0.001
Ventilator 1.14 (0.58-2.22) 0.705 1.16 (0.59-2.26) 0.666
ECMO 1.41 (0.75-2.66) 0.288 1.42 (0.75-2.67) 0.282
LVAD 0.53 (0.19-1.50) 0.230 0.52 (0.18-1.49) 0.224
Pulmonary hypertension 0.87 (0.55-1.40) 0.574 0.87 (0.54-1.39) 0.563
FD/MR 1.06 (0.57-1.97) 0.857 1.12 (0.58-2.15) 0.733

CI, confidence interval; ECMO, extracorporeal membrane oxygenation; FD, female donor; LVAD, left ventricular assisting device; MR, male recipient;

PHM, predicted heart mass; RRT, renal replacement therapy.
aModel 1 incorporated size matching variables by combining undersized and oversized into the mismatched group. Model 2 incorporated size matching

variables, undersized and oversized, separately.
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Mortality according to body weight size matching

The Kaplan−Meier survival curve according to body

weight size matching is shown in Figure S7. Recipients of

mismatched hearts by body weight showed no significant

difference in the 1-year mortality compared with recipients

of matched-size hearts (13.4% and 11.0%, respectively;

log-rank p = 0.332). After multivariable adjustment, mis-

matching by body weight was not associated with increased

mortality at 1 year (HR = 1.28, 95% CI: 0.80-2.08,

p = 0.306; Table 3). Additionally, the undersized and over-

sized groups by body weight were not associated with

increased mortality when divided into separate groups.
Discussion

The main findings of this study are as follows. First, receiv-

ing mismatched sized hearts by PHM was associated with

increased mortality at 1 year after HTx in the Korean popu-

lation. The increased mortality persisted after adjusting for
other factors affecting mortality. Second, heart size mis-

matching by body weight or sex mismatching did not pre-

dict mortality after HTx. These data suggest that PHM may

be the optimal metric of size matching for HTx in the Asian

population.

Previous studies demonstrated that size and sex mis-

matchings were associated with reduced survival following

HTx, and PHM is the most reliable size metric in

HTx.8,9,14,15 These studies used data from the United Net-

work of Organ Sharing (UNOS) registry, United Kingdom

Transplant Registry, or 2019 ISHLT registry.8,9,14,15 How-

ever, these cohorts mainly consisted of Caucasians, and

only 3% to 6% of participants were Asian. Moreover, the

equation for PHM was derived from the Multi-Ethnic Study

for Atherosclerosis, in which only 13% of the study popula-

tion were Asian,12,13 and validation of the PHM equation in

the Asian population is uncertain. To our knowledge, this

study is the first to evaluate size and sex matching, espe-

cially the use of size matching by PHM, in an Asian popula-

tion. Our study results agree well with previous study



Figure 4 Kaplan−Meier curve of 1-year survival according to

donor−recipient matching by PHM in obese and nonobese recipi-

ents. (A) Patients with a BMI ≥25 kg/m2 (n = 141). (B) Patients

with a BMI <25 kg/m2 (n = 519). BMI, body mass index; PHM,

predicted heart mass.
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findings, and size matching by PHM instead of body weight

or sex matching could be applied in an Asian population for

predicting mortality after HTx.

There are consistent results among previous studies that

undersized donor is associated with adverse outcomes.

However, whether oversized donor is associated with

increased risk is controversial. Some studies reported that

oversized donor by PHM is not associated with increased

mortality.9,14,15 Recently, the findings from Miller et al.’s

study28 and the 2019 ISHLT report8 showed an increased

risk of mortality in recipients of oversized hearts by PHM.

In our study, the oversized group showed a trend toward

increased mortality compared with the matched group, but

this was not statistically significant. We speculated that the

statistical nonsignificance might have been caused by the

small number of participants in this oversized group,

because when incorporated together into the mismatched

group (undersized group plus oversized group), the mis-

matched group showed poorer survival than the matched

group. Further large-scale studies are warranted to elucidate

the outcomes of oversized hearts.

Interestingly, the association of PHM size match with

mortality was different in obese and nonobese patients. A

recent study using the UNOS registry24 reported that under-

sized heart by PHM in obese recipients was not associated

with a detrimental effect on survival after HTx, which was

consistent with our result, although the cutoff value of obe-

sity in the UNOS registry (30 kg/m2) was different from

ours (25 kg/m2). These findings may be explained by either

inaccuracy of the PHM equation in obese patients or the
physiologic difference between nonobese and obese

patients.24 PHM size match may not be a reliable predictor

of mortality in HTx recipients with obesity. Further

research is needed to demonstrate the mechanism of this

phenomenon.

Mather et al. reported that undersized donor hearts have

an increase in left myocardial mass over time, suggesting

that adaptation of the donor hearts to the hemodynamic

load is necessary.29 This pathologic cardiac hypertrophy

might be the mechanism of poor outcomes in patients with

undersized hearts. Additionally, Gong et al. reported that

undersized donor hearts by PHM may increase the rate of

primary graft dysfunction.16 Moreover, the 2019 ISHLT

report presumed that oversized donor hearts by PHM are

possibly being accepted for sicker transplant candidates,

who subsequently have higher post-transplant mortality.8

Further studies are needed to evaluate the mechanism that

lead to adverse outcomes in mismatched patients.

Our findings have some clinical implications. The use of

PHM can decrease post-HTx mortality by allowing physi-

cians to better match donor−recipient size, given the find-

ing that PHM has the ability to predict mortality while body

weight does not. Additionally, consideration of size match-

ing by PHM instead of by conventional body weight could

be beneficial in determining the turndowns of HTx by sex

mismatch categories. A recent study reported that 32% of

donor offers that were turned down because of donor size

mismatch by body weight would not have been undersized

by PHM.14 Considering the shortage of brain-dead donors

compared to patients waiting for HTx, the application of

size matching by PHM could increase the donor utilization

rate and alleviate donor shortage.
Limitations

This study has several limitations. First, this was a prospec-

tive observational multicenter study; thus, peri-/post-trans-

plant care may vary at each transplantation center. It could

be a hidden confounding factor for poor transplant survival.

Second, our results are limited by the small sample size and

a limited number of outcomes. Additionally, the number of

recipients of undersized hearts was smaller than that of

other sized hearts. This may be because physicians have a

tendency to avoid performing size-mismatched HTx, and

this selection bias can affect the statistical interpretation.

Although a combined analysis of undersized and oversized

hearts by PHM may not be appropriate because of their dif-

ferent pathophysiology, due to our small sample of patients,

we performed an analysis combining these two groups.

Third, the cutoff point for the size metric used may not

reflect the optimal threshold to define mismatching. All pre-

vious studies used different thresholds to define their size-

mismatched group. We set an arbitrary cutoff point after

carefully considering previous studies; thus, further studies

need to determine the optimal threshold for size matching,

especially in Asians. Fourth, body weight of patients with

end-stage heart failure can be variable over time due to

changes of volume status. To account for this variability,
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PHM was calculated for all patients using the values listed

closest to the date of transplantation. Fifth, we defined pul-

monary hypertension based on pulmonary artery systolic

pressure instead of pulmonary vascular resistance since

only 199 patients (28.8%) underwent right heart catheteri-

zation before HTx. Lastly, although we performed compre-

hensive multivariable adjustment, residual confounders due

to unknown or unmeasured factors could have affected the

results.

Despite these limitations, our study was a prospective,

multicenter, nationwide cohort of HTx in Korea that

showed the characteristics of HTx in the modern era. There-

fore, our study provides important insight into the optimal

size metric for HTx in Asian transplant recipients.
Conclusions

Mismatching of heart size, determined using PHM, was

associated with increased 1-year mortality among HTx

recipients in Korea. PHM-based heart size matching could

help predict the short-term mortality in Asian population.
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