
https://www.frontiersin.org/research-topics/13857/the-role-of-sex-in-heart-failure-and-transplantation
https://www.frontiersin.org/research-topics/13857/the-role-of-sex-in-heart-failure-and-transplantation
https://www.frontiersin.org/research-topics/13857/the-role-of-sex-in-heart-failure-and-transplantation
https://www.frontiersin.org/journals/cardiovascular-medicine


https://www.frontiersin.org/research-topics/13857/the-role-of-sex-in-heart-failure-and-transplantation
https://www.frontiersin.org/journals/cardiovascular-medicine
http://www.frontiersin.org
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/about/contact


https://www.frontiersin.org/research-topics/13857/the-role-of-sex-in-heart-failure-and-transplantation
https://www.frontiersin.org/journals/cardiovascular-medicine


https://www.frontiersin.org/research-topics/13857/the-role-of-sex-in-heart-failure-and-transplantation
https://www.frontiersin.org/journals/cardiovascular-medicine


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://doi.org/10.3389/fcvm.2021.690438
http://crossmark.crossref.org/dialog/?doi=10.3389/fcvm.2021.690438&domain=pdf&date_stamp=2021-05-25
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles
https://creativecommons.org/licenses/by/4.0/
mailto:mmselles@secardiologia.es
https://doi.org/10.3389/fcvm.2021.690438
https://www.frontiersin.org/articles/10.3389/fcvm.2021.690438/full
https://www.frontiersin.org/research-topics/13857/the-role-of-sex-in-heart-failure-and-transplantation
https://doi.org/10.3389/fcvm.2020.616273
https://doi.org/10.3389/fcvm.2021.618398
https://doi.org/10.3389/fcvm.2020.617705
https://doi.org/10.3389/fcvm.2021.630141


https://doi.org/10.3389/fcvm.2021.611055
https://doi.org/10.3389/fcvm.2020.614031
https://doi.org/10.3389/fcvm.2021.630113
https://doi.org/10.3389/fcvm.2021.617062
https://doi.org/10.3389/fcvm.2021.629752
https://doi.org/10.1016/j.ehj.2003.07.007
https://doi.org/10.1002/ejhf.1996
https://doi.org/10.1016/j.jchf.2020.12.011
https://doi.org/10.1093/eurjhf/hfs026
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://doi.org/10.3389/fcvm.2020.614031
http://crossmark.crossref.org/dialog/?doi=10.3389/fcvm.2020.614031&domain=pdf&date_stamp=2020-12-14
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles
https://creativecommons.org/licenses/by/4.0/
mailto:adrian.baranchuk@kingstonhsc.ca
https://doi.org/10.3389/fcvm.2020.614031
https://www.frontiersin.org/articles/10.3389/fcvm.2020.614031/full


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


https://doi.org/10.1016/j.cjca.2018.07.483
https://doi.org/10.1093/europace/euv215
https://doi.org/10.1016/j.ijcard.2018.04.093
https://doi.org/10.1056/NEJMoa1707855
https://doi.org/10.1056/NEJMoa0708234
https://doi.org/10.1136/hrt.2010.207340
https://doi.org/10.1161/CIRCEP.113.000806
https://doi.org/10.1161/CIRCULATIONAHA.115.019406
https://doi.org/10.1016/j.jacc.2017.08.041
https://doi.org/10.1016/j.jacc.2013.01.069
https://doi.org/10.1161/CIRCEP.119.007731
https://doi.org/10.1016/j.jacc.2005.05.078
https://doi.org/10.1161/CIRCULATIONAHA.105.553438
https://doi.org/10.1093/europace/euy295
https://doi.org/10.1016/j.hrthm.2015.06.029
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


https://doi.org/10.1016/j.amjcard.2016.01.040
https://doi.org/10.1093/europace/euy067
https://doi.org/10.1016/j.hrthm.2011.07.025
https://doi.org/10.1161/CIRCEP.113.000760
https://doi.org/10.1111/jce.14369
https://doi.org/10.1016/j.hrthm.2017.12.001
https://doi.org/10.1016/j.cjco.2020.01.004
https://doi.org/10.1136/heartjnl-2019-315566
https://doi.org/10.1016/j.amjcard.2019.10.048
https://doi.org/10.1253/circj.CJ-17-1358
https://doi.org/10.1161/CIRCEP.118.006204
https://doi.org/10.1093/eurheartj/ehz151
https://doi.org/10.1016/j.acvd.2018.10.006
https://doi.org/10.1093/europace/euaa104
https://doi.org/10.1016/j.hrthm.2020.04.020
https://doi.org/10.1093/europace/euaa015
https://doi.org/10.1093/europace/euz179
https://doi.org/10.1161/CIRCULATIONAHA.117.031622
https://doi.org/10.1016/j.hfc.2018.08.006
https://doi.org/10.1093/eurheartj/ehy778
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://doi.org/10.3389/fcvm.2020.616273
http://crossmark.crossref.org/dialog/?doi=10.3389/fcvm.2020.616273&domain=pdf&date_stamp=2020-12-21
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles
https://creativecommons.org/licenses/by/4.0/
mailto:mmselles@secardiologia.es
https://doi.org/10.3389/fcvm.2020.616273
https://www.frontiersin.org/articles/10.3389/fcvm.2020.616273/full


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


https://doi.org/10.21037/amj.2020.03.03
https://doi.org/10.1161/CIR.0b013e3182456d46
https://doi.org/10.1016/j.cardfail.2005.09.005
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


https://doi.org/10.1016/j.ejheart.2007.12.012
https://doi.org/10.1016/j.amjcard.2005.11.042
https://doi.org/10.1007/s11897-012-0107-7
https://doi.org/10.1093/eurjhf/hfs026
https://doi.org/10.1016/s0195-668x(02)00823-0
https://doi.org/10.1161/CIRCULATIONAHA.118.034271
https://doi.org/10.1016/S0300-8932(02)76665-7
https://doi.org/10.1136/hrt.2006.099523
https://doi.org/10.1016/j.jacc.2018.09.081
https://doi.org/10.1016/S0735-1097(98)00347-7
https://doi.org/10.1097/01.HDX.0000061702.79961.47
https://doi.org/10.1016/j.recesp.2017.07.033
https://doi.org/10.1148/radiol.2015150982
https://doi.org/10.1007/s12471-015-0753-y
https://doi.org/10.1016/S1885-5857(08)60040-7
https://doi.org/10.1161/01.RES.0000144126.57786.89
https://doi.org/10.1161/01.RES.85.9.856
https://doi.org/10.1016/j.jacc.2004.11.054
https://doi.org/10.1016/j.amjcard.2007.02.092
https://doi.org/10.1016/j.jacc.2019.11.014
https://doi.org/10.1161/CIRCULATIONAHA.106.672006
https://doi.org/10.1001/jama.2010.119
https://doi.org/10.1016/j.jacc.2009.02.066
https://doi.org/10.1016/j.ijcard.2006.07.195
https://doi.org/10.1016/j.ehj.2003.07.007
https://doi.org/10.1097/CRD.0b013e31817f9350
https://doi.org/10.1111/j.1524-6175.2005.04087.x
https://doi.org/10.1161/01.HYP.37.5.1199
https://doi.org/10.1016/j.jacc.2008.09.042
https://doi.org/10.1161/01.CIR.94.3.483
https://doi.org/10.1161/01.CIR.0000039105.49749.6F
https://doi.org/10.1001/jama.275.20.1557
https://doi.org/10.1001/jama.2009.1227
https://doi.org/10.1016/j.jcmg.2012.02.003
https://doi.org/10.1093/eurheartj/ehn142
https://doi.org/10.1161/CIRCULATIONAHA.108.815944
https://doi.org/10.1161/CIRCULATIONAHA.106.673442
https://doi.org/10.1161/01.CIR.0000017861.00991.2F
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


https://doi.org/10.1016/j.ahj.2011.04.009
https://doi.org/10.1093/eurheartj/ehn062
https://doi.org/10.1161/CIRCULATIONAHA.105.561647
https://doi.org/10.23736/S0031-0808.18.03525-5
https://doi.org/10.1016/j.jacc.2004.03.031
https://doi.org/10.7326/0003-4819-156-3-201202070-00007
https://doi.org/10.1111/j.1540-8167.2005.00224.x
https://doi.org/10.1056/NEJMoa043938
https://doi.org/10.1161/hc4301.098254
https://doi.org/10.1016/S0140-6736(16)31713-5
https://doi.org/10.1016/j.ijcard.2018.10.091
https://doi.org/10.1016/j.cpcardiol.2012.07.003
https://doi.org/10.1056/NEJMoa1110186
https://doi.org/10.1161/CIRCIMAGING.116.004999
https://doi.org/10.1007/s00392-014-0788-x
https://doi.org/10.1016/j.amjcard.2017.02.045
https://doi.org/10.1532/HSF98.20111030
https://doi.org/10.1016/j.amjcard.2015.04.019
https://doi.org/10.1016/j.jcmg.2016.02.017
https://doi.org/10.1016/j.jacc.2014.01.036
https://doi.org/10.1016/j.amjcard.2011.01.059
https://doi.org/10.1136/hrt.2009.186650
https://doi.org/10.1016/j.jacc.2016.10.041
https://doi.org/10.1093/eurheartj/ehv487
https://doi.org/10.1016/j.hfc.2018.08.008
https://doi.org/10.1093/eurheartj/ehx527
https://doi.org/10.1016/j.jacc.2005.04.043
https://doi.org/10.1016/j.ijcard.2016.11.055
https://doi.org/10.1161/CIRCEP.113.000233
https://doi.org/10.1161/CIRCRESAHA.117.310982~
https://doi.org/10.1093/eurheartj/ehv161
https://doi.org/10.1016/j.sapharm.2017.10.010
https://doi.org/10.1016/j.clinthera.2007.08.015
https://doi.org/10.1155/2019/1505142
https://doi.org/10.1016/S0735-1097(03)00262-6
https://doi.org/10.1001/jama.273.18.1450
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


https://doi.org/10.1056/NEJMoa010713
https://doi.org/10.1161/01.CIR.0000146819.43235.A9
https://doi.org/10.1159/000498984
https://doi.org/10.1161/CIRCULATIONAHA.119.044491
https://doi.org/10.1056/NEJMoa030207
https://doi.org/10.1056/NEJM199909023411001
https://doi.org/10.1016/j.jchf.2019.01.003
https://doi.org/10.1161/01.CIR.0000012546.20194.33
https://doi.org/10.1161/01.CIR.103.3.375
https://doi.org/10.1056/NEJM199605233342101
https://doi.org/10.1016/S0140-6736(10)61198-1
https://doi.org/10.1056/NEJMoa021266
https://doi.org/10.1093/eurheartj/ehz486
https://doi.org/10.1007/s00125-018-4630-2
https://doi.org/10.1001/jama.298.13.1525
https://doi.org/10.1016/j.amjmed.2005.08.021
https://doi.org/10.1001/jama.298.13.1517
https://doi.org/10.1093/eurheartj/ehw598
https://doi.org/10.1016/j.jacc.2010.06.061
https://doi.org/10.1007/s10840-005-6545-3
https://doi.org/10.1161/CIRCULATIONAHA.118.037369
https://doi.org/10.1161/CIRCULATIONAHA.106.666289
https://doi.org/10.1016/j.healun.2016.08.013
https://doi.org/10.1161/CIRCHEARTFAILURE.111.963272
https://doi.org/10.1097/MAT.0000000000000048
https://doi.org/10.1016/j.healun.2010.12.009
https://doi.org/10.1016/j.healun.2017.11.001
https://doi.org/10.1016/j.hfc.2018.08.012
https://doi.org/10.1016/j.healun.2017.07.019
https://doi.org/10.1016/j.healun.2014.11.024
https://doi.org/10.1161/CIRCHEARTFAILURE.116.003635
https://doi.org/10.1016/j.hrtlng.2010.02.004
https://doi.org/10.1111/j.1600-6143.2008.02196.x
https://doi.org/10.1016/j.transproceed.2016.03.037
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


https://doi.org/10.1016/j.jacc.2016.04.033
https://doi.org/10.1097/TXD.0000000000000616
https://doi.org/10.1111/tri.12488
https://doi.org/10.1111/ctr.13737
https://doi.org/10.1152/ajpheart.1989.256.4.H1060
https://doi.org/10.1016/j.healun.2005.06.003
https://doi.org/10.1002/clc.22979
https://doi.org/10.1002/clc.22917
https://doi.org/10.1007/978-3-319-77932-4_32
https://doi.org/10.4037/ajcc2002.11.3.211
https://doi.org/10.1067/mhl.2001.114140
https://doi.org/10.1016/j.jacc.2003.10.064
https://doi.org/10.1016/j.jacc.2009.08.019
https://doi.org/10.1161/CIRCHEARTFAILURE.110.960484
https://doi.org/10.1016/j.ahj.2011.12.013
https://doi.org/10.1056/NEJMoa020265
https://doi.org/10.1093/eurheartj/ehv598
https://doi.org/10.1016/S0735-1097(96)00380-4
https://doi.org/10.1016/j.ahj.2007.03.016
https://doi.org/10.11909/j.issn.1671-5411.2018.02.008
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://doi.org/10.3389/fcvm.2020.617705
http://crossmark.crossref.org/dialog/?doi=10.3389/fcvm.2020.617705&domain=pdf&date_stamp=2021-01-05
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles
https://creativecommons.org/licenses/by/4.0/
mailto:abayesgenis@gmail.com
https://doi.org/10.3389/fcvm.2020.617705
https://www.frontiersin.org/articles/10.3389/fcvm.2020.617705/full


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


https://doi.org/10.1161/01.cir.0000441139.02102.80
https://doi.org/10.14797/mdcj-13-4-216
https://doi.org/10.1177/2047487313482284
https://doi.org/10.1161/01.cir.0000039105.49749.6f
https://doi.org/10.1016/j.jchf.2018.08.008
https://doi.org/10.1097/HCO.0b013e32834b7faf
https://doi.org/10.1093/eurheartj/ehz835
https://doi.org/10.1161/CIRCULATIONAHA.107.185266
https://doi.org/10.1038/nrcardio.2015.105
https://doi.org/10.1186/s13293-018-0201-y
https://doi.org/10.1373/clinchem.2016.261495
https://doi.org/10.1373/clinchem.2013.211706
https://doi.org/10.1373/clinchem.2016.255109
https://doi.org/10.1016/j.amjmed.2014.09.029
https://doi.org/10.1161/CIRCHEARTFAILURE.113.000450
https://doi.org/10.1016/S0735-1097(02)01712-6
https://doi.org/10.1161/ATVBAHA.109.200394
https://doi.org/10.1016/j.jacc.2009.09.065
https://doi.org/10.1042/CS20150586
https://doi.org/10.1161/CIRCULATIONAHA.110.954388
https://doi.org/10.12659/MSM.881930
https://doi.org/10.1093/cvr/cvq265
https://doi.org/10.1186/s13293-017-0152-8
https://doi.org/10.1016/j.jchf.2014.05.017
https://doi.org/10.1136/bmj.g7873
https://doi.org/10.1093/eurheartj/eht406
https://doi.org/10.1373/clinchem.2015.244160
https://doi.org/10.1001/jamacardio.2018.1623
https://doi.org/10.1016/j.jchf.2017.11.003
https://doi.org/10.1161/CIRCULATIONAHA.117.031560
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


https://doi.org/10.1373/clinchem.2012.192716
https://doi.org/10.1016/j.hfc.2009.04.005
https://doi.org/10.1161/HYPERTENSIONAHA.110.156547
https://doi.org/10.1093/eurheartj/ehw128
https://doi.org/10.1136/heartjnl-2018-314173
https://doi.org/10.1136/bmjopen-2013-004675
https://doi.org/10.1016/j.jacc.2020.02.031
https://doi.org/10.1016/j.cjca.2014.07.014
https://doi.org/10.1016/j.jacc.2005.08.051
https://doi.org/10.1161/CIRCULATIONAHA.119.042847
https://doi.org/10.1210/jc.2011-1182
https://doi.org/10.1016/j.neulet.2004.05.085
https://doi.org/10.1016/S0735-1097(02)02059-4
https://doi.org/10.1016/j.jacc.2018.12.062
https://doi.org/10.1111/j.1471-4159.2008.05341.x
https://doi.org/10.1016/S0008-6363(98)00324-1
https://doi.org/10.1042/cs1010447
https://doi.org/10.1016/j.jacc.2006.10.040
https://doi.org/10.1002/ejhf.1209
https://doi.org/10.1111/j.1742-4658.2011.08082.x
https://doi.org/10.1161/01.HYP.23.1_Suppl.I20
https://doi.org/10.1016/j.ahj.2004.01.013
https://doi.org/10.1016/j.cardfail.2006.04.005
https://doi.org/10.1093/eurjhf/hft076
https://doi.org/10.1016/j.cardfail.2005.05.002
https://doi.org/10.1016/j.ahj.2013.08.029
https://doi.org/10.1016/j.ahj.2011.12.013
https://doi.org/10.1161/CIRCHEARTFAILURE.112.968701
https://doi.org/10.1161/CIRCHEARTFAILURE.111.964841
https://doi.org/10.1056/NEJMoa031994
https://doi.org/10.1016/S2213-8587(16)30196-6
https://doi.org/10.1161/CIRCHEARTFAILURE.109.873240
https://doi.org/10.1172/JCI30634
https://doi.org/10.1161/CIRCHEARTFAILURE.118.005582
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


https://doi.org/10.1016/j.cca.2009.08.010
https://doi.org/10.1161/01.CIR.0000047274.66749.FE
https://doi.org/10.2217/fca.14.36
https://doi.org/10.1373/clinchem.2012.192153
https://doi.org/10.1016/j.clinbiochem.2015.08.007
https://doi.org/10.1515/CCLM.2011.239
https://doi.org/10.1126/sciadv.aay6191
https://doi.org/10.1371/journal.pone.0085466
https://doi.org/10.1016/j.ijcard.2019.05.046
https://doi.org/10.1016/j.jacc.2018.08.2165
https://doi.org/10.1161/JAHA.115.003188
https://doi.org/10.1161/CIR.0000000000000509
https://doi.org/10.1177/1535370215593826
https://doi.org/10.3909/ricm0624
https://doi.org/10.1038/srep17007
https://doi.org/10.7150/thno.26055
https://doi.org/10.1016/j.jacc.2012.04.053
https://doi.org/10.1016/j.ahj.2013.12.031
https://doi.org/10.1016/j.ijcard.2015.05.040
https://doi.org/10.1038/sj.ijo.0802006
https://doi.org/10.1007/s40618-016-0515-8
https://doi.org/10.1093/eurjhf/hfr151
https://doi.org/10.1016/j.jacc.2006.03.061
https://doi.org/10.3390/biom10091277
https://doi.org/10.1016/j.jacc.2013.07.087
https://doi.org/10.1093/eurheartj/ehn600
https://doi.org/10.1186/s13613-019-0593-9
https://doi.org/10.1371/journal.pone.0197497
https://doi.org/10.1373/clinchem.2012.190322
https://doi.org/10.1016/j.ijcard.2017.03.101
https://doi.org/10.1016/j.biopha.2019.108792
https://doi.org/10.1161/CIRCHEARTFAILURE.107.746172
https://doi.org/10.1093/cvr/cvt100
https://doi.org/10.1136/hrt.2005.081406
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://doi.org/10.3389/fcvm.2021.629752
http://crossmark.crossref.org/dialog/?doi=10.3389/fcvm.2021.629752&domain=pdf&date_stamp=2021-02-05
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles
https://creativecommons.org/licenses/by/4.0/
mailto:psoban@wp.pl
https://doi.org/10.3389/fcvm.2021.629752
https://www.frontiersin.org/articles/10.3389/fcvm.2021.629752/full


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


https://doi.org/10.1038/nrcardio.2010.165
https://doi.org/10.1161/CIR.0000000000000558
https://doi.org/10.3233/JND-180371
https://doi.org/10.1186/s12872-017-0555-9
https://doi.org/10.1016/j.cardfail.2005.03.007
https://doi.org/10.1093/cvr/cvz200
https://doi.org/10.1089/jpm.2013.0231
https://doi.org/10.1161/JAHA.113.000544
https://doi.org/10.1089/jpm.2014.0192
https://doi.org/10.1093/eurheartj/ehw128
https://doi.org/10.1016/j.jacc.2017.05.030
https://doi.org/10.1016/j.hlc.2018.06.1042
https://doi.org/10.1001/jamainternmed.2017.8667
https://doi.org/10.1001/jamanetworkopen.2020.0020
https://doi.org/10.1016/j.cardfail.2012.10.019
https://doi.org/10.1089/jpm.2016.0330
https://doi.org/10.1161/CIRCHEARTFAILURE.119.006134
https://doi.org/10.1089/jpm.2009.0010
https://doi.org/10.1016/j.carrev.2020.08.024
https://doi.org/10.1016/j.cardfail.2013.01.011
https://doi.org/10.1089/jpm.2013.0680
https://doi.org/10.1161/JAHA.119.013989
https://doi.org/10.1111/j.1532-5415.2007.01234.x
https://doi.org/10.1056/NEJMp1215620
https://doi.org/10.1161/CIRCULATIONAHA.106.673442
https://doi.org/10.1093/eurheartj/ehz835
https://doi.org/10.1016/j.jchf.2019.02.007
https://doi.org/10.1038/s41598-018-19507-7
https://doi.org/10.1097/JCN.0000000000000422
https://doi.org/10.1016/0002-8703(92)90986-6
https://doi.org/10.1016/j.hrtlng.2008.04.002
https://doi.org/10.1186/s12955-016-0425-7
https://doi.org/10.1016/j.ejcnurse.2005.03.010
https://doi.org/10.1016/S1474-5151(03)00064-1
https://doi.org/10.1023/B:QURE.0000015301.58054.51
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


https://doi.org/10.1016/j.rec.2015.07.030
https://doi.org/10.1016/j.jchf.2018.02.002
https://doi.org/10.3390/jcm9092825
https://doi.org/10.1007/s11606-009-0931-y
https://doi.org/10.1093/eurjhf/hfp007
https://doi.org/10.1002/jhm.1925
https://doi.org/10.1097/NJH.0b013e31827ba343
https://doi.org/10.1016/j.hrtlng.2019.02.002
https://doi.org/10.11909/j.issn.1671-5411.2016.05.014
https://doi.org/10.1007/s00391-016-1042-0
https://doi.org/10.1046/j.1525-1497.2001.016004266.x
https://doi.org/10.1111/jnu.12254
https://doi.org/10.1016/j.ahj.2007.03.043
https://doi.org/10.1111/j.1751-7117.2008.07275.x
https://doi.org/10.1016/j.hrtlng.2014.07.008
https://doi.org/10.1007/s10741-016-9581-4
https://doi.org/10.1177/1054773818757312
https://doi.org/10.1080/13607863.2020.1855626
https://doi.org/10.1177/1073858413514136
https://doi.org/10.1016/j.cardfail.2006.04.004
https://doi.org/10.1016/j.cardfail.2005.10.002
https://doi.org/10.1016/j.ejheart.2006.10.012
https://doi.org/10.1038/ncpcardio1154
https://doi.org/10.1016/j.ahj.2012.08.015
https://doi.org/10.1097/JCN.0000000000000191
https://doi.org/10.1161/CIRCHEARTFAILURE.120.006881
https://doi.org/10.1054/jcaf.2000.9503
https://doi.org/10.1016/j.ejcnurse.2008.11.003
https://doi.org/10.1089/jpm.2013.0526
https://doi.org/10.1016/j.cardfail.2012.07.007
https://doi.org/10.1016/j.cardfail.2006.01.006
https://doi.org/10.1097/00002727-199205000-00006
https://doi.org/10.1016/S0735-1097(01)01334-1
https://doi.org/10.1016/j.jacc.2003.10.064
https://doi.org/10.1016/j.jacc.2006.06.055
https://doi.org/10.1016/j.jpainsymman.2015.12.328
https://doi.org/10.1093/eurheartj/ehz276
https://doi.org/10.1093/eurheartj/ehz111
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


https://doi.org/10.1001/archinte.158.10.1108
https://doi.org/10.1001/archinte.162.3.265
https://doi.org/10.1136/bmj.332.7553.1302
https://doi.org/10.1016/S0140-6736(13)60900-9
https://doi.org/10.1016/j.amjmed.2014.10.046
https://doi.org/10.1016/S1470-2045(12)70040-2
https://doi.org/10.1016/j.jacc.2009.02.078
https://doi.org/10.1371/journal.pone.0134550
https://doi.org/10.1016/j.jpain.2008.10.007
https://doi.org/10.1136/emj.2007.050419
https://doi.org/10.1111/pme.12916
https://doi.org/10.1001/jamainternmed.2015.1045
https://doi.org/10.1161/circ.138.suppl_1.12773
https://doi.org/10.1097/MD.0000000000003102
https://doi.org/10.1002/jnr.23841
https://doi.org/10.1016/j.jpain.2008.12.001
https://doi.org/10.1300/J069v27n01_01
https://doi.org/10.2105/AJPH.2009.180646
https://doi.org/10.1016/j.cobeha.2018.08.001
https://doi.org/10.1164/rccm.201111-2042ST
https://doi.org/10.1177/1049909108327588
https://doi.org/10.1038/s41533-017-0024-z
http://nsuworks.nova.edu/cgi/viewcontent.cgi?article=1184&context=ijahsp
http://nsuworks.nova.edu/cgi/viewcontent.cgi?article=1184&context=ijahsp
https://doi.org/10.1016/j.jpainsymman.2012.06.008
https://doi.org/10.1186/1471-2261-7-16
https://doi.org/10.1016/j.jchf.2013.07.009
https://doi.org/10.1016/j.jpainsymman.2012.02.022
https://doi.org/10.1016/j.cpcardiol.2012.07.001
https://doi.org/10.1016/S1474-5151(03)00059-8
https://doi.org/10.1002/ejhf.151
https://doi.org/10.1097/HCO.0000000000000712
https://doi.org/10.1136/pgmj.57.669.419
https://doi.org/10.1186/s12890-017-0396-4
https://doi.org/10.1016/j.jpainsymman.2007.11.008
https://doi.org/10.1016/j.jpainsymman.2009.01.006
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


https://doi.org/10.1186/s12904-017-0208-x
https://doi.org/10.1001/jamainternmed.2015.3871
https://doi.org/10.1136/spcare-2019-mariecuriepalliativecare.8
https://doi.org/10.1016/j.jpainsymman.2020.09.034
https://doi.org/10.1002/14651858.CD005623.pub2
https://doi.org/10.1038/npjpcrm.2014.76
https://doi.org/10.1016/j.ctcp.2019.101071
https://doi.org/10.3109/15412555.2012.701678
https://doi.org/10.3310/hta19750
https://doi.org/10.1136/thoraxjnl-2012-202374
https://doi.org/10.1136/bmj.g445
https://doi.org/10.1016/j.clinthera.2014.10.007
https://doi.org/10.1586/17476348.2014.957186
https://doi.org/10.1002/14651858.CD007354.pub3
https://doi.org/10.1054/jcaf.2000.19222
https://doi.org/10.1067/mhl.2001.114180
https://doi.org/10.1146/annurev.clinpsy.3.022806.091444
https://doi.org/10.31887/DCNS.2007.9.1/ammoeller
https://doi.org/10.1097/PSY.0000000000000174
https://doi.org/10.1016/j.jacc.2010.03.068
https://doi.org/10.4088/JCP.13m08508
https://doi.org/10.1016/j.amjmed.2017.09.002
https://doi.org/10.4172/Neuropsychiatry.1000370
https://doi.org/10.1186/s12904-019-0508-4
https://doi.org/10.1089/jpm.2014.9427
https://doi.org/10.1037/hea0000271
https://doi.org/10.1007/s11606-006-0044-9
https://doi.org/10.1207/s15324796abm2803_6
https://doi.org/10.1016/j.ijcard.2013.10.003
https://doi.org/10.1177/0146167207301008
https://doi.org/10.1007/s10943-017-0384-2
https://doi.org/10.1007/s10943-018-0698-8
https://doi.org/10.1007/s10943-018-00757-8
https://doi.org/10.1007/s10943-018-0727-7
https://doi.org/10.1016/j.jpainsymman.2006.12.009
https://doi.org/10.1017/S1478951512000065
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


https://doi.org/10.1191/0269216304pm837oa
https://doi.org/10.1037/0278-6133.19.3.211
https://doi.org/10.1093/geronb/gby098
https://doi.org/10.2307/1386392
https://doi.org/10.1207/s15327582ijpr0801_7
https://doi.org/10.1007/s10943-013-9724-z
https://doi.org/10.1089/jwh.2019.7837
https://doi.org/10.1007/s10943-008-9202-1
https://doi.org/10.1177/0269216313488812
https://doi.org/10.1016/S0022-3999(01)00279-3
https://doi.org/10.1177/0269216315625857
https://doi.org/10.1007/s00520-019-05155-8
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://doi.org/10.3389/fcvm.2021.611055
http://crossmark.crossref.org/dialog/?doi=10.3389/fcvm.2021.611055&domain=pdf&date_stamp=2021-02-25
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles
https://creativecommons.org/licenses/by/4.0/
mailto:tokmarton@gmail.com
mailto:merkely.study@gmail.com
https://doi.org/10.3389/fcvm.2021.611055
https://www.frontiersin.org/articles/10.3389/fcvm.2021.611055/full


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Tokodi et al. Sex Differences in CRT Patients

most probably due to the lower rate of atrial fibrillation compared
to men (43, 44). This could also contribute to the observed
differences in mortality between sexes as even a small increment
in the biventricular pacing rate may improve outcomes (45).

Although there are still many open questions, it is clear that
multiple intercorrelated factors contribute to this phenomenon.
Therefore, during the search for answers, ML-based approaches
may come in handy, as they are particularly helpful in
uncovering hidden patterns in large datasets by simultaneously
interpreting predictors even in the presence of complex, non-
linear interactions.

Sex-Specific Patterns in Mortality
Predictors
Given the sex-related differences in the anatomy and physiology
of the cardiovascular system, encountering dissimilarities in the
importance of prognostic predictors between males and females
is to be expected in CRT patients. Nevertheless, there is only
a limited number of publications dedicated to the thorough
exploration of this topic. To the best of our knowledge, our
study is the first that evaluated the sex-related differences and
similarities in mortality predictors of CRT patients using ML. In
our analysis, we observed significant variations in the importance
of several predictors such as HF etiology, NYHA functional class,
LVEF, and AF between sexes, to name a few.

Utilizing the tools of conventional statistics, the sex-specific
prognostic value of HF etiology has been previously investigated
in large cohorts of HFrEF patients. In the MAGGIC meta-
analysis, the ischemic etiology appeared to attenuate the
protective effect of female sex on prognosis (46). In addition,
ischemic cardiomyopathy and the extent of myocardial scar were
found to be significant predictors of mortality in females but not
in males among CRT patients (30). In line with this evidence, the
paramount importance of HF etiology in women was proved in
our study as well.

When analyzing the interaction between sex and different
covariates in the prediction of survival after CRT implantation,
Beela et al. reported that NYHA class was a significant predictor
in males only (30). Moreover, among HFrEF patients, NYHA
class had a more prominent prognostic value in men than in
women (3). Contrary to these findings, a stronger association of
NYHA functional class with outcomes was observed in females
in our current analysis and the BEST trial as well (47).

Another well-established prognostic factor is LVEF, whose
interaction with sex in the prediction of all-cause death has
been demonstrated in CRT patients (30). Complementing these
findings and the results of the BEST trial (47), we have also
demonstrated that LVEF is a stronger predictor of prognosis in
women than in men.

In HFrEF patients, most studies agree on the prognostic value
of AF; however, there is some inconsistency regarding its exact
role as some investigations attribute more prognostic impact
to AF in females (47), whereas others observed comparable
predictive power inmales and females (3, 30). Our results support
the former as we found AF to have a more prominent effect on
outcomes in females.

According to our analysis, the prognostic relevance of
hyponatremia and renal function should also be emphasized in
CRT patients. Our results are in accordance with the findings
of Zusterzeel et al., who reported that despite being significant
determinants in both sexes, serum creatinine and hyponatremia
appeared to be stronger predictors in women than in men (34).

Lately, the interplay between sex and diabetes in HFrEF
patients has attracted increased attention among researchers.
Confirming the findings of the MAGGIC (46), the recently
published analysis of the ASIAN-HF registry demonstrated that
diabetes is coupled with a greater risk of adverse outcomes in
women than in men (48). In contrast, diabetes was associated
with a higher risk of all-cause death or HF hospitalization in
males in the Swedish HF Registry (3), and it was proven to
be a significant predictor only in men in the BEST trial (47).
Interestingly, in our study, diabetes was not ranked among the
top five predictors in any of the analyzed patient subsets, and
we detected inter-sex differences in its importance only at 3-
year follow-up.

Some of our findings coincide with those of previous studies,
whereas some others may not. These apparent discrepancies
might be partly attributable to the fact that most studies
applied Cox proportional hazards regression, whereas we utilized
an entirely different methodology that captures other aspects
of associations between risk factors and outcomes. Although
the exact reasons behind these contradicting results should
be clarified in further investigations, our findings underscore
the necessity of sex-specific approaches in the management of
HFrEF patients.

Limitations
Despite the highlighted advantages, there are a few limitations
to be acknowledged. First, our study represents results from
a single center. As we were aware of this limitation, we
performed hyperparameter tuning with 10-fold cross-validation
in the training cohorts, and we also tested our models in
statistically independent test cohorts to enhance generalizability.
Nonetheless, as the next step, the robustness of our models
should be tested in external populations as well. Second, the
utilized database bears the inherent limitations of retrospective
data collection, such as the higher proportion of missing data
(compared to prospective trials) and the heterogeneity partly
attributable to the changes in guideline recommendations
over the years. However, the use of such real-world data holds
the potential for better generalizability. Third, our models
use baseline (pre-implant and procedural) variables without
incorporating the time-varying values of these parameters.
Although a dynamic model integrating values of the same
parameter from multiple time points may be superior, in the
present study, we aimed to predict 1- and 3-year mortality using
clinical data that could be acquired at device implantation.
Finally, there may remain additional domains of variables
(e.g., imaging data, novel biomarkers, genetics, or quality of
life questionnaires) that could further improve the predictive
capability of our models. Future work should explore the
addition of such features to enhance the models proposed in the
present study.
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CONCLUSIONS

Using advanced ML techniques in combination with easily
obtainable clinical features, our models effectively predicted
1- and 3-year all-cause mortality in patients undergoing CRT
implantation. ML also exhibited good discriminative ability
in patient subsets containing males or females exclusively.
Moreover, sex-specific patterns of mortality predictors were
identified, which also changed over time. These models lay the
foundation stone for future testing of their clinical utility as
decision support tools to optimize candidate selection and to
improve the prognostication of CRT patients.
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Biological differences between males and females change the course of different

diseases and affect therapeutic measures’ responses. Heart failure is not an exception

to these differences. Women account for a minority of patients on the waiting list for

heart transplantation or other advanced heart failure therapies. The reason for this under-

representation is unknown. Men have a worse cardiovascular risk profile and suffer

more often from ischemic heart disease. Conversely, transplanted women are younger

and more frequently have non-ischemic cardiac disorders. Women’s poorer survival on

the waiting list for heart transplantation has been previously described, but this trend

has been corrected in recent years. The use of ventricular assist devices in women is

progressively increasing, with comparable results than in men. The indication rate for a

heart transplant in women (number of women on the waiting list for millions of habitants)

has remained unchanged over the past 25 years. Long-term results of heart transplants

are equal for both men and women. We have analyzed the data of a national registry of

heart transplant patients to look for possible future directions for a more in-depth study

of sex differences in this area. We have analyzed 1-year outcomes of heart transplant

recipients. We found similar results in men and women and no sex-related interactions

with any of the factors related to survival or differences in death causes between men

and women. We should keep trying to approach sex differences in prospective studies to

confirm if they deserve a different approach, which is not supported by current evidence.

Keywords: gender, female, heart transplantation, outcome, women, advanced heart failure, ventricular assist

device
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INTRODUCTION

There is a growing interest in sex-related differences in several
clinical scenarios. Men and women differ in body composition
and physiology; they present differences in pharmacokinetics
and pharmacodynamics; and they may also respond differently
to cardiovascular drugs. Women are underrepresented in most
clinical trials, and real-life data have shown that they are less often
treated with evidence-based therapies and experience adverse
drug reactions more often (1). The reason for these differences
between men and women is beyond the scope of the present
study. Still, a better knowledge of these sex-related differences
may be helpful to improve patient care.

Most heart failure (HF) patients are female. Women have
a different clinical profile than men (2); they develop end-
stage HF at an older age, have a higher prevalence of HF with
preserved ejection fraction and a lower prevalence of ischemic
heart disease (IHD) (3–5). HF prognosis seems to be better in
women with a lower rate of premature death than men (4).
Moreover, in HF with reduced ejection fraction, women seem
to have a better response to treatment, with a more favorable
reverse remodeling regardless of the cause and severity of the left
ventricle systolic dysfunction (5). In the field of advanced HF, the
underrepresentation of women among heart transplant (HT) or
ventricular assist devices (VAD) recipients has been attributed to
selection and referral bias and potentially poorer outcomes for
these therapies. However, whether the described better outcomes
in women with HF may also explain this under-representation in
advanced heart failure stages has not been explored.

The majority of the studies in the field of heart transplantation
(HT) are focused on donor-recipient mismatch (6–8). However,
sex-related differences in patients on the waiting list for an HT or
ventricular assist device and long term survival after an HT have
been addressed recently. We aim to review those topics and look
for sex-related differences in 1-year outcomes after an HT in an
extensive nationwide registry to elucidate possible gaps that may
need further investigation in the future.

MATERIALS AND METHODS

Data Source
The Spanish Heart Transplant Registry is a prospective database
promoted by the Heart Failure Working Group of the Spanish
Society of Cardiology, containing detailed clinical information
about all HT procedures performed in our country from 1984 to
the present. The registry is updated yearly with data supplied by
all transplant centers in the country (9). The Ethics Committees
of all participating centers have approved the Spanish Heart
Transplantation Registry for investigational purposes.

For the present study, we included all patients aged ≥18
years who underwent an HT in Spain from January 1, 2005
to December 31, 2019. Vital status at the end of follow-
up and cause of death (when applicable) was known for all
participants. The cause of death was locally adjudicated in each

Abbreviations: DCM, Dilated cardiomyopathy; HF, Heart Failure; HT, Heart

transplant; IHD, ischemic heart disease; VAD, Ventricular assist device.

participating center. We excluded recipients of a second HT and
multiorgan recipients.

Missing Data
Missing data (Supplementary Table 1) were handled by multiple
imputations using the wholly conditional specification method,
generating 10 imputed datasets using all applicable adjustment
variables and the outcome variable as predictors. The average of
the 10 imputed data sets was used for analysis. For imputation,
categorical and continuous variables were modeled using logistic
regression and linear regression, respectively.

Statistical Analysis
Quantitative variables were summarized as median (interquartile
range), and the Mann-Whitney U-test assessed between-
sex differences. Categorical variables were summarized as
percentages, with Chi-squared or Fisher’s exact tests, as
appropriate, for between-sex comparisons.

The primary outcome was 1-year all-cause mortality
or re-transplantation. The associations between baseline
population characteristics and outcome were fitted by the
use of Cox proportional hazards regression. Multivariable
adjustment included the recipient’s sex and those variables
with a significance level <0.10 in the univariable analysis. To
further explore possible differences between men and women,
additional multivariable models were considered to include the
interaction between the recipient sex and each variable that

reached statistical significance in the final multivariable analysis.
All statistical tests were 2-sided, and a p-value <0.05 was

considered significant. All analyses were performed using the
SPSS 25.0 (SPSS Inc., Chicago, IL).

RESULTS

A total of 3,616 HT procedures were performed in 16 HT
centers during the study period. We identified 869 female
recipients (24%). Sex-stratified baseline characteristics of the
study population are shown in Table 1.

Women were significantly younger, and had a lower body
mass index and predicted heart mass than men. They also
presented with history of neoplastic disease more often.

Men had a poorer cardiovascular risk profile assessed as
a higher prevalence of hypertension and diabetes, and triple
the prevalence of peripheral artery disease. They also had two
times the prevalence of chronic obstructive pulmonary disease.
Men had undergone previous cardiac surgery more frequently
than women.

HT indication was mainly due to IHD in men. Conversely,
in women, HT’s leading cause was dilated cardiomyopathy
(DCM), followed by other etiologies (valvular heart disease,
congenital heart disease, hypertrophic cardiomyopathy,
restrictive cardiomyopathy, and myocarditis).

Urgent HT and mechanical circulatory support (VAD and
intra-aortic balloon pump) were more frequent in men.
Abnormal bilirubin levels and active infection at the moment of
HT were also more frequent in men.
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TABLE 1 | Characteristics of the study cohort stratified by gender.

Female Male P-value

(n = 869) (n = 2,747)

Recipient

Age (years) 54.0 (43.0, 61.0) 57.0 (49.0, 63.0) <0.001

Etiology (%) <0.001

Dilated 38.7 36.4

Ischemic 22.8 45.0

Others 38.6 18.6

Predicted heart mass (g) 126.8 (118.1, 138.2) 176.0 (164.5, 189.2) <0.001

Body mass index (Kg/m2) 24.0 (21.3, 27.6) 25.5 (23.4, 28.2) <0.001

Diabetes (%) 12.1 23.3 <0.001

Hypertension (%) 23.2 38.9 <0.001

COPD (%) 6.1 12.2 < 0.001

Peripheral vascular disease (%) 2.6 7.8 <0.001

Pretransplant malignancy (%) 8.5 4.1 <0.001

GFR (ml/min/1.73 m2) 71.1 (51.4, 95.0) 71.3 (52.8, 94.5) 0.64

GFR < 45 mL/min/1.73 m2 17.6 15.0 0.08

CMV serology positive 82.3 80.0 0.15

Bilirubin >2 mg/dL 15.3 18.9 0.02

Pulmonary vascular resistance (WU) 2.0 (1.3, 2.9) 2.0 (1.3, 2.8) 0.42

Pre-transplant cardiac surgery (%) 25.3 29.2 0.03

Pre-transplant infection (%) 10.4 14.8 0.001

Pre-transplant mechanical ventilation (%) 15.5 14.4 0.44

Pre-transplant circulatory support (%) 0.002

None 71.1 65.6

IABP 11.1 13.0

ECMO 8.1 7.3

VAD 9.7 14.1

Recipient location (%) 0.08

Home 56.0 52.5

Hospital ward 11.4 10.7

Intensive care unit 32.6 36.8

Surgical procedure

Urgent transplant (%) 33.8 37.9 0.03

Cold ischemic time (min) 210.0 (153.3, 240.0) 205.0 (155.0, 245.0) 0.94

Surgical technique (bicaval) (%) 61.0 64.3 0.08

Transplant era 0.34

2005–2009 31.4 33.7

2010–2014 30.1 30.3

2015–2019 38.4 36.0

Donor

Age (years) 45.0 (34.0, 53.0) 44.0 (32.0, 52.0) 0.11

Gender (female) 57.3 28.7 <0.001

Predicted heart mass (g) 139.3 (129.0, 152.0) 184.0 (169.5, 199.0) <0.001

Body mass index (Kg/m2) 24.4 (22.5, 26.7) 26.0 (24.0, 28.4) <0.001

CMV serology positive 74.4 72.3 0.25

Cause of death (%) 0.02

Trauma 24.2 29.0

CVD 49.3 46.7

Other 26.6 24.3

Donor/recipient interaction

Donor/recipient gender mismatch (%) 42.7 28.7 <0.001

(Continued)
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TABLE 1 | Continued

Female Male P-value

(n = 869) (n = 2,747)

Donor/recipient predicted heart mass ratio 1.09 (1.00, 1.12) 1.03 (0.96, 1.13) <0.001

Donor/recipient CMV serology mismatch (%) 34.9 36.2 0.81

Donor/recipient BMI ratio 1.00 (0.89, 1.16) 1.01 (0.91, 1.14) 0.31

COPD, Chronic Obstructive Pulmonary Disease; GFR, Glomerular Filtration Rate; CMV, cytomegalovirus; WU, wood units; IABP, Intraaortic balloon pump; ECMO, extracorporeal

membrane oxygenator; VAD, ventricular assist device; CVD, cerebrovascular disease.

Although women received grafts from female donors who had
a lower body mass index and predicted heart mass more often,
donor/recipient sex mismatch was more frequent. Consequently,
donor/recipient predicted heart mass ratio was higher.

Median follow-up was 1.01 years (interquartile range 0.71–
1.01). Results of the univariate and multivariate Cox regression
analysis are summarized in Table 2. Variables related to impaired
survival included recipient age, higher body mass index, diabetes
mellitus, bilirubin of >2 mg/dl, pre-HT infection, previous
cardiac surgery, need for mechanical ventilation at the moment
of HT, mechanical circulatory support at the time of HT, recipient
location in the Intensive Care Unit, urgent transplant, cold
ischemic time, female donor and donor/recipient sex mismatch,
and donor/recipient body mass index ratio. Higher glomerular
filtration rate, bicaval surgical technique, and HT in the recent
period (2015–2019) were related to a better outcome. After
multivariate analysis, body mass index and diabetes of the
recipient lost statistical significance as did any type of mechanical
circulatory support at the time of HT, recipient location at the
time of HT, urgent status, female donor, and donor-recipient
body mass index.

In the final model, variables independently related to reduced
survival were recipient age, history of previous cardiac surgery,
bilirubin of >2 mg/dl, pre-HT infection, need for mechanical
ventilation at the moment of HT, cold ischemic time, and
donor/recipient sex mismatch. Higher glomerular filtration rate,
bicaval surgical technique, and HT in the recent period (2015–
2019) were independently associated with a better prognosis.

Women and men had a similar 1-year survival (women 76.4
vs. 78.6% men p = 0.34) by adjusted Kaplan-Meier analysis
(Figure 1). We did not find any differences in the cause of death
between men and women (Figure 2).

We did not find any interaction between sex and variables
independently related to survival in the multivariate analysis
(Table 3).

DISCUSSION

Advanced heart failure affects 1–10% of the overall HF
population and implies a severe decline in patients’ quality of
life and survival. The Heart Failure Association of the European
Society of Cardiology has recently updated diagnostic criteria. It
focuses on patient referral to advanced HF centers and a proper
transition of patients to palliative care (10). Although there are

interesting HF registries to gather information about HF patients’
clinical parameters and characteristics and their therapies, the
advanced heart failure population is somehow challenging to
study and scarcely described in the literature. Gender differences
in HF patients have been previously described, but their clinical
implications remain unclear. A better knowledge of the sex-
related differences appears as a potential field of improvement
in the diagnosis, treatment, and likely prognosis of HF patients.
The more significant publications addressing sex differences
in advanced HF patients (waiting-list, HT, and VAD) are
summarized in Table 4.

Previous studies with a small sample of patients showed
a worse survival rate for women on the waiting list for HT
(19). Several analyses of the Scientific Registry of Transplant
Recipients of the United States of America have assessed the same
topic. Hsich et al. in 2014 analyzed sex differences in patients
listed for HT in 10 years (2000–2010) stratified by severity of
illness (1A, high risk; 1B, intermediate risk; and 2, low-risk
ambulatory patients) and adjusted by baseline characteristics.
Women accounted for 25% of the study population, and they
had a higher mortality rate than men in urgent status (1A) but
a lower mortality rate than men in an elective ambulatory setting
(status 2). No differences were observed in the intermediate-risk
status 1B (11). Women were younger and had a non-ischemic
cardiomyopathymore often, andmen had a worse cardiovascular
risk profile, and IHD was the leading cause for HF. The same
authors tried to confirm these sex differences in a more recent
period (2004–2015) and attempted to identify factors associated
with waiting-list mortality and transplantation timing. Although
similar differences in mortality were observed between 2004 and
2008 (higher mortality in woman in status 1A and 1B and lower
in status 2), in the most recent years, some of them were solved,
and women had a similar survival in urgent status (1A) and
elective status (2). They also identified many sex interactions
for death and HT that varied with prioritization on the waiting
list that should be addressed as a new field to understand these
differences between men and women (12). Improvements in the
risk of death or deterioration in women waiting for HT have also
been observed in other studies (20).

There is also available information about sex-related
differences in VAD therapy. As expected, baseline characteristics
and underlying comorbidities and etiologies differed between
men and women as it has been described for studies of patients
on the HT waiting list. An analysis of the European Registry
for Patients with Mechanical Circulatory Support showed that
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TABLE 2 | Uni- and multivariate Cox regression analysis of 1-y survival.

Univariate Multivariate

HR CI (95%) P-value HR CI (95%) P-value

Recipient

Female gender 1.11 0.94–1.30 0.21 1.15 0.97–1.36 0.10

Age (years) 1.01 1.01–1.02 <0.001 1.01 1.00–1.02 0.005

Predicted heart mass (g) 1.00 1.00–1.00 0.59

Body mass index (Kg/m2) 1.02 1.00–1.04 0.02 1.01 0.97–1.03 0.68

Etiology

Dilated 1

Ischemic 1.11 0.94–1.30 0.22

Other 1.16 0.97–1.40 0.11

Diabetes 1.18 1.00–1.40 0.05 1.11 0.93–1.33 0.23

Hypertension 1.13 0.98–1.32 0.10

COPD 1.09 0.87–1.36 0.48

PVD 1.20 0.92–1.56 0.18

GFR (mL/min/1.73 m2 ) 0.99 0.99–0.99 <0.001 0.99 0.99–1.00 <0.001

CMV serology positive 1.10 0.92–1.33 0.29

Bilirubin >2 mg/dL 1.49 1.25–1.78 <0.001 1.35 1.13–1.61 0.001

PVR (Wood U.) 1.05 1.00–1.11 0.08 1.02 0.97–1.08 0.42

Pre-transplant infection 1.60 1.34–1.92 <0.001 1.34 1.10–1.63 0.004

Pre-transplant cardiac surgery 1.32 1.14–1.53 <0.001 1.22 1.04–1.43 0.02

Mechanical ventilation 2.00 1.70–2.37 <0.001 1.64 1.32–2.05 <0.001

Pre-transplant circulatory support

None 1 1

IABP 1.45 1.18–1.77 <0.001 1.10 0.88–1.37 0.41

ECMO 1.69 1.34–2.15 <0.001 1.20 0.89–1.63 0.23

VAD 1.39 1.14–1.71 0.001 1.21 0.94–1.57 0.15

Recipient locationa

Home 1

Hospital ward 1.15 0.90–1.46 0.27

Intensive care unit 1.57 1.35–1.82 <0.001

Pre-transplant malignancy (%) 1.19 0.89–1.61 0.24

Surgical procedure

Urgent transplant 1.51 1.31–1.74 <0.001

Cold ischemic time (min) 1.00 1.00–1.00 <0.001 1.00 1.00–1.00 <0.001

Surgical technique (bicaval) (%) 0.78 0.68–0.90 0.001 0.85 0.73–0.99 0.03

Transplant era

2005–2009 1 1

2010–2014 0.90 0.76–1.07 0.24 0.91 0.77–1.09 0.30

2015–2019 0.72 0.61–0.86 <0.001 0.70 0.58–0.85 <0.001

Donor

Age (years) 1.00 1.00–1.01 0.22

Gender femalea 1.20 1.07–1.34 0.001

Predicted heart mass (g) 1.00 1.00–1.00 0.33

Body mass index (Kg/m2) 0.99 0.98–1.01 0.50

Cause of death

Trauma 1

CVD 0.95 0.81–1.13 0.56

Other 1.00 0.83–1.21 0.99

CMV serology positive 0.88 0.75–1.04 0.12

Donor/recipient interaction

(Continued)
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TABLE 2 | Continued

Univariate Multivariate

HR CI (95%) P-value HR CI (95%) P-value

Donor/recipient gender mismatch 1.16 1.00–1.34 0.049 1.22 1.05–1.42 0.01

Recipient/Donor CMV mismatch

No 1

Donor (−)/recipient (+) 1.14 0.96–1.37 0.14

Donor (+)/recipient (−) 0.91 0.73–1.15 0.43

Donor/recipient predicted heart mass ratio 0.92 0.55–1.54 0.75

Donor/recipient body mass index ratio 0.65 0.45–0.95 0.02 0.80 0.50–1.28 0.35

HR, Hazard ratio; CI, Confidence interval; COPD, Chronic obstructive pulmonary disease; CVD, cerebrovascular disease; ECMO, extracorporeal membrane oxygenator; GFR, glomerular

filtration rate; IABP, intra-aortic balloon pump; PVD, peripheral vascular disease; PVR, pulmonary vascular resistance; VAD, ventricular assist device.
aUrgent transplant, recipient location, and donor sex were not included in the multivariate model due to collinearity with Pre-transplant Circulatory Support and recipient and donor sex.

FIGURE 1 | Adjusted 1-year survival curves according to recipient sex.

only 15% of patients receiving a VAD were women. HT rates
were similar for men and women. However, women were at a
more advanced stage at the moment of implantation, presented
a higher rate of significant bleeding, arrhythmias, and right

ventricular failure, and had a worse prognosis than men (13).
Two studies in the United States of America also showed a
lower use of VAD in women, although slightly higher than in
the European Registry (21–23%). This higher percentage of
women undergoing a VAD implantation might be explained
by the inclusion of patients listed in a more recent time-lapse.
Increasing use of VAD therapy in women throughout the
observation period is described. Both American registries
represent conflicting results on survival. The former is focused
on in-hospital survival and showed similar survival for men
and women (15). The latter evaluated more extended follow-up
periods and described lower HT rates and a lower survival in
women (14). In both registries, women presented with a more

severe HF, but a similar adverse event rate. Those differences
in outcomes may reflect different follow-up times and, thus,
different rates of adverse events in men and women after
perioperative period.

Several factors might play a role in sex-related differences
in HT outcomes: the higher frequency of anti-HLA antibodies
detection in women, differences in predicted heart mass as a
critical factor in donor-recipient matching, and variability in
clinical presentation men and women (21, 22). The New Heart
study was the first one to address this topic. They found a similar
survival for HT in women, who represented 28% of the analyzed
population. Conversely, women were younger and developed
graft rejection and needed hospitalization more often than men
(16). An analysis of the International Society of Heart and Lung
Transplantation Registry, in which 23.7% of included patients
were women, also showed similar survival rates after adjusting by
recipient and donor risk scores but suggested a higher mortality

Frontiers in Cardiovascular Medicine | www.frontiersin.org 6 February 2021 | Volume 8 | Article 63011367

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


García-Cosío et al. Gender and Advanced Heart Therapies

FIGURE 2 | Causes of death segregated by sex. Data are expressed as count (percentage in the y-axis). Chi-square = 6.075; P = 0.41.

TABLE 3 | Analysis of interactions between recipient gender and significant variables in multivariate analysis.

Variable Recipient female gender Interaction

recipient sex * variable

HR CI (95%) P-value HR CI (95%) P-value

Recipient age 0.83 0.36–1.90 0.66 1.01 0.99–1.02 0.46

GFR (mL/min/1.73 m2 ) 1.01 0.64–1.60 0.95 1.00 0.99–1.01 0.64

Bilirubin >2 mg/dL 1.08 0.89–1.30 0.43 1.21 0.81–1.79 0.35

Pre-transplant infection 1.07 0.89–1.28 0.49 1.34 0.89–2.04 0.17

Pre-transplant cardiac surgery 1.08 0.88–1.31 0.47 1.14 0.81–1.61 0.46

Mechanical ventilation 1.11 0.92–1.34 0.30 1.06 0.73–1.54 0.76

Bicaval surgical technique 1.22 0.95–1.55 0.12 0.87 0.62–1.20 0.39

Cold ischemic time 0.81 0.46–1.44 0.47 1.00 1.00–1.00 0.24

Transplant era 1.04 0.79–1.37 0.76

2010–2014 1.20 0.81–1.77 0.37

2015–2019 1.05 0.70–1.56 0.81

Donor/Recipient gender mismatch 1.11 0.89–1.38 0.35 1.03 0.74–1.43 0.88

GFR, glomerular filtration rate.
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TABLE 4 | Summary of recent publications addressing gender differences in patients on the waiting for a heart transplant, receiving a long term ventricular assist device,

or heart transplant recipients.

Publication Population Period Analysis Conclusions

Hsich et al. (11) 28852 PWL

24% women

(SRTR)

2000–2010 Propensity Score

Long term survival

Women higher risk in urgent status

Similar results in intermediate status in men and women

Men higher risk in elective status

Hsich et al. (12) 33069 PWL

25% women

(SRTR)

2004–2015 3 year survival

Random survival forest

Higher risk in urgent and intermediate status in women,

similar in recent period

Higher risk in elective status in men

Multiple interactions between sex in different status

Magnussen et al. (13) 966 VAD (75% BTT)

15% women

(EUROMACS)

2011–2014 1–2-year survival Similar HT rates

Women worse survival

Women sicker at implant

Women higher major bleeding, arrhythmias, and RV failure

DeFilippis et al. (14) 13305 VAD

20.8% women

(UNOS)

2008–2018 Propensity Score

1-2-year survival

Increase in VAD use among decade (lower in women)

Women sicker at implant, similar complications

Women lower HT rate and survival

Ahmed et al. (15) 3511 VAD

23.3% women

(NIS)

2009–2014 Propensity Score

In hospital survival

Similar survival

Similar complications

VAD in females have doubled lately

Hickey et al. (16) 345 HT

28% women

NEW HEART study

2011–2015 1-year survival Similar survival

Women younger

Women more rejection episodes and hospitalizations

Moayedi et al. (17) 34198 HT

23.7% women

(ISHLTR)

2004–2014 Propensity Score

Adjusted IMPACT / DRI

Long-term survival

Similar survival

Lowest survival in undersized donors

Women higher mortality in regular sized donors

García-Cosío et al. (18) 6740 HT

20.6% women

(SHTR)

1997–2017 Temporal trends

Transplant rate pmh

Long term survival

Similar survival

Similar HT pmh in women among 25 years (lower in men)

Women died due to rejection and primary graft failure

Men died due to malignancies

Current series 3616 HT

24% women

(SHTR)

2005–2019 1-year survival Similar survival

PWL, Patients on the waiting list; SRTR, USA Scientific Registry of Transplant Recipients; VAD, long term ventricular assist device; BTT, bridge to transplantation; EUROMACS, European

Registry for Patients with Mechanical Circulatory Support; HT, Heart transplant; RV, right ventricle; UNOS, United Network for Organ Sharing; NIS, USA National Inpatient Database;

ISHLTR, International Society of Heart and Lung Transplantation Registry; IMPACT, Index for Mortality Prediction After Cardiac Transplantation score; DRI, Donor Risk Index; SHTR,

Spanish Heart Transplant Registry; Pmh, per million habitants.

rate to women who received a graft of a regular-sized donor
(17). Our previous work analyzing the Spanish Heart Transplant
Registry results over the last 25 years showed a similar survival
and similar HT rate in women per million habitants. Causes of
death differed between men, mainly due to neoplastic diseases,
and women, mainly due to primary graft failure and rejection
(18). All the described studies show a comparable pattern of
baseline characteristics and underlying heart disease.

Our study aims to describe sex-related differences in 1-year
outcomes after an HT in a contemporary cohort. Given that
previous studies showed sex-related differences in higher-risk
recipients, we sought to analyze 1-year HT results as they may
be affected considerably by perioperative factors like the patient’s
clinical situation on the waiting list or the etiology of HF.

We did not find differences in the recipient’s location
(outpatient or hospitalized) at the time of HT. The need for
circulatory support at the moment of HT was more frequent
in men (mainly VAD), but it was not associated with different
outcomes. VADs were used in a low percentage of HT candidates
in our cohort. Given that VAD therapy may have different

results in men and women, we cannot extrapolate our results to
other populations with a higher VAD use. Urgent HT was more
frequent in men, but it was not associated with higher mortality
after multivariate analysis. We cannot determine whether this
difference is influenced by a higher delisting rate of women due
to clinical deterioration before HT or different use of therapies
that determine urgent status in our country (i.e., intra-aortic
balloon pump until 2015, extracorporeal membrane oxygenator,
or VAD).

To conclude, despite sex-related differences in the clinical
profile and the donor-recipient matching, 1-year outcomes are
comparable. We did not find differences in the cause of death,
and we did not find any interactions between sex and factors
significantly associated with differences in survival.

LIMITATIONS

Our analysis of 1-year outcomes after HT has some limitations
that must be acknowledged. The main limitation is the lack of
information about patients included on the waiting list for HT
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TABLE 1 | Basal characteristics.

Women 575 Men 716 p

Age (years) 75 ± 12 72 ± 12 0.0001

Previous admissions, n (%) 259 (45%) 315 (44%) 0.7

Days admitted at hospital 8.3 ± 6.4 8.7 ± 6.1 0.3

Underlying heart disease, n (%)

Ischemic heart disease 149 (26%) 315 (44%) 0.0001

Non-ischemic

cardiomyopathy

52 (9%) 158 (22%) 0.0001

Valve disease 190 (33%) 129 (18%) 0.0001

Congenital heart disease 23 (4%) 7 (1%) 0.0001

Hypertension 132 (23%) 93 (13%) 0.0001

Others 29 (5%) 14 (2%) 0.004

Previous heart surgery, n (%) 115 (20%) 158 (22%) 0.4

Hypertension, n (%) 460 (80%) 544 (76%) 0.08

Dyslipidemia, n (%) 270 (47%) 390 (54%) 0.007

Diabetes mellitus, n (%) 253 (44%) 337 (47%) 0.3

Smoker*, n (%) 75 (13%) 365 (51%) 0.0001

Alcohol#, n (%) 6 (1%) 64 (9%) 0.0001

Coronary disease 155 (27%) 322 (45%) 0.0001

COPD, n (%) 58 (10%) 229 (32%) 0.0001

Obesity (BMI > 30), n (%) 63 (11%) 100 (14%) 0.1

Hypothyroidism, n (%) 86 (15%) 50 (7%) 0.0001

Atrial fibrilation, n (%) 374 (65%) 387 (54%) 0.0001

NYHA previous to admission, n (%)

I 12 (2%) 57 (8%) 0.0001

II 396 (69%) 466 (65%) 0.2

III 155 (27%) 179 (25%) 0.4

IV 12 (2%) 14 (2%) 0.9

SBP (mmHg) 137 ± 25 134 ± 24 0.03

DBP (mmHg) 77 ± 27 78 ± 15 0.4

Heart rate (bpm) 82 ± 21 81 ± 19 0.4

CRT, n (%) 12 (2%) 50 (7%) 0.0001

ICD, n (%) 17 (3%) 100 (14%) 0.0001

LVEF ≥ 50% 374 (65%) 251 (35%) 0.0001

LVEF < 40% 201 (35%) 465 (65%) 0.0001

Drugs, n (%)

Antiplatelets 173 (30%) 308 (43%) 0.0001

Anticoagulant 242 (42%) 272 (38%) 0.1

ACEI/ARB/ARNI 391 (68%) 559 (78%) 0.0001

Beta-blockers 345 (60%) 422 (59%) 0.7

Ivabradine 17 (3%) 50 (7%) 0.001

Diuretics 437 (76%) 437 (61%) 0.0001

MRA 184 (32%) 243 (34%) 0.5

Thiazides 75 (13%) 107 (15%) 0.3

Tolvaptan 23 (4%) 14 (2%) 0.03

Nitrates 35 (6%) 86 (12%) 0.0001

Acetazolamide 12 (2%) 14 (2%) 0.9

Digoxin 46 (8%) 43 (6%) 0.2

Antidiabetics (no iSGLT2) 115 (20%) 236 (33%) 0.0001

SGLTi2 12 (2%) 100 (14%) 0.0001

Potassium supplements 115 (20%) 86 (12%) 0.0001

(Continued)

TABLE 1 | Continued

Women 575 Men 716 p

Blood analysis

Creatinine 1.3 ± 1.1 1.5 ± 1.0 0.001

Sodium 137 ± 4.8 138 ± 4.4 0.2

Potassium 4.4 ± 0.7 4.4 ± 0.6 0.05

NT-ProBNP 8247 ± 6876 8805 ± 7810 0.2

CA125 117 ± 126 119 ± 136 0.2

Troponine T 140 ± 122 176 ± 101 0.0001

Hemoglobin 11.9 ± 1.8 12.4 ± 2.2 0.0001

Uric acid 8.0 ± 2.5 8.2 ± 2.4 0.1

*Current smoker < 10 years.
#Alcoholism < 1 year.

ACEI, Angiotensin-converting enzyme inhibitor; ARB, Angiotensin receptor blocker;

COPD, chronic obstructive pulmonary disease; CRT, Cardiac resynchronization therapy;

DBP, Diastolic blood pressure; ICD, implantable cardioverter defibrillator; iSGLT2, sodium–

glucose cotransporter 2 inhibitor; LVEF, Left ventricular ejection fraction; SBP, Sistolic

blood pressure.

comparison was performed using Cox regression (survival)
and binary logistic regression (readmissions) with death and
readmission as dependent variables. Independent variables were
those with a significance > 0.05 in the univariate analysis
using the intro method. Significance was set at p < 0.05. Data
were analyzed using SPSS (version 27) and Stata (version 16,
number 501606323439).

RESULTS

Clinical Characteristics
Univariate analysis showed significant differences when
comparing the clinical profile by sex. Differences were
conditioned by the different prevalence of underlying heart
disease. Therefore, ischemic heart disease was the etiology that
most frequently caused HF in men, while in women it was valve
disease and hypertension. This fact determines differences in the
history of cardiovascular risk factors, percentage of implantation
of devices and treatment administered (Table 1).

Analysis of Global Morbimortality
No differences were found in probability of survival among
patients admitted for decompensated HF, independently from
sex. The curves were superimposable (Figure 2). There were
differences in readmission rates at follow-up between males and
females (Figure 3).

Analysis of Morbimortality by Ejection

Fraction
No differences were found in probability of survival when
comparing gender by ejection fraction. Nevertheless, there is
an evident trend toward a higher probability of survival in
women with decompensated HF and reduced LVEF (Figure 4).
There were differences in readmission rate depending on ejection
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FIGURE 2 | Survival curves by sex. No significant differences were found in

probability of survival in patients admitted for decompensated HF by sex.

fraction. Thus, women are more frequently readmitted thanmen,
independently from presenting HFrEF or HFpEF (Figure 3).

Multivariate Analysis
Adjusted multivariate analysis showed no association between
sex and mortality. Age and creatinine were related to
mortality (Table 2). Adjusted probability of readmission
was independently associated to sex and age. LVEF did not
show sufficient statistical power to achieve a statistically
significant result.

DISCUSSION

Influence of sex in morbimortality of patients with HF has been

subject of debate in the last decade (11, 12). There is an unmet

need to assess whether sex differences in comorbidities related

to HF require specific management strategies. Differences by sex

in clinical profile and LVEF mean that comparison analysis do

not allow to extract a sufficiently reliable idea. Therefore, great
divergences on the influence of sex on morbimortality of HF are
observed in the scientific literature. This study aimed at analyzing
whether there were differences by sex in morbimortality in
admitted patients with decompensated HF, as well as at follow-
up, and whether LVEF was a predictive variable of death or
readmissions. Sex does not influence mortality. However, women
present a probability of readmission 37% higher with respect to
men. On the other hand, it has been stated that LVEF is not
independently associated to probability of death nor readmission
in patients with decompensated HF.

FIGURE 3 | Survival curve by sex and by left ventricular ejection fraction. No

differences were observed in probability of survival by sex and by LVEF.

Nevertheless, there was a trend for women with HFrEF to have a better

prognosis. HFrEF, Heart failure with reduced ejection fraction; HFpEF, Heart

failure with preserved ejection fraction.

Basal characteristics of both groups showed differences in
the clinical profile of both men and women. In our study,
women are older than men, as observed in previous literature,
since women tend to develop HF at an older age than men
(11, 13–16). Ischemic heart disease is the etiology that most
frequently causes HF in men, while in women it is valve
disease and hypertension (13, 14, 17, 18). This fact conditions
the differences in associated comorbidity and in the history of
cardiovascular risk factors: dyslipidemia, smoking, history of
alcohol consumption and chronic obstructive pulmonary disease
were more frequent in men, in accordance with previous studies
(14, 19, 20), whilst othe comorbidities related to HFpEF such
as atrial fibrillation and hypothyroidism were more frequent in
women. Nevertheless, in our study no greater presence of obesity
in females was found, as shown in previous literature (19–22).
HFpEF is more frequent in women and represents at least half
of the cases of HF in women (13, 17). No differences were found
in functional status (NYHA New York Heart Association) II to
IV, however, a lower percentage of asymptomatic women was
observed in our sample (NYHA I) (14). On the other hand, the
percentage of patients with pharmacological treatment for HF is
higher in men. Adherence to guidelines in diagnosis treatment
of HF is less strict in women than in men, which leads to
often insufficient pharmacological treatment with prognostic-
modifying drugs for the disease (23, 24). It should be taken
into account that this difference could be partially explained
by the higher frequency of ischemic heart disease in men, as
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FIGURE 4 | Left: readmission rate between men and women. Right: readmission rate between men and women by LVEF. HFrEF, Heart failure with reduced ejection

fraction; HFpEF, Heart failure with preserved ejection fraction.

well as a higher prevalence of HFrEF in men (25). The use
of diuretics is more frequent in women, most likely because
they are used in the symptomatic control of HF, and it is
known that women usually have more severe symptoms than
men (5). Women tend to have lower left ventricle end-diastolic
volumes at similar left ventricle end-diastolic pressures compared
to men. This fact suggests that diastolic dysfunction is an
explanation for the paradox of women having more frequent
HF symptoms despite frequently preserved left ventricle systolic
function (5). Thus, when comparing to men, women have
higher rates of dyspnea on exertion, difficulty exercising, and
congestion (26–28).Women are less frequently carriers of devices
related to HF, both implantable cardioverter defibrillator and
cardiac resynchronization therapy (9), despite the fact that
some studies have observed that women are more likely to
respond favorably to cardiac resynchronization therapy than
men (29–31).

One of the most questioned aspects of HF is whether women
have a better prognosis than men. Our results support the
hypothesis that the survival rate is similar in both sexes, since no
significant differences were found in the probability of survival
between patients admitted for decompensated HF. Likewise, the
adjusted multivariate analysis showed that there is no association
between sex and survival, whilst age and creatinine were the only
variables associated with mortality. These findings coincide with
those obtained in other Spanish registries. In the BADAPIC study
(Database of Patients with Heart Failure) (14), carried out mainly
in Spanish Departments of Cardiology, similar mortality rates
were found in both sexes. Conde-Martel et al. (21) reported, in
Departments of Internal Medicine, age-adjusted 1-year mortality
rates of 28 and 25% in hospitalized men and women with HF,
respectively. In the Olmsted population study, 5-year mortality
rates of 59 and 49% were found in outpatient men and women
(32, 33). On the other hand, other studies have shown higher
survival in women with HF compared to men, however, the

TABLE 2 | Multivariate analysis by sex.

HR IC95% p

Mortality

Sex 0.97 0.73–1.30 0,86

Age 1.02 1.01–1.03 0.001

Creatinine 1.32 1.17–1.49 0.0001

OR IC95% p

Readmission for HF

Sex (woman vs. man) 1.37 1.04–1.82 0.02

Age 1.01 1.00–1.02 0.05

LVEF 0.98 0.75–1.29 0.9

Adjusted- analysis to all significant variables in the univariate analysis.

LVEF, Left ventricular ejection fraction.

effect on sex survival varies according to the characteristics
of the cohort. In the I-PRESERVE study (34) in hospitalized
patients with preserved LVEF, women had a 20% lower risk
of death from cardiovascular and non-cardiovascular events.
The MAGGIC meta-analysis (35), with information of 41,949
patients, also showed higher survival for women, suggesting that
a lower prevalence of ischemic heart disease, arrhythmias, and
sympathetic activation, and better LVEF are protective factors
(22, 24).

In our study, no difference was found in the probability
of survival when sex was compared by LVEF. However, there
was an evident trend toward a higher probability of survival in
womenwith decompensatedHF and reduced LVEF. This finding,
not described in the previous literature, could be due to the
clinical profile of the included women, since in general women
with HFpEF associate a greater comorbidity, which frequently
determines the prognosis.
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It should be noted that readmissions are a growing concern
worldwide, since greatly increase the morbidity and mortality of
patients and increase the health expenditure of all health systems
globally (36). Current patterns of hospital readmission are often
associated with organizational factors, such as length of stay,
clinical factors, such as age and comorbidities, and factors such
as quality of care during admission (37–39). Some authors have
focused on sex differences in HF (11, 40–42), although to our best
knowledge no study has examined sex differences in relation to
readmission rates. Our study has shown significant differences
in readmission rate at follow-up between women and men, as
well as in the readmission rate depending on LVEF: women
are readmitted more frequently than men, independently from
having HFpEF or HFrEF. Similarly, the adjusted multivariate
analysis confirmed that the adjusted readmission probability was
independently associated to gender: the female sex multiplies the
readmission probability by 1.37 with respect to men. These data
are in line with the trend shown in previous studies (14, 43–46)
that observed although the mortality of women and men with
HF is similar, the readmission rate for HF is higher in women
in specialized HF clinics. These results may be associated with
previously described differences in pharmacological treatment.
A meta-analysis found more articles reporting that men with
HF had significantly higher readmission rates compared to
women (47). The effect of sex on readmission may depend on
the length of follow-up, with a longer duration of follow-up
favoring higher readmission rates among men. Thus, Hoang-
Kim et al. (47) reported that the readmission rate for men was
higher when the duration of follow-up was >1 year. In contrast,
women were more likely to experience higher readmission rates
than men when the time to event was <1 year. Consequently,
possibly future studies should consider different time horizons in
their designs.

One of the most important limitations of previous studies is
the lack of data regarding LVEF, data that have been included
in this analysis, given the differences by sex in the prevalence of
HFrEF vs. HFpEF. Differentiating the LVEF allows us to analyze
the effect of this relevant clinical variable in the evaluation of sex
differences in the treatment and prognosis of HF.

The limitations of this study are those related to the patient
databases However, this database is filled prospectively during

the admission of the patient, so clinical data have a very high
reliability. In addition, echocardiographic studies are performed
at each admission so that HF classification does not have a
temporal cadence with admission. On the other hand, the clinical
impact of this work is high as it is a study with a large number of
patients that demonstrates equality of sexes in terms of mortality,
but with a greater number of readmissions in women during
follow-up, independently from the type of HF.

CONCLUSIONS

Sex does not influence mid-term mortality in patients admitted
for decompensated HF. Nevertheless, probability of readmission
is higher in females independently from LVEF. Thus, it should be
considered whether health strategies may be different depending
on sex, and a more personalized and frequent healthcare may be
recommended in females.
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The influence of donor and recipient sex on prognosis after heart transplantation has

been analyzed in single, multi-center studies, and international registries. In most of

them, sex-mismatch was identified as a risk factor for the worst prognosis, especially

in men recipients of female heart. This could be attributed to physiological differences

between women and men, differences in complications rates after heart transplantation

(rejection, cardiovascular allograft vasculopathy, and primary graft failure), and pulmonary

hypertension of the recipient. Confounding variables as age, urgent transplantation, and

size-mismatch should also be considered. When allocating a graft, sex-mismatch should

be considered but its influence in long-term survival should be further explored.

Keywords: sex-mismatch, transplantation, prognosis, size-mismatch, rejection

INTRODUCTION

Heart failure (HF) is a clinical syndrome appearing in the final pathway of heart disease. It affects
1–2% of the adult population and it increases with age. The development of symptoms leads to
morbidity, mortality, and poor quality of life. It has a poor prognosis, and heart transplantation
(HT) is the treatment of choice in selected patients (1). When allocating a graft, donor, and
recipient characteristics should be considered (2). Among them, the influence of donor/recipient
sex-mismatch on prognosis has been broadly discussed. In this manuscript, we will address this
issue and will try to figure out the mechanisms underlying this relationship.

STATE OF THE ART: DONOR/RECIPIENT SEX-MISMATCH
INFLUENCE ON HEART TRANSPLANTATION PROGNOSIS

Influence on Early and Long-Term Survival
Initially, donor, and recipient sex influence on mortality were analyzed separately (3–9). After
heterogeneous results, the influence of donor/recipient sex-mismatch was analyzed. In 1998
two studies found an influence on early mortality (10) and worst annual survival (11), due
to lower survival in the female donor to male recipient (F/M) group, attributed to size-
mismatch. Later, several studies confirmed this relation. In 2011, a single-center study with
857 patients did not show worse survival of F/M group compared to male donor to female
recipient (M/F) group, although a trend in early mortality was suggested and better survival
in recipients without mismatched heart was shown (12). Other studies reported significantly
worst survival of F/M group in early stages after HT (13–15), while other authors related
sex-mismatch with mortality regardless of the recipient sex (10, 16–18). However, in Bello
et al. (16) sex matched pairing conferred a survival benefict, and M/F combination had
worst survival. On the contrary, others failed to relate sex-mismatch with poorer prognosis
(19–24). In this sense, De Santo et al. (19) found no differences in one and three-year
cumulative survival between sex-mismatch and sex-match patients in a cohort with 99 patients.
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Jalowiec et al. (20) found in a multicentric analysis of 347
patients no significant differences in early survival (30-days
and 1-year survival) between sex-mismatch and sex-matched
patients. Tsao et al. (21) and Yamani et al. (22) also did not
find differences in survival between 4 groups created according
to donor/recipient sex. In 2014, Correia et al. published the
results of the analysis of 200 male recipients in a Portuguese
center. They did not find higher mortality in sex-mismatch
group than in sex-matched group. The authors reported selection
bias, as recipients of mismatched hearts had lower pulmonary
gradient and lower systolic pulmonary pressure (24). The results
of the Spanish Heart Transplantation Registry published in 2014
included 4,625 patients and found an influence of sex-mismatch
on early mortality only in male recipients and mainly in those
with pulmonary gradient >13mmHg (25).

The results of the analysis of large registries, expected to be
more accurate and reliable, also reported heterogeneous results
(26–32). In 2002, Zeier et al. (29) found higher mortality of F/M
group analyzing the Collaborative Transplant Study database.
The United Network for Organ Sharing (UNOS) database
analysis published in 2009 (28) compared 4 groups, based on
the combination of donor and recipient sex, and showed a
lower survival at 5 years in the F/M group and greater survival
in the male to male (M/M) group. A later analysis of this
same database (31) found that survival differences associated
with sex-mismatch were modified by differences in predicted
heart mass (PHM) by a mathematical model. In a retrospective
analysis of 31,634 patients, the authors found that a difference
of 10 to 15% in PHM (undersized heart) between donor and
recipient resulted in higher risk. In fact, when adjusting by
PHM, they showed higher mortality in M/F group. The results
of the International Society for Heart and Lung Transplantation
(ISHLT) have also been analyzed several times (26, 30, 32). In
2012 (30) an increase in mortality in F/Mwas reported compared
to M/M, influenced by early mortality. Later, Kackmarek et al.
(26) analyzed 67,855 transplanted patients and found the worst
annual survival rates in F/M group. The most recent analysis
included 52,455 patients (32) and found that sex-mismatch
increased mortality independently of weight match. The results
of the University of Alabama – Cardiac Transplant Research
database (CTRD), previously published, had found an interaction
between sex, weight mismatch, and survival, especially in F/M.
However, these differences were not observed when the weight
mismatch was minimum (27).

A meta-analysis addressing sex-mismatch influence on one-
year survival has been recently published (33). After an initial
search, 556 articles were found, and 45 articles were selected
for full-text assessment. Finally, only 10 articles were included
for data extraction and quantitative synthesis. 76,175 patients
were analyzed. In male recipients, sex-mismatch was related with
increased one-year mortality (21.2 vs. 16.6%; OR = 1.38, 95%
CI 1.31–1.44, p < 0.001). On the contrary in female recipient
sex-mismatch was not a risk factor for one-year mortality (18.2
vs. 18.6%; OR = 0.93, 95% CI = 0.85–1.00, p = 0.06). The
main limitations of this meta-analysis are the strong influence
of the largest registry included in the results (26), the inability
to determine the real influence of confounding factors and to

determine the influence of early complications on long-term
survival. However, it is the first meta-analysis on this field with
studies of low bias, and the population included is representative
of the HT population.

Influence on Rejection
The influence of sex-mismatch on rejection is unclear.
Differences in the endocrine and immune system could
lead to different adaptations to sex-mismatched heart (34).
Women have a greater immune response (6, 35, 36) that leads to
higher levels of immunoglobulins and autoimmune diseases (37)
and are supposed to have higher rates of rejection (6–9, 38). In
1998, Prendergast et al. (11) found higher rates of acute rejection
in recipients with a sex-mismatched heart, as also did Aliabadi
et al. (23) in 2011. In 2012, Jalowiec et al. (20) reported higher
rejection rates in M/F as had been previously published (39) and
related lower survival to higher steroids requirements in the early
post-transplant period. Patel et al. (40) reported, in a group of
1,299 patients, higher antibody-mediated rejection in M/F, but a
recently published study found a higher risk in female recipients
regardless of sex-mismatch (41). On the contrary, Bryan et al.
(42) reported lower rejection rates in recipients of male hearts,
mainly due to lower rates of the M/M group compared to the
F/M group.

Influence on Cardiac Allograft
Vasculopathy
The influence of sex-mismatch on cardiac allograft vasculopathy
(CAV) has also been studied with heterogeneous results. A higher
risk of CAV in F/M group was reported in different studies
(38, 43). Whether these results were attributed to sex-mismatch,
female donor or male recipient is not clear (44–46). Other studies
showed this relationship regardless of the combination (23) or in
the F/F group (22). Eifert et al. (13) failed in 2012 to show this
relation. Immunological or size-mismatch could be the reason
underlying this association (38, 43).

Influence on Primary Graft Failure
Primary graft failure (PGF) is an impairment of the transplanted
heart that occurs in the first 24 h after transplantation (47). It is
the main cause of death in the early post-transplant period with
up to 22%mortality (48). In an analysis of the Spanish Registry of
Cardiac Transplantation (25) an increase in mortality in F/M in
the first 30 days was found, but PGF was related to female donors,
as previously noted (49) but not with sex-mismatch. However,
some studies found a relation of PGF with sex-mismatch in male
recipients (50–52), although Young et al. (51) found this was
particularly important when the size exceeded 30%.

In Table 1 we present a summary of the main studies that
show the influence of sex-mismatch on higher rates of mortality,
rejection, CAV, and PGF.

DISCUSSION

Different analysis on sex-mismatch influence on prognosis have
shown different results. Some of them found the worst survival
in F/M group (11–15, 25–29, 33), while others did not. How
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TABLE 1 | Summary of the main studies showing the influence of sex-mismatch on higher rates of mortality, rejection, cardiovascular allograft vasculopathy, and primary

graft failure.

Reference Type of study Number of patients Results

Sex-mismatch influences on survival

Al-Khaldi et al. (15) Single-center 869 - Recipient of female heart had worst survival (depending on

donor/recipient age).

Ayesta et al. (33) Meta-analysis 76,175 - Sex-mismatch affected 1-year survival in male recipients but not in

female recipients.

Bello et al. (16) Multicenter 3,316 - M/F was related with worst survival.

Eiffert et al. (13) Single-center 1,000 - Multivariate analysis showed that F/F was a long-term survival

predictor.

Kackzmarek et al. (26) Multicenter (ISHLT Registry) 67,855 - F/M worst long-term survival.

Kittleson et al. (12) Single-center 857 - Best survival in patients with sex-matched heart.

- 5-year actuarial survival worst in F/M.

Khush et al. (30) Multicenter (ISHLT Registry) 60,584 - F/M had higher risk of mortality.

Kirsch et al. (10) Single-center 234 - Influence of sex-mismatch on early mortality.

Martínez-Sellés et al.

(25)

Multicenter (Spanish Society of Cardiology

Registry)

4,625 - F/M had higher early mortality, especially in those recipients with

pulmonary gradient >13 mmHg.

Prendergast et al. (11) Single-center 174 - F/M had worst annual survival.

Reed et al. (31) Multicenter (UNOS Registry) 31,634 - M/F had worst 1 and 5-year survival.

Schelechta et al. (18) Multicenter 609 - Sex-mismatch recipients had worst 3 and 5-year survival.

Stehlik et al. (27) Multicenter (CTRD database) 7,321 - In F/M, older recipients and those higher size-mismatch had worst

survival.

Weiss et al. (28) Multicenter (UNOS Registry) 18,240 - F/M had worst 5-year survival

- Multivariate: higher mortality in F/M vs. M/M.

Welp et al. (14) Single-center 236 - F/M had worst survival.

Zeier et al. (29) Multicenter 25,432 - Worst actuarial survival in F/M.

Sex-mismatch influences on rejection rates

Aliabadi et al. (23) Single-center 1,079 - Mismatch recipients had higher rates of acute rejection.

Bryan et al. (42) Multicenter 279 - F/M vs. M/M had higher rates of rejection.

- Female donor was related with higher risk of rejection.

Jalowiec et al. (20) Multicenter 347 - M/F had higher rates of acute rejection.

Keogh et al. (39) Single-center 313 - M/F had higher rates of acute rejection the first 3-months.

Patel et al. (40) Single-center 1,299 - M/F had higher rates of antibody-mediated rejection.

Prendergast et al. (11) Single-center 174 - Mismatch recipients had higher rates of acute rejection.

Sex-mismatch influences on cardiovascular allograft vasculopathy rates

Aliabadi et al. (23) Single-center 1,079 - Mismatch recipients had higher rates of CAV

Mehra et al. (43) Single-center 36 - F/M was the combination with higher risk of CAV using intravascular

ultrasound.

Sharples et al. (38) Single-center 323 - F/M was the combination with higher risk of CAV.

Sex-mismatch influences on primary graft failure rates

Russo et al. (50) Multicenter (UNOS Registry) 16,716 - F/M was associated with higher risk of PGF.

Singh et al. (52) Multicenter 450 - F/M was associated with higher risk of PGF.

UNOS, United Network for Organ Sharing; CAV, Cardiac Allograft Vasculopathy; CTRD, Cardiac Transplant Research Database; F/F, female donor and female recipient group; F/M,

female donor and male recipient group; ISHLT, International Society for Heart and Lung Transplantation; PGF, Primary Graft Failure; M/M, male donor and male recipient group; M/F,

male donor and female recipient group.

sex-mismatch could influence on mortality is still unknown.
Hypothetically, it could be due to anatomic, immune, hormone,
and genetic differences between women and men. Also,
differences in donor and recipient age and the emergency of the
transplant could be involved. Most importantly, size-mismatch
between donor and recipient and pulmonary hypertension of the
recipient could be the main factors underlying this relationship
and are currently being studied. The heterogeneous results in

the influence on CAV and PGF are probably due to different
definitions until consensus was reached.

Anatomic and Physiological Differences
Anatomic and functional differences between women and
men’s hearts lead to different abilities to adapt to different
hemodynamic situations (53–56). Also, in transplanted women
with previous male pregnancies, the presence of male cells
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could better explain the ability of women to adapt to a sex-
mismatched heart (57). On the contrary, differences in endocrine
and immune system could increase rejection in women (34–
37). Advanced donor age is also related to mortality, mainly
the first year after HT (58). In some studies, female donors
older than male could be the reason under the worst survival
of the F/M group (15, 18, 19, 24–26). However, some studies
specifically addressed failed to show an interaction between
age and sex-mismatch (15, 19, 22, 24–26). However, Al-Khaldi
et al. (15) found an interaction between age and donor/recipient
sex. Female recipients (younger) had no impact on multivariate
analysis and the M/M group was the one with the best one-year
survival. This confirmed the previously published data from the
UNOS registry that showed that recipient <55 years-old and
donor <30 years-old had the best long-term survival (59).

Urgent Transplant
The analysis of the UNOSRegistry published in 2009 (28) showed
higher mortality in F/M only valid for those transplanted in
maximum urgency. A previous analysis published in Spain (60)
had also shown higher mortality in the F/M, due to the higher
rates of urgent transplant.

Undersizing Effect and Pulmonary
Hypertension
The most currently discussed reason underlying the relation
between sex-mismatch and survival is the “under-sizing” effect. A
smaller female heart would not be able to keep the cardiac output
required by a man, resulting in immediate right ventricular
failure (61). The use of different cardiac size measures has
attempted to minimize the effect of sex-mismatch by reducing
size-mismatch. However, it is still not clear that sex-mismatch
influence on prognosis is totally due to size-mismatch.

An analysis of the Spanish Registry of Heart transplantation
(25) showed that sex-mismatch increased mortality only in men
with pulmonary hypertension the first month after HT. However,
there were no significant differences in weight relationship
between donor and recipient in M/M vs. F/M. In the same
way, the most recent analysis of ISHLT database (32) found
that sex-mismatch increased mortality independently of weight
match. They analyzed 52,455 transplants between 1994 and 2013
and defined three subgroups according to BMI: underweight,
non-obese, and obese. Inappropriate weight match, defined as
donor weight <70% of the recipient’s weight, was associated
with 30-day mortality and cumulative mortality. F/M and M/F
had higher rates of cumulative mortality compared with sex-
matched patients but increased early mortality only in F/M.
They found no interaction between inappropriate weight match
and sex-mismatch, which would be expected if size differences
were the main reason for increased mortality in this group.
Previous analysis of the ISHLT database (26) had focused on
donor and recipient body mass index (BMI). They suggested an
“undersizing effect” due to F/M worse results after correction
of weight and height and an “oversizing effect” with better
short-term results in M/F, especially when the recipient had
high pulmonary pressures. Other analysis of this same database
(30) adjusted the results based on weight mismatch, using three

different parameters: donor and recipient weight, donor and
recipient weight difference, and weight ratio of the recipient
regarding donor weight. They found worse survival in F/M, but
they did not find an interaction of the difference in weight in
this survival. UNOS data published in 2009 (28) studied BMI
ratio and body surface area (BSA) ratio between donors and
recipients, finding a quite precise adjustment, probably due to
a deliberate move to allocate the graft adjusting by cardiac size.
Other studies were consistent with this adjustment and showed
no difference among the four groups in donor/recipient BSA
ratio (15, 18, 19).

However, a poor correlation between weight and heart size
was shown, questioning the suitability of the measures used so
far (31). Reed et al. (31) studied a new way of assessing this
relationship with a mathematical formula. They conducted a
retrospective study of 31,634 patients included in the UNOS
registry, identifying undersizing pairs with increased risk. The
formula calculated the PHM combining the predicted left
ventricular and right ventricular cardiac mass. They found that
a difference of 10–15% (undersized heart) resulted in a higher
risk of mortality. In the adjusted analysis, the risk attributed
to sex-mismatch in F/M disappeared and higher mortality was
observed in M/F. These results would agree with the theory
that cardiac size-mismatch is interacting with the worst survival
in F/M. A most recent analysis of the UNOS registry (19,168
recipients between 2007 and 2016) assessed the ability of 5 size
match metrics: PHM, weight, height, BMI, and BSA to predict
1-year mortality after HT (62). They found that PHM is the
optimal donor-recipient size for the prediction of mortality.
The increased mortality associated with donor-recipient PHM
undersizing below 0.86 persisted after adjusting for other factors
affecting mortality, including sex-mismatch (62). The authors
analyzed the role of sex-mismatch and PHM in heart offer
turndown from donor size/weight. Most of them were F/M and
17% of them would be acceptable using the PHM cut off. F/M did
not have an increased risk of death. The thirty-sixth adult heart
transplantation report of the ISHLT published in 2019 addressed
this issue (63). The authors analyzed donor-recipient size match
based on PHM. They found that most of donor-recipients with
weight match ≤30% had an acceptable PHM of <20 to >20%,
which may lead to an increase in the use of hearts. The Pearson
correlation coefficient (R) for weight mismatch compared to
PHMmismatch was moderate-strong. They also analyzed donor-
recipient PHM match according to sex match. F/M tended to
be undersized and M/F tended to be oversized. They concluded
that differences in size matching may be a part of mortality
differences seen in different sex-mismatch combinations. Donor-
recipient size match by PHM was identified as a significant
predictor of 1- and 5-year mortality after heart transplant (for
both recipients of undersized and oversized donors). A recent
analysis of the OPTN/UNOS Registry (64) analyzed 3,788 F/M
from 2005 to 2018. They demonstrated that increasing donor
BMI relative to recipient BMI up to 1.5 was associated with
improved survival. They speculated that BMI difference may be
useful as a surrogate for PHM difference (due to the complexity
of PHM) and might help mitigate the impact of sex-mismatch in
heart transplantation.
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In patients with pulmonary hypertension, it is common
practice to oversize donor hearts to prevent post-operative
right ventricular failure. A recently published studied analyzed
patients in the UNOS Registry (65) with moderate pulmonary
hypertension. They found no benefit to oversizing donors. The
unadjusted 1-year mortality was significantly higher for F/M
compared with M/M but after propensity matching, there was
no difference in mortality between female and male donors at
90 days and 1 year. However, a higher risk for 1-year mortality
persisted among M/F in comparison with M/M. Also, there
might be an interaction between weight difference, age, and
recipient sex. A previous analysis of the CTRD had found an
interaction betweenweight difference, age, and recipient sex, with
higher one-year mortality in F/M with an older organ (more
than 40 years) and a 30% weight difference (27). A single-center
Portuguese study (24) showed the same survival in those patients
with sex-mismatch due to a good selection of grafts based on
cardiac size in those patients with high transpulmonary gradient.
However, it is a single-center and small sample study so their
results cannot be considered superior to those observed on large
international bases.

The influence of donor/recipient sex-mismatch on survival
after HT is still not clear and the reasons underlying are still
under debate. Adjusting size-mismatch may help to improve
results but there are still some other factors that should be
clarified. Further studies, especially prospective ones, would be
necessary to improve survival and allocate the best graft in this
era with scarcity of organs.

CONCLUSION

The influence of sex-mismatch on prognosis after HT has been
broadly studied. In brief, a worst survival of male recipients
receiving female heart was noted. However, new evidence shows
that the optimization of cardiac size match between donor and
recipient with adequate measures could modify the effect of sex-
mismatch.
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Heart disease is the leading cause of death in both men and women in developed

countries. Heart failure (HF) contributes to significant morbidity and mortality and

continues to remain on the rise. While advances in pharmacological therapies have

improved its prognosis, there remain a number of unanswered questions regarding the

impact of these therapies in women. Current HF guidelines recommend up-titration

of neurohormonal blockade, to the same target doses in both men and women but

several factors may impair achieving this goal in women: more adverse drug reactions,

reduced adherence and even lack of evidence on the optimal drug dose. Systematic

under-representation of women in cardiovascular drug trials hinders the identification

of sex differences in the efficacy and safety of cardiovascular medications. Women

are also under-represented in device therapy trials and are 30% less likely to receive

a device in clinical practice. Despite presenting with fewer ventricular arrythmias and

having an increased risk of implant complications, women show better response to

resynchronization therapy, with lower mortality and HF hospitalizations. Fewer women

receive advanced HF therapies. They have a better post-heart transplant survival

compared to men, but an increased immunological risk needs to be acknowledged.

Technological advances in mechanical circulatory support, with smaller and more

hemocompatible devices, will likely increase their implantation in women. This review

outlines current evidence regarding sex-related differences in prescription, adherence,

adverse events, and prognostic impact of the main management strategies for HF.

Keywords: heart failure, sex, treatment, treatment-drug, adherence-compliance-persistence, ventricular assist

device, heart transplantation

INTRODUCTION

Men and women have the same risk of developing heart failure (HF) throughout life. However,
it is well-known that women develop the disease later in life. In addition, women have a higher
prevalence of HF with preserved ejection fraction (HFpEF), the prevalence of which increases
with age. This may partly explain the under-representation of women in pharmacologic and device
therapy trials designed to treat HF with reduced EF (HFrEF) (1).

Sex based differences in pharmacokinetics and pharmacodynamics of pharmacological agents
may explain the variable effects in men and women. However, given the smaller number of
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women included in clinical trials of HFrEF, where they represent
less than one-third of the study population, we do not have
accurate information. Unfortunately, the results of large clinical
trials are often not analyzed separately by sex and we only have
subgroup analyses so they cannot be fully extrapolated to women
(2). The same under-representation applies to clinical trials for
devices. Heart transplantation shows good outcomes in women,
with lower long-term, cardiovascular and malignancy risk.
Nevertheless, sex needs to be taken into account in order to select
a suitable donor, tailor post-transplant immunosuppression and
surveillance and address specific quality of live concerns and
address reproductive health.

SEX DIFFERENCES IN
PHARMACODYNAMICS AND
PHARMACOKINETICS

There are important sex-dependent differences in
pharmacokinetics (PK) and pharmacodynamics (PD) that need
to be acknowledged to understand how specific cardiovascular
drugs can affect women and men differently. The differences can
affect absorption, metabolism, distribution, and elimination.

Absorption
For orally administered drugs, two main factors need to be
acknowledged: compared to men, women (1) produce less gastric
fluid, which can lead to a decrease in the absorption of weak
acids and an increase in the absorption of weak bases and
(2) have longer intestinal transit time (3, 4). The influence of
estrogen on enzymes such as CYP3A can modulate intestinal
transport, elimination rate, and alcohol distribution volume (3).
Transdermal absorption appears to be higher in women (3).

Distribution
Total body water is greater in men, while women have a higher
proportion of adipose tissue. Therefore, distribution volume for
hydrophilic or lipophilic drugs varies according to sex.

Plasmatic proteins involved in drug transport can be
modulated by estrogens, resulting in a sex-dependent
distribution (5, 6).

Metabolism
Lower hepatic flow in women, sex-dependent activity of
metabolic enzymes, increased proportion of adipose tissue and
lower basal metabolic rate can explain differences in drug
metabolism (3, 7, 8).

Elimination
In general, glomerular filtration, tubular secretion, and tubular
reabsorption are higher in men (3), however, during pregnancy,
renal blood flow increases and an overall increase in glomerular
filtration rate by about 50% is seen in pregnant women (9).

Liver enzyme activity decreases in presence of elevated
female hormone levels which may decrease drug elimination.
Therefore, metabolism can change throughout the menstrual
cycle, during pregnancy, with oral contraceptives intake or after
menopause (10).

SEX BASED DIFFERENCES IN
PHARMACOKINETICS AND
PHARMACODYNAMICS OF
CARDIOVASCULAR DRUGS

Digoxin
An increased risk of death in women was reported in the DIG
trial. Although it may have been related to higher digoxin levels in
women, it could not be proven since digoxin levels were available
in less than one third of the study patients (11).

Betablockers
Women have higher plasma levels of beta-blocker (BB) due to
decreased renal clearance (Cl) and smaller distribution volume
(Vd) (12). Despite this, BB have been shown to have greater
therapeutic effect in men: In a chronic angina study with
metoprolol, women had significantly higher heart rate and blood
pressure both a rest and during exercise (13), despite similar
effects on the reduction in the frequency of anginal episodes.

Inhibitors of the
Renin-Angiotensin-Aldosterone System
Sex-based differences have not been identified on the
antihypertensive effects of angiotensin-converting enzyme
inhibitors (ACEI), angiotensin-receptor blockers (ARB)
and aliskiren (3). Although higher ARB maximum serum
concentration (Cmax) and area under the curve (AUC) were
found in women, the differences disappeared when adjusted for
weigh (14).

Sacubitril/Valsartan
The potential effects of age and sex on the PK of
Sacubitril/Valsartan were assessed in a study that enrolled
36 subjects, 50% male and 50% female: No sex-dependent
differences were found in PK (15).

Diuretics
Cmax and AUC of torsemide are 30–40% higher in women due to
reduced elimination (16).

Nitrates
Cmax and AUC of isosorbide-5-mononitrate are higher in
women, likely requiring weight adjustment and titration based
on symptoms (17).

Calcium-Channel Blockers
Sex-specific PK differences have been described for verapamil,
nifedipine, and amlodipine. Oral clearance of verapamil and
amlodipine is faster in women compared to men, due to the
higher activity of CYP3A4 and lower activity of P-gp (18).

Thrombolytics, Antithrombotics, and
Anticoagulants
Warfarin dosage is strongly associated with sex, with lower
requirements in women. Exogenous estrogen and testosterone
can influence warfarin protein binding, so dose adjustment may
be needed if hormone replacement therapy is initiated (12).
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FIGURE 1 | Proportion of women included in the major HFrEF clinical trials. HFrEF, Heart Failure reduced Ejection Fraction.

There is limited data regarding sex differences in direct
oral anticoagulants (DOACs). But safety and efficacy studies
suggest the importance of dose adjustment based on body weight.
In a DOAC meta-analysis including 66,389 patients (37.8%
women), DOACs were associated with a significantly lower risk
of major bleeding in women compared to men (RR 0.86; 95%
CI 0.78–0.94) and a higher risk of stroke and systemic embolism
compared with men (RR 1.19; 95% CI 1.04–1.35) (19).

SEX REPRESENTATION IN HEART
FAILURE CLINICAL TRIALS

More than 30 years ago, the National Institutes of Health (NIH)
established guidelines for the inclusion of women and minorities
in clinical research. They recommend that clinical trials should
enroll equal numbers of men and women in order to understand
sex differences. Shortly thereafter, Congress approved these
recommendations, and they became law. The Food and Drug
Administration (FDA) published another regulation requiring
detailed information by sex in clinical trials investigating new
drugs, and therapies (20).

Clinical trials however, unfortunately, remain underpowered
to identify statistically significant treatment effects in both sexes.

A recent study assessed the enrollment of women in 36
cardiovascular trials evaluating different drugs approved by FDA
from 2005 to 2015. Adequacy between the percentage of women
included in the trials and the prevalence of the female sex in
the disease studied, was evaluated using the participation to
prevalence ratio (PPR). A relationship between 0.8 and 1.2 was
considered to reflect a good representation of women population.
It should be noted that in the 3 HF trials included in this study
women inclusion ranged from 22 to 40%. The overall PPR was

FIGURE 2 | Relevance of female sex in heart failure landscape. HF, Heart

Failure; HFrEF, Heart Failure reduced Ejection Fraction; RCT, Randomized

Controlled Trial.

0.5, reflecting an inclusion of women in the trials well below
their prevalence of the disease. More recent trials show the
same pattern, ranging from 21 to 29% inclusion of women (21)
(Figure 1).

In heart failure (HF) clinical trials, women represent
approximately a quarter of patients with HFrEF and over half of
those with HFpEF. However, epidemiologic data demonstrate a
much higher proportion of women suffering the disease in the
real world (22, 23) (Figure 2).

The differences between real world proportion of women with
heart failure and their representation in clinical trials may depend
on a variety of factors: more comorbidities, older age in women,
fulfilling exclusion criteria more frequently, lower proportion of
HFrEF, less investigator counseling or less personal availability,
and willingness to enroll.
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Sex Differences in Pharmacological
Treatment of Heart Failure
Angiotensin-Converting Enzyme Inhibitors
(ACEI)
The first clinical trials with ACEI date back to the late 1980s.
A sub-analysis of the SOLVD trial (24) revealed a significant
reduction in the combined outcome of CHF-related death and
hospitalization in men (39.5 vs. 29.7% in the placebo and
enalapril arm, respectively), but not in women (38.7 vs. 37.0%).
Similar findings were reported other early trials with ACEI
(CONSENSUS-1, SAVE) (25). A later meta-analysis including 30
randomized clinical trials on ACEI, evaluating data from more
than 5,000men and 1,500 women, showed a significant reduction
in overall mortality and HF hospitalization in men, but not in
women (26). The small proportion of women included in the
trials may explain the lack of positive results (27).

Angiotensin II Receptor Blockers (ARB)
When large trials of ARB in HFrEF populations (ELITE, Val-
HeFT, CHARM) explored sex-specific treatment effect they
found no differences in mortality or HF hospitalization between
women andmen (16). ELITE II compared losartan with captopril
in HFrEF patients and no difference based on sex was noted (28).

However, a population study comparing ACEI with ARB in
HF, including 10,223 women (8,627 ACEI and 1,596 ARB) and
9,475 men (8,484 ACEI and 991 ARB), showed that women on
ARBs had a better survival than those on ACE inhibitors, with
a 31% relative risk reduction in all-cause mortality (adjusted HR
0.69, 95% CI 0.59–0.80, p < 0.0001). Conversely, there was no
survival difference between ACEI or ARB in men (HR 1.10, 95%
CI 0.95–1.30) (29).

Hormone effects on angiotensin II receptor expression
or differences in adverse events may explain the potential
superiority of ARB in women.

Mineralocorticoid Receptor Antagonists
(MRA)
The studies assessing the role of mineralocorticoid receptor
antagonist (MRA) in HFrEF (spironolactone in RALES and
eplerenone in EPHESUS), showed no sex differences in prognosis
(30, 31). In subgroup analysis of the EPHESUS study, female
sex was associated with a reduction in all-cause mortality, while
no differences were seen in men. Nevertheless, the interaction
between the sex and the treatment arm was not significant.

In the TOPCAT trial, there were no sex-specific differences in
the primary outcome (32). Nevertheless, in a secondary analysis
of TOPCAT, restricted to 1,767 patients (49.9% women) enrolled
in the Americas, spironolactone showed a reduction onmortality,
with a trend toward greater reduction in cardiovascular mortality
in women compared to men (9.0 vs. 13.2%, respectively, p =

0.051) (33).

Sacubitril-Valsartan
The PARADIGM-HF trial, showed superiority of
sacubitril/valsartan compared to enalapril at reducing mortality

and HF hospitalization in patients with HFrEF (34). In subgroup
analyses, similar prognostic benefit was found for the primary
endpoint in both men and women. When cardiovascular death
was analyzed separately, sacubitril/valsartan showed a significant
improvement in prognosis in men, but not in women (34),
probably due to the small number of women included.

The PARAGON-HF trial, comparing sacubitril-valsartan and
valsartan in patients withHFpEF, found no differences in primary
composite end point of first and recurrent hospitalization for
HF and death from CV causes. The primary composite endpoint
occurred less frequently in women 0.73 (95% CI 0.59–0.90)
compared to men 1.03 (0.84–1.25; p= 0.017) (35), primarily due
to the reduction in HF hospitalization. Men were found to have a
greater improvement in KCCQ-CSS than women. There were no
sex differences in NYHA class, renal function, and adverse events.

In conclusion, PARAGONF_HF subanalysis suggest that
sacubitril-valsartan may lead to greater reduction in HF
hospitalizations in women with HFpEF.

Betablockers (BB)
Despite the low proportion of women included in BB trials (36–
38) and lack of a specific design to study sex-differences, post-hoc
pooled analysis confirmed similar and significant benefits of BB
(bisoprolol, carvedilol, metoprolol) on combined end-point of
all-cause mortality and all-cause hospitalizations in both women
and men (39).

Interestingly, data from the earlier US-Carvedilol-Study
(40), CIBIS II trial (41) and SENIORS study (42), suggest a
greater survival benefit from BBs treatment in women, but no
mechanistic explanation is described.

Ivabradine
The SHIFT trial, comparing ivabradine and placebo in patients
with symptomatic chronic HFrEF (LVEF ≤35%) in sinus
rhythm with heart rate >70 bpm, showed a reduction in the
composite primary outcome of CV death or hospital admission
for worsening HF. Subgroup analyses did not show any sex-
differences in efficacy or safety of ivabradine (43).

Sodium-Glucose Cotransporter-2
Inhibitors (SGLT2i)
In the last 6 years, several large cardiovascular outcome trials
evaluated the effect of iSGLT2 in patients with type 2 diabetes
and established cardiovascular disease or those with high
cardiovascular risk, they have consistently shown to reduce the
risk of hospitalization for heart failure (44–49).

A meta-analysis of SGLT2i including patients with type 2
diabetes enrolled in the EMPA-REG OUTCOME, CANVAS
Program, DECLARE TIMI-58, and CREDENCE trials, showed
(50) no sex differences in safety or efficacy outcomes (all p
interaction ≥ 0.17).

Recently, a meta-analysis condensing two single large-scale
trials (DAPA-HF trial and EMPEROR-reduced trial) in patients
with HFrEF with or without diabetes assessing the effects
of SGLT2i on cardiovascular outcomes have been published.
SGLT2i reduced hospitalizations for HF and death, with an
improvement in renal outcomes, regardless of sex and other
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conditions such as age, diabetes status, or baseline heart failure
medications (51).

Other Heart Failure Medications
Diuretics

The effects of diuretics on mortality and morbidity in chronic
heart failure have not been studied in large clinical trials. There
are no reported sex-related differences with diuretic therapy.
Observational studies have shown a relationship between
diuretics dose and mortality risk, which was maintained after
adjusting for sex (52).

Digoxin

In the DIG trial, digoxin was associated with a significantly
higher risk of death among women (adjusted HR 1.23;
95% confidence interval, 1.02–1.47), with no increased
risk in men (11). Subsequent retrospective analyses
showed a strong relationship between serum digoxin
concentrations and survival (53). Comprehensive analysis
of data indicates a beneficial effect of digoxin on
morbidity (HR 0.73, 95% CI 0.58–0.93, p = 0.011) and
no excess mortality in women at serum concentrations
between 0.5 and 0.9 ng/ml, whereas serum concentrations
≥1.2 ng/ml was harmful (HR 1.33, 95% CI 1.001–1.76,
p= 0.049).

Overall, whereas higher digoxin levels tend to increase
mortality in women, low concentrations seem to be safe and
associated with improved symptoms.

Hydralazine-Isosorbide Dinitrate

The A-HEFT trial enrolledmore than 5,000 black women (41% of
total cohort) with moderate to severe heart failure (NYHA class
III-IV) (54) to test treatment with hydralazine-isosorbide nitrate
vs. placebo.

Treatment with hydralazine and isosorbide showed
a significant reduction in mortality, first heart failure
hospitalization, and change in quality of life at 6 months,
with no differences between men and women.

SAFETY: HEART FAILURE DRUGS AND
ADVERSE REACTIONS IN WOMEN

Women are known to have an increased adverse reaction
(AR) to cardiovascular drugs compared to men (1.5–1.7-
fold) (3) and have greater hospital admissions. Despite this
fact, there is little emphasis on sex-specific differences in AR
in drug trials. In a recent systematic review (55), only 7%
of heart failure drug studies reported sex-based AR data.
Differences in adverse events may be due to differences in
absorption, body composition, drug distribution, physiological
hormone changes and excretion (Table 1). These effects may
be more pronounced in women with HF as they are
older and have a higher prevalence of comorbidities and
polypharmacy (60).

TABLE 1 | Heart failure drugs pharmacodynamics, efficacy and adverse events in

women compared to men.

Drug Summary References

Digoxin - ↑ Death risk with less benefit in

hospitalization. Related to higher

dosage in women, considering their

lower body weight.

(11, 53)

Beta-blockers - ↑ Plasma levels with the same

doses due to lower distribution

volume (hydrophilic drugs) and

slower clearance.

- Similar or higher benefit in women.

(12, 35–39, 41,

42)

ACE-inhibitors - Less benefit in women in clinical

trials, but underrepresented (bias?).

- ↑ Angioedema and cough.

- Teratogenic.

(25–27, 56)

ARB - Little evidence of more benefit in

women.

(16, 28, 29, 57)

Sacubitril/valsartan - Similar

pharmacokinetic parameters.

- Similar results in HFrEF

hospitalizations but less reduction

in CV death

(underrepresented, bias?).

- Less HF hospitalizations in HFpEF.

(15, 34, 35)

Mineralocorticoid

receptor antagonists

- Similar or more benefit in women.

- Lower withdrawal.

(30–33, 58)

Diuretics - ↑ Serum concentration due to

reduced elimination.

- More electrolyte imbalance.

(16, 52, 59)

Nitrates - ↑ Serum concentration: need to

adjust for weight.

(17)

Ivabradine - No sex differences on effectiveness. (43)

iSGLT2 - Similar effectiveness and adverse

events.

(44–51)

ACE, angiotensin converting enzyme; ARB, angiotensin receptor blockers; HF, heart

failure; HFrEF, heart failure with reduced ejection fraction; HFpEF heart failure with

preserved ejection fraction; CV death, cardiovascular death; iSGLT2, sodium-glucose

co-transportrer-2 (SGLT2) inhibitors; ↑, Increased.

Diuretics
Women experience greater electrolyte imbalance with diuretic
use, which in turn increases the arrhythmic risk. For instance,
women have an increased risk of drug-induced torsades de
pointes (2.3-fold) related to a longer corrected QT interval
induced by the effects of estradiol on potassium and calcium
channel modulation (59).

Digoxin
A post hoc analyses of the DIG study (11) showed a 20% higher
death risk in women (HR 1.2, CI 1.02–1.47), with no impact
on mortality in men. Moreover, digoxin showed less benefit in
reducing hospitalization in women, compared to men. This may
be related to dosage, since differences disappeared when dose was
adjusted for ideal body weight.

Beta-Blockers
Women present higher plasma levels of beta-blocker due to a
lower distribution volume (higher percentage of fat in women,
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beta-blockers are hydrophilic drugs) and a slower clearance.
Dosage needs to be adjusted according to these differences to
prevent AR.

Angiotensin-Converting Enzyme Inhibitors
An increased risk of angioedema and cough (2-fold) has
been described in women (56). Moreover, their potential
teratogenic effects need to be acknowledged in women during
childbearing years.

Angiotensin II Receptor Blockers
No significant sex-differences in risk of kidney impairment,
hypotension, or hyperkalemia have been described with the use
of Losartan (57).

Mineralocorticoid Receptor Antagonists
There seems to be a higher withdrawal rate in men due to the
appearance of gynecomastia (seen in 5.3% of the men) (58).

ADVANCED HEART FAILURE THERAPIES
IN WOMEN: DEVICES AND HEART
TRANSPLANTATION

Implantable Cardioverter Defibrillator
Implantable Cardioverter Defibrillators (ICD) have shown to
reduce sudden death risk in heart failure patients with reduced
ejection fraction, especially of ischemic etiology. Therefore, they
have a class 1A indication according to current guidelines for
primary prevention in patients with left ventricular ejection
fraction (LVEF) <35% despite optimal medical therapy (61).

These recommendations are based on classical studies, such
as SCD-HeFT (62), MADIT II (63), or DANISH (64), where
female representation was small (23, 15, and 27%, respectively).
In fact, women with heart failure (HF) are less likely to receive
an ICD or counseling for ICD. In a large observational study (65)
including 21,059 patients from 236 sites, 19.3% women vs. 24.6%
men (p < 0.001) were offered ICD implantation. Of note, the
same proportion ofmen and women underwent the implant once
it was advised (63.1 vs. 62.3%, p = ns). In another observational
study 32.2 per 1,000 men and 8.6 per 1,000 women received
ICD therapy. After controlling for demographic variables and
comorbidity, menwere 2.44 (95%CI 2.30–2.59) timesmore likely
to receive an ICD compared to women.

The reduced rate of ICD implantations in women may be
related in part to the controversies regarding efficacy and higher
risk of complications in women compared to men.

Although some device studies show a similar survival
benefit after ICD implantation in both men and women, most
are underpowered to study sex differences. In a metanalyses
including 4,744 primary prevention ICD patients (66) (19.6%
female), there was a 22% reduction in mortality in men but no
benefit in women. In fact, ventricular arrythmias may be less
common amongst women. The risk of sudden death was 32%
lower in women compared to men in 8,337 HF patients cohort
with no ICD (67). Women have consistently shown to have fewer
appropriate ICD shocks. In a metanalyses (68) including 7,229
patients (22% female), women had a HR for appropriate ICD

shocks of 0.63 (95% CI 0.49–0.82, p ≤ 0.001) compared to men
and no significant benefit on mortality. In a European study (69)
analyzing data from 14 registries in 11 countries (5,033 patients,
19% female), an appropriate ICD shock occurred in 8% of women
vs. 14% of men, p = 0.0002. In the Ontario ICD Database (70)
(6,021 patients, 22% female), women showed a HR 0.69 (95% CI
0.51–0.93) for ICD shock and HR 0.73 (95% CI 0.59–0.90) for
appropriate antitachycardia pacing compared to men. Etiology of
cardiomyopathy and scar burden may account in part for these
differences. In addition, sex hormones and their influence on
myocardial ion channels (Ca, K) could play a role as well (71).

ICD related complications have been reported more
frequently in women. In the Ontario ICD Database (70) women
were 1.9 times more likely to have a major complication within
the first year after implant, including lead dislodgement. In the
National Cardiovascular Data Registry (72) (38,912 initial single
or dual-chamber ICD implants, 25% female) women showed
higher odds of procedural complications within 90 days OR 1.30
(95% CI 1.26–1.53, p < 0.001). The reasons for the differences in
the complication rate are unclear but could be related to delayed
presentation or greater severity of illness. Smaller vessel size
and a thinner walled right ventricle may explain a higher rate of
pneumothorax or perforation. Increased bleeding risk have also
been reported in women.

Overall, studies show sex differences in arrhythmic risk and
ICD-related complications. Nevertheless, there is a risk of sudden
death in women with HF and reduced LVEF that could be
prevented by ICD implantation. Careful and individualized
assessment is required to identify patients that would benefit the
most from this therapy.

Cardiac Resynchronization Therapy
Cardiac Resynchronization Therapy (CRT) has shown to
improve functional capacity and survival amongst patients
with LVEF<35%, left bundle block >130–150ms and NYHA
functional class II-IV and therefore has a class 1A indication in
current HF guidelines (73). Several studies have reported under-
utilization of CRT in women (74). A recent study (75) using
registry data of 311,009 patients undergoing CRT implantation
between 2006 and 2012 showed that only 30% were women, and
women were less likely to have an ICD associated to the CRT.
Interestingly however, women had a higher CRT response score
compared to men. These disparities increased over the study
period. In a Swedish registry (76), female sex was again associated
with lower CRT implantation. Despite this, most of the studies
suggest similar if not better response to CRT in women.

The CARE-HF (77) (n= 752, 28% female) and COMPANION
(78) (n = 1,520, 32% female) trials demonstrated similar
reduction in mortality and time to hospitalization in both sexes
after CRT implant. In the MASCOT (79) trial (n = 393, 21%
female) women showed better left ventricular remodeling and
lower mortality and HF hospitalizations after adjustment for
cardiovascular risk factors. Remarkably, women showed wider
QRS and smaller left ventricle size at enrollment. In another study
that only included patients with non-ischemic cardiomyopathy
(n = 212, 49.5% female) CRT response among women was
greater (84 vs. 58%, p < 0.001) than in men, despite similar
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baseline QRS duration (80). In fact, women showed better
response compared to men at all QRS widths below 180ms. In
a retrospective analysis (81) of 619 consecutive patients (19%
women) undergoing CRT implantation in a single center over a
10-year period, female sex was the only independent predictor
of all—cause mortality (HR 0.44, 95% CI 0.21–0.90, p = 0.025)
and showed a trend toward lower heart failure hospitalization.
In a metanalyses (82) of 5 randomized control trials (n = 3,496,
23% female), QRS duration was the only independent predictor
of CRT benefit. Further analysis showed the benefit was even
more significant at lower height. There was a higher proportion
of women amongst the wider QRS and shorter patients.

As we discussed for ICD, complication rate seems to be higher
in women after CRT implant. In the MADIT-CRT trial, women
were twice as likely as men to experience a major procedure-
related adverse event (6.3 vs. 2.7%; p < 0.001) mainly related to
pneumothorax, infection or bleeding. The main risk factor for
complications seemed to be size and body mass index both in
women and men.

Overall, women show a better response to CRT after adjusting
for non-ischemic etiology of the cardiac disease. Reasons are
not clearly established but this benefit could be related to a
smaller ventricle size with easier conduction between the leads
and presence of more typical left bundle branch block.

Ventricular Assist Device
Mechanical circulatory support has expanded significantly in the
recent years, with over 13,000 implants in the INTERMACS
registry (83) between 2014 and 2018, of which only 22% were
women. Technical evolution has enabled devices to become
smaller and to evolve from pulsatile flow first to axial-flow and
now to centrifugal flow with full magnetic levitation. This has
led to a significant decrease in morbidity and mortality and
increase in implantations. Left ventricular assist devices (LVAD)
are now smaller and more hemocompatible. Despite this, in the
MOMENTUM3 (84) trial, HeartMate3’s pivotal trial, only 21% of
the participants were women.

There are no sex differences in survival either in pulsatile
or continuous flow devices according to INTERMACS registry
(85). Complications are frequent, and include driveline infection,
bleeding, pump thromboses, right ventricular failure, and
neurological events. There is scarcity of data on the incidence
of these complications according to sex, although several reports
suggest that there might be a higher incidence of neurological
events in women. In an INTERMACS registry study (n = 1,936,
21% female) female sex was associated with an increased risk
of first neurological event (HR 1.44, 95% CI 1.05–1.96; p =

0.020), with no difference in other complications. In a later paper
focusing on stroke rates during support with continuous-flow
LVAD, female sex was also a predictor of stroke (HR 1.51, 95%
CI 1.25–1.82; p < 0.001). The same was reported in an analysis of
more than 900HeartMate II outpatients (86) (23% female), where
female sex was a risk factor for both hemorrhagic and ischemic
stroke. There is lack of data on the impact of sex in stroke rate
with HeartMate3 since the event rate in MOMENTUM3 was too
low to derive conclusions.

There is no clear explanation as to why fewer women receive
LVAD compared to men. Some aspects to consider are smaller
body surface area, smaller ventricles, older age at the time of HF
diagnosis and a higher prevalence of HF with preserved ejection
(87), which is not suitable for LVAD support. Since theremight be
a risk for selection bias, we need to be aware that women benefit
as much as men from this life-saving therapy, with no significant
increase in complications specially with the newer generation
LVAD devices.

Heart Transplantation
Heart Transplantation (HT) is the therapy of choice to improve
survival in patients with end-stage HF. Mean survival after HT
nowadays is 12.5 years for the adult population and 12–21 years
for the pediatric population (88). Rejection and infection are the
most concerning complications in the first year post-HT, whereas
the leading cause of death after the first year are coronary allograft
vasculopathy and malignancy.

Women are again under-represented in the field of HT:
according to the last report from the International Society
for Heart and Lung Transplantation (88), only a quarter of
the HT were performed in women (25% in Europe, 26% in
the United States of America, and 24% in other countries).
There is also a smaller proportion of women amongst the
donors (37% in Europe, 30% in the United States, and 22% in
other countries). Female HT receptors have shown a better life
expectancy compared to male recipients: 12.2 vs. 11.4 years (p <

0.001) (89).
Women are younger than men at the time of listing (mean

48 year for women vs. 56 years for men), have less ischemic
heart disease and more idiopathic dilated cardiomyopathy, and
fewer cardiovascular risk factors such as smoking, diabetes
mellitus, hypertension, or tobacco use (89). On the other hand,
women are less likely to be transplanted in the higher emergency
status, as they are also less frequently supported with temporary
mechanical circulatory devices.

In the post HT period, women are at a lower risk
of coronary allograft vasculopathy and malignancy.
These differences could explain longer survival in female
HT recipients.

Pre-HT sensitization and post-HT rejection risk are higher
in women, related predominantly to the presence of circulating
preformed HLA antibodies due to sensitization from previous
pregnancies (90). Donor-recipient matching is key at the time of
HT. Sex mismatch has been reported as a prognostic factor for
HT outcomes, with best outcomes reported with female donor
to female recipient and the worst with female donor to male
recipient. A simple explanation for this fact, is the undersizing
of female donor hearts when used for male recipients, however,
outcome differences seem to persist even after adjustment for
ventricular mass (91).

In summary, fewer women receive HT, despite their better
long-term survival. Sex specificities need to be considered in the
pre-HT evaluation (greater sensitization, fewer cardiovascular
risk factors), at the time of transplant (sex and size donor-
recipient matching) and in the long-term post-HT follow-up
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TABLE 2 | Advanced heart failure therapies in women: summary and key

messages.

Intervention Summary References

Implantable

cardioverter device

- Women under represented in ICD

trials (15–27%).

- Less likely to receive counseling for ICD.

- Fewer ventricular arrythmias and

appropriate ICD shocks.

- Higher rates of

complications (pneumo/hemothorax).

(62–72)

Cardiac

resynchronization

therapy

- CRT under utilized in women (30%).

- Women show better response to CRT

(left ventricular remodeling, mortality and

HF hospitalizations).

- Wider QRS complex with classic left

bundle branch block and smaller

ventricles may explain better CRT

response in women.

- Higher rates of complications

during implantation.

(73–82)

Mechanical

circulatory support

- Fewer women (22%) receive MCS.

- Similar overall outcomes as men in both

pulsatile and continuous flow devices.

- Greater risk of neurological events in

women (ischemic and hemorrhagic).

- New generation smaller and more

hemocompatible devices could increase

implant rates in women.

(83–87)

Heart

transplantation

- Fewer HT are performed in

women (25%).

- Women have better post transplant

survival, related to pre HT factors

(younger age, less cardiovascular risk

factors) and post HT factors (less

allograft vasculopathy

and malignancies).

- Women have increased immunological

risk (sensitization and rejection)

(88–90)

ICD, implantable cardioverter device; CRT, cardiac resynchronization therapy; MCS,

mechanical circulatory support; HT, heart transplantation.

(increased risk of rejection but lower risk of graft vasculopathy
and malignancies) (Table 2).

SEX DIFFERENCES IN ADHERENCE

Adherence to long-term therapies for chronic diseases in
developed countries averages only about 50–75% (2). Inadequate
adherence is associated with increased long-term mortality in
patients with heart failure (92).

Few studies have aimed to assess the effect of sex on
adherence to HF drugs. Granger et al. analyzed adherence among
participants in the CHARM trial (n= 7,599) and they found that
11% were poor adherers (<80%, n = 836). Poor adherers were
more likely to be women (12.7% of women vs. 10.2% of men;
p = 0.002), have a higher heart rate, and a greater number of
concomitant illnesses (93).

Kayiband et al. performed an inception cohort study of new
users of evidence-basedHF drug treatment. They included 28,067

Canadian patients (13,453 women, 14,614 men) between January
2000 and December 2008 who had a follow-up >1 year after HF
drug treatment initiation. In this study women were more likely
than men to be adherent to their treatment (52.8 and 50.1%,
respectively, adjusted proportion ratios: 0.96, 95% CI: 0.94–
0.99) (94). More recently, a retrospective, observational study
was carried out in the Dutch population. Twenty-five thousand
seven hundred and seventy-six patients with a diagnosis code
for chronic HF between January 2012 and December 2014 were
included in order to study the impact of sex differences in co-
morbidities and medication adherence on a composite endpoint
of all-cause mortality or HF admission. 11,259 (45%) women
and 14,517 men, median age 76 and 72 years, respectively, were
analyzed after a median follow-up of 3.3 years, and only slight
differences inHF drugs adherence betweenwomen andmenwere
found with no impact on the composite endpoint (95).

We can conclude that non-adherence to disease-modifying
drugs is associated with an increased mortality and HF
readmissions, but adherence seems to be similar between sexes
(Figure 3).

DISCUSION

Although women represent 50% of the world population and
despite similar overall prevalence of heart failure amongmen and
women (96) women are significantly underrepresented in clinical
trials for heart failure. The trend has not changed significantly
over time, with similarly low inclusion rate for women in
the newer HFrEF trials. For example, women represented 30%
of the study population in the enalapril CONSENSUS trial
(97), in 1987, and 19% in the bisoprolol CIBIS II trial in
1999 (36) and represented 24% of the study population in
the EMPEROR trial (98), published in 2020. This may be
due to a higher proportion of women with HFpEF, older
age and more comorbidities, limiting their chances of being
included in HFrEF trials. In HFpEF trials, such as PARAGON
(99) or TOPCAT (32), women represent 50% of the study
population, which is higher compared to HFrEF trials, but
still low in comparison to the percentage of women in the
population with HFpEF. In fact, HF is the discipline of
cardiology in which women are most underrepresented (21) in
clinical trials.

Women are generally more symptomatic than men when they
present with HFrEF (100), which could in turn be related to a
later medical contact, minimization of symptoms, acceptance of
a poorer quality of life (101) and a prioritization of their social
role as caregivers. Due to underrepresentation in clinical trials,
we have limited information on the efficacy and adverse effects
of therapies in women. In a recent study on the use of guideline
recommended therapy for HF and its titration, women had a
similar proportion of HF drug and dose prescription compared
to men, at baseline and at 1-year follow up. Considering
the differences in adherence, absorption, metabolism, body
weight and adverse events between men and women, it would
be reasonable to establish a more tailored therapy according
to sex. The main limitation for an individualized approach
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FIGURE 3 | Use of heart failure drugs in women. Sex-differences on prescription, adherence, effective circulation levels and adverse events. HFrEF, Heart Failure

reduced Ejection Fraction.

remains to be the lack of reliable data. Santema et al. (102)
showed how, despite achievement of similar target doses of
HF guideline recommended therapy in men and women, the
lowest hazards of death for men occurred at 100% of the
recommended dose, whereas women showed 30% lower risk at
50% of the recommended dose, with no further decrease in risk
at higher doses.

Women are also less likely to receive lifesaving therapies
such as LVAD (103) and HT. LVAD therapy has shown
similar survival benefits in women compared to men, but
women tend to be more unstable at the time of implant,
with worse INTERMACS profiles and more severe tricuspid
regurgitation (104). In the HT arena, despite similar overall
survival, women aremore likely to receive hearts from higher risk
donors (105).

Reproductive health counseling, teratogenic effect of HF
medications and pregnancy management for women with HF are
some important topics that affect women uniquely and that need

to be a focus for future research and discussion, especially for
those in need of advanced HF therapies and devices.

CONCLUSIONS AND FUTURE
PERSPECTIVES

Despite high prevalence of HF in women, there is lack of data
on the use of drugs and HF therapies, with limited enrolment
in randomized control trials and limited access to lifesaving
strategies. Future trials should focus on greater enrollment
of women in heart failure therapeutics and devote resources
to understand the pathophysiology of the sex differences and
disparities in access to advanced therapies.
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GLOSSARY

AAG: alpha-1 acid glyconprotein
ACEI: angiotensin-converting enzyme (ACE) inhibitors
AR: Adverse reaction
ARB: angiotensin-receptor blockers
AUC: area under the curve
BB: Betablockers
BMR: basal metabolic rates
BSA: body surface area
CI: Confidence Interval
CI: cardiac index
Cl: clearance
CO: cardiac output
CRT: Cardiac Resynchronization Therapy
CYP3A4: cytochrome P450 3A4
CV: cardiovascular

DOACs: direct oral anticoagulants
FDA: Food and Drug Administration
HF: heart failure
HFpEF: Heart Failure preserved Ejection Fraction
HFrEF: Heart Failure reduced Ejection Fraction
HR: Hazard Ratio
HT: Heart transplantation
ICD: Implantable Cardioverter Defibrillator
LVEF: left ventricular ejection Fraction
LVAD: Left Ventricular Assist Device
MRA: Mineralocorticoid receptor antagonists
NIH: National Institutes of Health
PK: pharmacokinetics
PD: pharmacodynamics
PPR: participation to prevalence ratio
SGLT2i: Sodium-glucose cotransporter-2 inhibitors
Vd: volume distribution
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