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ABSTRACT

Heart transplantation is a life-saving treatment option for patients with end-stage heart failure. The improvement in exercise capacity of patients can
vary to a great extent following transplant surgery. This review outlines the pathophysiology behind the changes in exercise capacity after heart
transplantation. Reasons for exercise intolerance can be classified as central (cardiac) and peripheral (vascular and skeletal muscle). Cardiac mecha‐
nisms that limit exercise capacity are chronotropic incompetence due to denervation of the heart and diastolic dysfunction. Peripheral mechanisms
are endothelial dysfunction and morphological alterations in the skeletal muscle. Some of the pathophysiological changes can be recovered with exer‐
cise therapy after the transplantation surgery. Research should be directed to reveal the safest and most effective exercise prescription to heart
transplant recipients, targeting all of the mechanisms that contribute to exercise intolerance in a holistic approach.
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ÖZ

Kalp nakli, son dönem kalp yetmezliği olan hastalar için hayat kurtarıcı bir tedavi seçeneğidir. Nakil ameliyatından sonra hastaların egzersiz kapasitele‐
rindeki iyileşmenin düzeyi büyük farklılıklar gösterebilir. Bu derleme, nakil sonrası egzersiz kapasitesinde görülen değişimin arkasındaki patofizyolojiyi
özetlemektedir. Egzersiz intoleransının nedenleri santral (kardiyak) ve periferik (vasküler ve iskelet kası) olarak sınıflandırılabilir. Egzersiz kapasitesini sınır‐
layan kardiyak mekanizmalar, kalbin denervasyonuna bağlı gelişen kronotropik yetersizlik ve diyastolik disfonksiyondur. Periferik mekanizmalar ise en‐
dotel disfonksiyonu ve iskelet kasındaki morfolojik değişikliklerdir. Egzersiz tedavisi, kalp nakil alıcılarında bu mekanizmaların bir kısmını geri çevirebil‐
mektedir. İlerleyen araştırmalar, bütüncül bir yaklaşımla egzersiz intoleransına katkıda bulunan tüm mekanizmaları hedef alan, kalp nakli alıcılarına en
güvenli ve en etkili egzersiz reçetesini ortaya koymaya yönelik olmalıdır.

Anahtar Sözcükler: Kalp nakli, kalp yetersizliği, egzersiz tedavisi, egzersiz toleransı

INTRODUCTION

The world's f�rst-ever human to human heart transplantat�-
on (H-tx) was performed by the team led by surgeon Chr�st�-
an Barnard �n 1967, �n Cape Town, South Afr�ca. The pat�ent
surv�ved for only 18 days a�er surgery and d�ed of pneumo-
n�a w�th a fully funct�on�ng heart (1). S�nce that day, over
135,000 pat�ents of all ages underwent heart transplantat�-
on. Heart transplantat�on �s a l�fe-sav�ng treatment opt�on
for pat�ents w�th end-stage heart fa�lure, w�th a med�an sur-
v�val of 10.7 years �n adults and 16.1 years �n ped�atr�c rec�-
p�ents (2).

L�fe a�er heart transplantat�on surgery can take many d��e-
rent d�rect�ons. At one end of the spectrum l�es pat�ents
w�th half the VO2max of healthy controls f�ve years a�er
transplant (3), whereas on the other end l�e the pat�ent who
f�n�shed two Ironman Tr�athlons (3.8 km sw�m, 180 km
b�ke, and 42.2 km run) w�th�n 14 weeks of each other, 28
months a�er transplantat�on surgery (4). There are many

�n�uent�al anecdotes on pat�ents who completed the�r f�rst
ever marathons a�er rece�v�ng a heart transplant (5,6).

Exerc�se capac�ty �s a major determ�nant of qual�ty of l�fe �n
heart fa�lure pat�ents (7). Th�s rema�ns so even a�er heart
transplant surgery, w�th lower readm�ss�on to hosp�tal rates
�n pat�ents who rece�ve card�ac rehab�l�tat�on and �mprove
the�r exerc�se tolerance (8,9). The purpose of th�s rev�ew �s
to outl�ne the parameters that determ�ne exerc�se tolerance
a�er heart transplantat�on and the underly�ng
pathophys�ology.

CLINICAL and RESEARCH CONSEQUENCES

Chronotropic Incompetence and Diastolic
Dysfunction

Autonom�c nerves are cut dur�ng H-tx surgery, result�ng �n
parasympathet�c denervat�on and loss of s�no-atr�al node
�nh�b�t�on, lead�ng to a pers�stent r�se �n rest�ng heart rate
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(HR) (10). Due to the sympathet�c denervat�on, exerc�se-�n-
duced augmentat�on �n SA node act�vat�on �s d�srupted, le-
ad�ng to a decreased overall HR response dur�ng exerc�se,
wh�ch �s mostly based on c�rculat�ng catecholam�nes (11).
In add�t�on to hav�ng an elevated rest�ng HR and an �nade-
quate r�se �n HR dur�ng exerc�se (lower HR reserve), these
pat�ents also reach max�mal HR �n the recovery per�od rat-
her than at peak exerc�se. Th�s may be attr�buted to the de-
lay �n catecholam�ne release (11).

Kao et al. presented cr�t�cal f�nd�ngs regard�ng the ma�nte-
nance of hemodynam�cs dur�ng exerc�se a�er H-tx surgery
�n the�r study and reported that transplant pat�ents' stroke
�ndex (Stroke volume / Body surface area) rema�ned lower
than controls dur�ng exerc�se. Heart transplantat�on pat�-
ents fa�led to �ncrease the�r HR as h�gh as healthy controls,
desp�te hav�ng a 30% h�gher basal heart rate. As a result, H-
tx pat�ents had a 79% lower HR reserve (Max�mal HR-Basal
HR) compared to healthy controls. One of the mechan�sms
that leads to exerc�se �ntolerance �n H-tx pat�ents �s fa�l�ng
to �ncrease the HR as requ�red dur�ng phys�cal e�ort, na-
mely the chronotrop�c �ncompetence (12).

Another mechan�sm to �ncrease stroke volume, espec�ally
when fa�l�ng to �ncrease the HR, would be noted by appl-
y�ng the Frank-Starl�ng law, wh�ch law suggests that ventr�-
cular output �ncreases as preload (end-d�astol�c pressure)
�ncreases (13). The reason pat�ents also fa�led to employ
th�s mechan�sm was d�astol�c dysfunct�on (DD). Transplant
pat�ents had a cons�stently smaller end-d�astol�c volume
�ndex and s�m�lar end-systol�c volume �ndex and h�gher
pulmonary cap�llary wedge pressure compared w�th normal
dur�ng exerc�se (12).

DD �s observed due to leukocyte-�nduced cytok�nes, myocy-
te loss and f�brous replacement result�ng �n an �rrevers�bly
progress�ve decrease �n compl�ance at acute reject�on (14).
However, DD �s not only ev�dent �n reject�on cases. S�gn�f�-
cant compl�cat�ons can appear at d��erent phases of
transplantat�on and are due to causes as d�verse as per�ope-
rat�ve �schem�a, reperfus�on and hypertens�on (14). Bes�-
des, the use of cyclospor�n may also �nduce myocard�al f�b-
ros�s (15).

To summar�ze, H-Tx pat�ents have a h�gher basal HR than
controls, but they fa�l to �ncrease �t as much as hemodyna-
m�cally necessary dur�ng e�ort because of the chronotrop�c
�ncompetence. The potent�al compensatory mechan�sm to
counter that would be the Frank-Starl�ng mechan�sm. Ho-
wever, due to d�astol�c dysfunct�on, the stroke volume can-
not be �ncreased through the Frank-Starl�ng mechan�sm e�t-
her (12).

 

Cardiac Denervation and Reinnervation

Chronotrop�c �ncompetence as descr�bed prev�ously �s ca-
used by heart denervat�on dur�ng transplantat�on surgery.
Denervat�on was cons�dered to be an �rrevers�ble consequ-
ence of transplantat�on unt�l the beg�nn�ng of the n�net�es
(16-18). Later, phenomena such as �mprovement �n heart
response to exerc�se late a�er transplantat�on, the ab�l�ty of
some H-tx pat�ents to exper�ence �schem�a-l�ke chest pa�n,
and the respons�veness of the transplanted heart to adre-
nerg�c drugs d�rected researchers to cons�der the poss�b�l�ty
of post-transplantat�on card�ac re�nnervat�on (19-21).

In 1993, Kaye et al. reported funct�onal and neurochem�cal
ev�dence of part�al card�ac re�nnervat�on a�er transplanta-
t�on. The�r study focused on sympathet�c re�nnervat�on and
demonstrated the presence of noradrenal�ne release from
the donor-heart �n pat�ents stud�ed two years or a�er
transplantat�on. In early cases (<18 months a�er H-tx), ne-
urotransm�tter release was not ev�dent. Although neurot-
ransm�tter releas�ng capac�ty could restore �tself to some
degree, the capac�ty to recapture norep�nephr�ne from the
synapt�c cle� rema�ned s�gn�f�cantly �mpa�red (22).

Later �n that decade, Bengel et al. conf�rmed that there �s a
very low l�kel�hood of card�ac re�nnervat�on �n the f�rst 18
months a�er surgery. Surpr�s�ngly they have reported that
the process of re�nnervat�on rema�ns �ncomplete and cont�-
nues for up to 15 years. The study also revealed the reg�-
onally heterogeneous nature of re�nnervat�on, start�ng �n
the basal anter�or reg�on, then toward the apex, septal, and
lateral wall, leav�ng the �nfer�or wall denervated (19). The
most �mportant �mpl�cat�on �s that the re�nnervat�on pro-
cess rema�ns �ncomplete.

A more recent study of Bengel �nvest�gated the e�ects of
card�ac re�nnervat�on on exerc�se performance and stated
that along w�th an enhancement �n the chronotrop�c res-
ponse to exerc�se, an �ncrease �n the �notrop�c response re-
sulted �n vastly �mproved exerc�se capac�ty �n the �nnervat�-
on group than �n the denervat�on group. Presynapt�c nerve
term�nals reappear �n the myocard�um as a result of sym-
pathet�c re�nnervat�on, and local catecholam�ne uptake
and storage are reestabl�shed (23). The e�ects of re�nnerva-
t�on on global card�ac contract�l�ty tend to be marg�nal wh�-
le the heart �s at rest (24). However, dur�ng exerc�se, wh�ch
st�mulates the sympathet�c system, re�nnervat�on �s neces-
sary for an adequate contract�le (�notrop�c) response (23).

The relat�on between sympathet�c re�nnervat�on and exerc�-
se capac�ty �s two-s�ded. Wh�le exerc�se capac�ty �s �ncre-
ased �n pat�ents w�th sympathet�c re�nnervat�on; the latter
�s more e��c�ent �n pat�ents who undergo exerc�se therapy
a�er heart transplantat�on. Tra�n�ng �mproves exerc�se ca-
pac�ty and the regulat�on of the autonom�c nervous system
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through the sympathet�c nerves at both card�ac and vascu-
lar levels (25). Nevertheless, the most �mportant determ�-
nants of sympathet�c re�nnervat�on are young age, fast and
uncompl�cated surgery, and low reject�on frequency (20).

Re�nnervat�on stud�es are ma�nly focused on the sympathe-
t�c system. The fact that the standard surg�cal techn�que
appl�ed dur�ng the years of p�oneer�ng re�nnervat�on stud�-
es d�d not allow for parasympathet�c re�nnervat�on also
played a role �n th�s. However, w�th the development of the
b�caval transplantat�on techn�que, parasympathet�c re�n-
nervat�on has begun to be �nvest�gated (26). Parasympathe-
t�c re�nnervat�on �s part�cularly �mportant as the e�ect�ve-
ness of barore�ex-med�ated blood pressure control �s lar-
gely based on rap�d responses �n the heart rate med�ated by
the vagus. As a result, when only sympathet�c re�nnervat�-
on occurs, a low heart rate var�ab�l�ty �s observed, result�ng
�n �nsu��c�ent control of barore�ex-med�ated blood pressu-
re (26). Another �mportance of preservat�on of the parasym-
pathet�c �nnervat�on �s the card�oprotect�ve e�ects of pa-
rasympathet�c tonus (27). Parasympathet�c re�nnervat�on �s
poss�ble and depends on the type of surgery. Resect�ng the
rec�p�ent aorta extens�vely or totally results �n better chan-
ces of parasympathet�c re�nnervat�on, allow�ng a better
adaptat�on to phys�cal exerc�se through an �ncrease �n cont-
rol of blood pressure by larger re�ex changes �n heart rate
(26).

In short, card�ac re�nnervat�on occurs �n some pat�ents,
start�ng a�er 18 months and cont�nues up to 15 years post-
surgery. Sympathet�c re�nnervat�on �s cr�t�cal for a better
chronotrop�c and �notrop�c response to exerc�se, whereas
parasympathet�c re�nnervat�on �s �mportant for barore�ex-
med�ated blood pressure control.

Changes in Peak Oxygen Uptake

Many stud�es �nvest�gated the changes �n VO2peak follo-
w�ng heart transplantat�on. Gullestad et al. stud�ed 174 pa-
t�ents 3.5 years a�er the operat�on and reported a mean
VO2peak of 19.4 ± 0.4 ml/m�n/kg, wh�ch accounts for 70%
of the age-pred�cted value (28).

Osada et al. also reported that �n 56 heart transplant rec�p�-
ents three had 70% (±17%) of the�r age-pred�cted VO2peak
three years a�er surgery (29). Several researchers reported
much lower values, such as 51% of age pred�cted VO2peak
(n=47), whereas others reported %101 of age-pred�cted va-
lues (n=7) (3,30).

Although h�gher and lower values have also been reported,
�n most stud�es the peak oxygen uptake (VO2peak) levels
vary between 50% to 70% of the general populat�on and a
decreased VO2peak level pred�cts poor prognos�s (31,32).

Exerc�se therapy �mproves VO2peak �n heart transplant re-
c�p�ents and the mean �mprovement �s between 1.3-5.6
ml/m�n/kg (31). D��erent exerc�se protocols result �n d��e-
rent levels of VO2peak �mprovement. In the study of Her-
mann et al., e�ght weeks of h�gh-�ntens�ty �nterval tra�n�ng
�mproved VO2peak by 5.6 ml/m�n/kg compar�ng w�th cont-
rols (33), whereas Tegtbur et al. reported that a one-year
home-based ergometer-tra�n�ng program (�ntens�ty at 10%
below anaerob�c threshold) �mproved the VO2peak by only
1.3 ml/m�n/kg (34).

Skeletal Muscle Wasting and Atrophy

Heart transplantat�on cand�dates su�er from end-stage he-
art fa�lure and l�ve w�th very l�m�ted exerc�se and funct�onal
capac�t�es. At the t�me they rece�ve a new heart, the�r exer-
c�se capac�ty and da�ly phys�cal act�v�ty level would have
been very restr�cted for a long t�me. Therefore, the typ�cal
e�ects of detra�n�ng are observed among heart fa�lure pat�-
ents' skeletal muscle b�ops�es. These alterat�ons �nclude a
decrease �n m�tochondr�a volume, cap�llary dens�ty, type 1
f�ber rate and ox�dat�ve enzyme capac�ty and overall de-
monstrate a reduced ox�dat�ve capac�ty of work�ng muscle
(35).

Skeletal muscle b�ops�es performed before and at 3 and 12
months a�er card�ac transplantat�on revealed that skeletal
muscle enzyme act�v�t�es of phosphofructok�nase, c�trate
synthase, and beta-hydroxyacyl coenzyme A dehydrogena-
se s�gn�f�cantly �ncrease a�er H-tx. Also, f�ber cross-sect�-
onal areas d�splay a s�gn�f�cant �ncrease 12 months a�er
card�ac transplantat�on, albe�t preserv�ng the type 2 f�ber
dom�nance and rema�n�ng lower than controls (36). One
morpholog�c character�st�c that does not �mprove a�er sur-
gery �s the cap�llary dens�ty, namely the number of cap�lla-
r�es surround�ng each f�ber. Cap�llary dens�ty rema�ns as �t
was before H-tx even 12 months a�er surgery (36,37). Bes�-
des phys�cal �nact�v�ty due to restr�cted exerc�se capac�ty,
cort�costero�d and cyclospor�n treatments may contr�bute to
the deter�orat�on of the skeletal muscle �n H-tx pat�ents as
well (38).

Cons�der�ng that skeletal muscle �s a large t�ssue that con-
sumes most of the oxygen dur�ng exerc�se, changes �n ske-
letal muscle morphology can have a profound �mpact on
the exerc�se ab�l�ty of pat�ents. Indeed, rout�ne home exer-
c�se therapy has gradually �ncreased exerc�se capac�ty over
12 months of tra�n�ng, suggest�ng that exerc�se treatment
may m�t�gate the adverse s�de e�ects of �mmunosuppress�-
ve therapy on skeletal muscles. The authors of the report
proposed that, even late a�er H-tx, exerc�se tra�n�ng should
be undertaken cons�stently to avo�d an �ncreased reduct�on
�n card�ovascular ab�l�ty and skeletal muscle funct�on (34).
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There �s no longer any doubt about the pos�t�ve e�ects of
exerc�se therapy, and recently more researches have focu-
sed on f�nd�ng the most e�ect�ve exerc�se modal�ty. Stud�es
are suggest�ng that h�gh-�ntens�ty �nterval tra�n�ng (HIIT)
exerc�ses may be more e�ect�ve than trad�t�onal moderate-
�ntens�ty exerc�se prescr�pt�ons. A study showed that HIIT
had a super�or e�ect on oxygen uptake and led to an unex-
pected �ncrease �n peak HR accompan�ed by a faster HR re-
covery compared to cont�nued moderate exerc�se. Th�s re-
sult �nd�cates that HIIT �mproves the chronotrop�c response
better than cont�nuous moderate exerc�se (39). There are a
l�m�ted number of stud�es that compare the e�ects of HIIT
to moderate-�ntens�ty exerc�se. Instead, most compare HIIT
to no-exerc�se �ntervent�ons (40). W�th our current know-
ledge, HIIT appears to be a cand�date for rout�ne pract�ce as
a safe exerc�se opt�on �n H-tx pat�ents. However, more rese-
arch �s needed to demonstrate the advantages of HIIT to
moderate-�ntens�ty exerc�se.

Frailty

Fra�lty �s character�zed as an �ncreased vulnerab�l�ty and
decrease �n funct�onal�ty across mult�ple systems (41). The
phenotype of fra�lty refers to slow walk�ng speed, weak-
ness, we�ght loss, phys�cal �nact�v�ty, and exhaust�on. One
pathway lead�ng toward the fra�lty phenotype �s age-assoc�-
ated, and �t leads to sarcopen�a as a result of �n�ammat�on
and a decl�ne �n androgen hormones. Another pathway that
leads to fra�lty stems from card�ovascular d�sease and subc-
l�n�cal �mpa�rments result�ng from �t, genet�c pred�spos�t�-
ons, and decreased res�l�ency to stressors (41). Although
pr�mary (age-assoc�ated) and secondary (card�ovascular d�-
sease-related) fra�lty have subtle d��erences, the two ent�t�-
es are most l�kely not mutually exclus�ve.

Fra�lty �s l�nked to poor outcomes �n chron�c heart d�sease
pat�ents and heart transplant cand�dates and rec�p�ents
(41). Fra�lty w�th�n s�x months of HTx �s l�nked to an �ncre-
ased r�sk of death and extended hosp�tal�zat�on follow�ng
transplantat�on. Psoas muscle volume before transplantat�-
on �s also negat�vely correlated w�th durat�on of hosp�tal�-
zat�on a�er transplantat�on (42).

Endothelial Dysfunction

A healthy endothel�um establ�shes the equ�l�br�um between
vasod�lat�ng vs. vasoconstr�ct�ng, �n�ammatory vs. ant�-
�n�ammatory, and thrombot�c vs. ant�-thrombot�c factors.
In endothel�al dysfunct�on, the scale t�ps towards a vaso-
constr�ct�ve, �n�ammatory, and thrombot�c phenotype (43).

The pathophys�ology of heart fa�lure w�th preserved eject�-
on fract�on, a subgroup of heart fa�lure, sheds l�ght on the
�mportance of the endothel�um funct�on �n exerc�se capa-
c�ty. The most prom�nent feature of heart fa�lure w�th pre-

served eject�on fract�on �s exerc�se �ntolerance, po�nt�ng out
the �mportance of per�pheral mechan�sms underly�ng the
reduced funct�onal capac�ty and exerc�se tolerance. Even �n
the absence of favorable central hemodynam�c act�v�ty,
phys�cal tra�n�ng can �mprove the exerc�se capac�ty through
per�pheral adapt�ve mechan�sms �n heart fa�lure (44). One
of these per�pheral mechan�sms �s skeletal muscle adaptat�-
on as ment�oned earl�er. Another �mportant per�pheral
mechan�sm �s the restorat�on of endothel�al funct�on. On
the other hand, an �mproved vascular funct�on also means
�mproved oxygen del�very to skeletal muscle (45). Therefo-
re, the two per�pheral mechan�sms that contr�bute to �mp-
rovements �n exerc�se capac�ty should not be cons�dered
separately, rather they �nteract w�th each other closely.

Endothel�al dysfunct�on �n H-tx pat�ents presents cl�n�cally
w�th 50% h�gher system�c vascular res�stance dur�ng exerc�-
se compared to healthy controls (12). As Andreassen et al.
demonstrated �n the�r study, exerc�se capac�ty �n H-tx pat�-
ents tends to be closely correlated w�th attenuated endothe-
l�um-dependent vasod�lat�on �n per�pheral m�croc�rculat�-
on (46).

A way to measure the endothel�al funct�on �s by assess�ng
the endothel�um-dependent, �ow-med�ated d�lat�on (FMD)
v�a brach�al artery ultrasound (47). Research performed
us�ng th�s approach revealed that endothel�al dysfunct�on
�s ev�dent �n pat�ents w�th heart fa�lure, regardless of et�-
ology. However, whether the endothel�al funct�on w�ll be
restored a�er card�ac transplantat�on depends on the et�-
ology of heart fa�lure. Pat�ents w�thout �schem�c heart d�se-
ase have more favorable outcomes �n regard to correct�ng
per�pheral endothel�al funct�on, than pat�ents w�th pr�or
atherosclerot�c coronary d�sease (48).

Immunosuppress�ve therap�es adversely a�ect the vascula-
ture as well, bes�des the�r prev�ously ment�oned adverse
e�ects on d�astol�c dysfunct�on and skeletal muscle was-
t�ng. Although both the commonly used tacrol�mus and
cyclospor�ne agents contr�bute to vasculopathy, the former
�s reported to be less tox�c �n terms of m�crovascular endot-
hel�al funct�on, �nt�mal th�cken�ng, and vascular remode-
l�ng (49).

The endothel�um benef�ts from exerc�se therapy through
correct�on of comorb�d�t�es, upregulat�ng and phosphoryla-
t�ng eNOS through �ncreased shear stress and vascular en-
dothel�al growth factor 2 release, and lead�ng to an �ncrease
�n NO b�oava�lab�l�ty (50), reduc�ng ox�dat�ve stress by do-
wnregulat�ng ang�otens�n receptors and n�cot�nam�de ade-
n�ne d�nucleot�de phosphate ox�dase (51), �ncreas�ng the
number of c�rculat�ng ang�ogen�c T lymphocytes wh�ch
control the mob�l�zat�on of endothel�um-repa�r�ng endothe-
l�al progen�tor cells from the bone marrow (52). However,
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there are reports �n the l�terature �nd�cat�ng that exerc�se
tra�n�ng has no e�ect on vascular funct�on �n H-tx rec�p�-
ents, as well as reports that demonstrate �mproved vascular
funct�on a�er tra�n�ng (38). The e�ect�veness of exerc�se
therapy on endothel�al dysfunct�on of H-tx pat�ents needs
further �nvest�gat�on.

In summary, the presence of endothel�al dysfunct�on �s de-
pendent on the et�ology of heart fa�lure, and the extent of
dysfunct�on var�es accord�ng to the �mmunosuppress�ve
agent. Fa�lure to adequately d�late the vasculature leads to
decreased oxygen supply to skeletal muscle, �mpa�r�ng
exerc�se capac�ty.

Psychological and Psychosocial Factors

Be�ng a heart transplant rec�p�ent �s a very �mportant l�fe
event. It not only a�ects the phys�ology of the pat�ents, but
also changes the mood and psychology (53). The most com-
mon mood d�sorder develop�ng �n heart rec�p�ents prospec-
t�vely followed dur�ng the f�rst two years a�er transplantat�-
on �s major depress�on. Although not that prevalent, postt-
raumat�c stress d�sorder was also observed among transp-
lant rec�p�ents (54). Follow�ng HTx, h�gher levels of psycho-
log�cal d�stress, such as anx�ety and depress�on, have been
l�nked to lower aerob�c capac�ty (55). Psychosoc�al factors
are �mportant determ�nants of exerc�se therapy response as
well. It was reported that an e�ght-week home-based the-
rapy fa�led to �mprove the qual�ty of l�fe, anx�ety and dep-
ress�on scores of heart transplant pat�ents, whereas the
hosp�tal-based, superv�sed exerc�se therapy successfully
�mproved all the above ment�oned parameters, as well as
peak VO2 (56).

CONCLUSION

In conclus�on, both central (card�ac) and per�pheral (vascu-
lar and skeletal muscle) mechan�sms contr�bute to �mpa-
�red exerc�se capac�ty a�er card�ac transplantat�on. Heart
denervat�on causes chronotrop�c �ncompetence (a decrease
�n HR reserve) and can be restored to some extent by sym-
pathet�c and parasympathet�c re�nnervat�on. D�astol�c dys-
funct�on �s another central mechan�sm that causes less
end-d�astol�c volume and �mpa�rs �notropy. Per�pheral mec-
han�sms �nclude endothel�al dysfunct�on and alterat�ons �n
skeletal muscle morphology. Changes �n skeletal muscle
can be reversed by exerc�se tra�n�ng to some degree, but the
revers�ng e�ects of phys�cal tra�n�ng on endothel�al dys-
funct�on are not as clear.

Research should be d�rected to reveal�ng the safest and
most e�ect�ve exerc�se prescr�pt�on for heart transplant re-
c�p�ents. The most e�ect�ve exerc�se therapy would be the
one that targets �mprov�ng all underly�ng mechan�sms,

both central and per�pheral, contr�but�ng to exerc�se �ntole-
rance �n a hol�st�c approach.

Conflict of Interest / Çıkar Çatışması

The authors declared no con��cts of �nterest w�th respect to authorsh�p
and/or publ�cat�on of the art�cle.

Financial Disclosure / Finansal Destek

The authors rece�ved no f�nanc�al support for the research and/or publ�-
cat�on of th�s art�cle.

Author Contributions / Yazar Katkıları

Concept - M.P.Y., Z.I.S.G.; Des�gn - M.P.Y., Z.I.S.G.; Superv�s�on - M.P.Y., Z.I.-
S.G.; L�terature Rev�ew - M.P.Y., Z.I.S.G.; Wr�t�ng Manuscr�pt - M.P.Y., Z.I.S-
.G.; Cr�t�cal Rev�ews - M.P-.Y., Z.I.S.G.

REFERENCES

Sl�wa K, Z�lla P. 50th ann�versary of the f�rst human heart transplant -how �s �t seen today? Eur
Heart J. 2017;38(46):3402-4. https://do�.org/10.1093/eurheartj/ehx695.
Lund LH, Khush KK, Cher�kh WS, Goldfarb S, Kucheryavaya AY, Levvey BJ, et al. The reg�stry of
the Internat�onal Soc�ety for Heart and Lung Transplantat�on: th�rty-fourth Adult Heart Transp-
lantat�on Report-2017; Focus theme: allogra� �schem�c t�me. J Heart Lung Transplant.
2017;36(10):1037-46. https://do�.org/10.1016/j.healun.2017.07.019.
Carter R, Al-Rawas OA, Stevenson A, Mcdonagh T, Stevenson RD. Exerc�se responses follow�ng
heart transplantat�on: 5 year follow-up. Scott Med J. 2006;51(3):6-14.
https://do�.org/10.1258/RSMSMJ. 51.3.6.
Haykowsky MJ, R�ess KJ, Schne�der CA. Ironman tr�athlon performance pre- and post-heart
transplant. J Heart Lung Transplant. 2015;34(5):756.
https://do�.org/10.1016/j.healun.2014.12.015.
Penn Med�c�ne. Derek's story. https://www.pennmed�c�ne.org/for-pat�ents-and-v�s�tors/f�nd-a-
program-or-serv�ce/heart-and-vascular/heart-fa�lure/pat�ent-stor�es/derek-story (accessed Apr�l
27, 2020).
Br�t�sh Heart Foundat�on. Heart transplant pat�ent to marathon runner, John's story. https://
www.youtube.com/watch?v=oy5s56RG_mo (accessed Apr�l 27, 2020).
Belard�nell� R, Georg�ou D, C�anc� G, Purcaro A. Random�zed, controlled tr�al of long-term mode-
rate exerc�se tra�n�ng �n chron�c heart fa�lure: E�ects on �nct�onal capac�ty, qual�ty of l�fe, and
cl�n�cal outcome. C�rculat�on. 1999;99(9):1173-82. https://do�.org/10.1161/01.CIR.99.9.1173.
Morr�s JH, Chen L. Exerc�se tra�n�ng and heart fa�lure: a rev�ew of the l�terature. Card Fa�l
Rev. 2019;5(1):57-61. https://do�.org/10.15420/cfr.2018.31.1.
Bachmann JM, Shah AS, Duncan MS, Greevy RA Jr, Graves AJ, N� S, et al. Card�ac rehab�l�tat�on
and readm�ss�ons a�er heart transplantat�on. J Heart Lung Transplant.
2018;37(4):467-76. https:// do�.org/10.1016/j.healun.2017.05.017.
R�v�n�us R, Helmschrott M, Ruhparwar A, Rahm A-K, Darche FF, Thomas D, et al. Control of car-
d�ac chronotrop�c �nct�on �n pat�ents a�er heart transplantat�on: e�ects of �vabrad�ne and me-
toprolol succ�nate on rest�ng heart rate �n the denervated heart. Cl�n Res Card�ol.
2018;107(2):138-47. https://do�.org/10.1007/s00392-017-1165-3.
Grupper A, Gew�rtz H, Kushwaha S. Re�nnervat�on post-heart transplantat�on. Eur Heart J.
2018;39(20):1799-1806. https://do�.org/10.1093/eurheartj/ehw604.
Kao AC, Pv Tr�gt 3rd, Shae�er-McCall GS, Shaw JP, Kuz�l BB, Page RD, et al. Central and per�p-
heral l�m�tat�ons to upr�ght exerc�se �n untra�ned card�ac transplant rec�p�ents. C�rculat�on.
1994;89(6): 2605-15. https://do�.org/10.1161/01.CIR.89.6.2605.
Del�cce AV, Makaryus AN. Phys�ology, Frank Starl�ng Law. Treasure Island (FL): Stat-
Pearls Publ�sh�ng; 2018.
Az�z TM, Burgess MI, Haselton PS, Yonan NA, Hutch�nson IV. Transform�ng growth factor β and
d�astol�c le� ventr�cular dys�nct�on a�er heart transplantat�on: echocard�ograph�c and h�stolo-
g�c ev�dence. J Heart Lung Transplant. 2003;22(6):663-73.
https://do�.org/10.1016/S1053-2498(02) 00657-5.
Karch SB, B�ll�ngham ME. Cyclospor�ne �nduced myocard�al f�bros�s: a un�que controlled case
report. J Heart Transplant. 1985;4(2):210-2.
Rowan RA, B�ll�ngham ME. Myocard�al �nnervat�on �n long-term heart transplant surv�vors: a
quant�tat�ve ultrastructural survey. J Heart Transplant. 1988;7(6):448-52.
Cannom DS, Graham AF, Harr�son DC. Electrophys�olog�cal stud�es �n the denervated transplan-
ted human heart: response to atr�al pac�ng and atrop�ne. C�rc Res. 1973;32(2):268-78.
St�nson EB, Schroeder JS, Gr�epp RB, Shumway NE, Dong Jr E. Observat�ons on the behav�or of
rec�p�ent atr�a a�er card�ac transplantat�on �n man. Am J Card�ol. 1972;30(6):615-22.
Bengel FM, Ueber�hr P, Z�egler SI, Nekolla S, Re�chart B, Schwa�ger M. Ser�al assessment of
sympathet�c re�nnervat�on a�er orthotop�c heart transplantat�on. C�rculat�on. 1999;

1.

2.

3.

4.

5.

6.

7.

8.

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.



M. P. Yargıç, Z. I. Solak Görmüş

208

99(14):1866-71. https://do�.org/10.1161/01.CIR.99.14.1866.
Bengel FM, Ueber�hr P, Hesse T, Sch�epel N, Z�egler SI, Scholz S, et al. Cl�n�cal determ�nants of
ventr�cular sympathet�c re�nnervat�on a�er orthotop�c heart transplantat�on. C�rculat�on.
2002; 106(7):831-5. https://do�.org/10.1161/01.CIR.0000025631.68522.9D.
Bernard� L, B�anch�n� B, Spadac�n� G, Leuzz� S, Valle F, Marches� E, et al. Demonstrable card�ac
re�nnervat�on a�er human heart transplantat�on by carot�d baroreflex modulat�on of RR �nter-
val. C�rculat�on. 1995;92(10):2895-903.
Kaye DM, Esler M, K�ngwell B, McPherson G, Esmore D, Jenn�ngs G. Funct�onal and neuroche-
m�cal ev�dence for part�al card�ac sympathet�c re�nnervat�on a�er card�ac transplantat�on �n hu-
mans. C�rculat�on. 1993;88(3):1110-8. https://do�.org/10.1161/01.CIR.88.3.1110.
Bengel FM, Ueber�hr P, Sch�epel N, Nekolla SG, Re�chart B, Schwa�ger M. E�ect of sympathet�c
re�nnervat�on on card�ac performance a�er heart transplantat�on. N Engl J Med.
2001;345(10): 731-8. https://do�.org/10.1056/NEJMoa010519.
Bengel FM, Ueber�hr P, Sch�epel N, Nekolla SG, Re�chart B, Schwa�ger M. Myocard�al e��c�ency
and sympathet�c re�nnervat�on a�er orthotop�c heart transplantat�on: a non�nvas�ve study w�th
pos�tron em�ss�on tomography. C�rculat�on. 2001;103(14):1881-6.
Bernard� L, Radaell� A, Pass�no C, Falcone C, Auguadro C, Mart�nell� L, et al. E�ects of phys�cal
tra�n�ng on card�ovascular control a�er heart transplantat�on. Int J Card�ol.
2007;118(3):356-62. https://do�.org/10.1016/j.�jcard.2006.07.032.
Bernard� L, Valent� C, Wdowczyck-Szulc J, Frey AW, R�nald� M, Spadac�n� G, et al. Influence of
type of surgery on the occurrence of parasympathet�c re�nnervat�on a�er card�ac transplantat�-
on. C�rculat�on. 1998;97(14):1368-74. https://do�.org/10.1161/01.CIR.97.14.1368.
Townend JN, L�ttler WA. Card�ac vagal act�v�ty: a target for �ntervent�on �n heart d�sease.
Lancet. 1995;345(8955):937-8. https://do�.org/10.5555/URI:PII:S014067369590694-0.
Gullestad L, Myers J, Edvardsen T, Kjekshus J, Ge�ran O, S�monsen S. Pred�ctors of exerc�se ca-
pac�ty and the �mpact of ang�ograph�c coronary artery d�sease �n heart transplant rec�p�ents.
Am Heart J. 2004;147(1):49-54. https://do�.org/10.1016/j.ahj.2003.07.013.
Osada N, Cha�tman BR, Donohue TJ, Wolford TL, Stelken AM, M�ller LW. Long-term card�opul-
monary exerc�se performance a�er heart transplantat�on. Am J Card�ol. 1997;79(4):451-6.
https://do�.org/ 10.1016/s0002-9149(96)00785-0.
R�chard R, Verd�er J-C, Doutreleau S, P�quard F, Gény B, R�eu M. Exerc�se l�m�tat�on �n tra�ned
heart and k�dney transplant rec�p�ents: central and per�pheral l�m�tat�ons. J Hear Lung
Transplant. 2005;24(11):1774-80. https://do�.org/10.1016/j.healun.2005.03.017.
Nytrøen K, Gullestad L. Exerc�se a�er heart transplantat�on: an overv�ew. World J Transp-
lant. 2013;3(4):78-90. https://do�.org/10.5500/wjt.v3.�4.78.
Kavanagh T, Mertens DJ, Hamm LF, Beyene J, Kennedy J, Corey P, et al. Pred�ct�on of long-term
prognos�s �n 12169 men referred for card�ac rehab�l�tat�on. C�rculat�on. 2002;106(6):666-
71. https://do�.org/10.1161/01.c�r.0000024413.15949.ed.
Hermann TS, Dall CH, Chr�stensen SB, Goetze JP, Prescott E, Gustafsson F. E�ect of h�gh �nten-
s�ty exerc�se on peak oxygen uptake and endothel�al �nct�on �n long-term heart transplant re-
c�p�ents. Am J Transplant. 2011;11(3):536-41. https://do�.org/10.1111/j.1600-
6143.2010.03403.x.
Tegtbur U, Busse MW, Jung K, Peth�g K, Haver�ch A. T�me course of phys�cal recond�t�on�ng du-
r�ng exerc�se rehab�l�tat�on late a�er heart transplantat�on. J Heart Lung Transplant.
2005;24(3):270-4. https://do�.org/10.1016/j.healun.2003.12.010.
Drexler H, R�ede U, Münzel T, Kön�g H, Funke E, Just H. Alterat�ons of skeletal muscle �n chron�c
heart fa�lure. C�rculat�on. 1992;85(5):1751-9. https://do�.org/10.1161/01.CIR.85.5.1751.
Buss�ères LM, Pflugfelder PW, Taylor AW, Noble EG, Kostuk WJ. Changes �n skeletal muscle
morphology and b�ochem�stry a�er card�ac transplantat�on. Am J Card�ol. 1997;79(5):630-
4. https://do�.org/10.1016/S0002-9149(96)00829-6.
Schaufelberger M, Er�ksson BO, Lönn L, Rundqv�st B, St�brant Sunnerhagen K, Swedberg K.
Skeletal muscle character�st�cs, muscle strength and th�gh muscle area �n pat�ents before and
a�er card�ac transplantat�on. Eur J Heart Fa�l. 2001;3(1):59-67.
https://do�.org/10.1016/S1388-9842(00)00114-8.
Tucker WJ, Beaudry RI, Samuel TJ, Nelson MD, Halle M, Bagg�sh AL, et al. Perspect�ves for prog-
ress -performance l�m�tat�ons �n heart transplant rec�p�ents. Exerc Sport Sc� Rev.
2018;46(3):144-51. https://do�.org/10.1249/JES.0000000000000149.
Dall CH, Snoer M, Chr�stensen S, Monk-Hansen T, Freder�ksen M, Gustafsson F, et al. E�ect of
h�gh-�ntens�ty tra�n�ng versus moderate tra�n�ng on peak oxygen uptake and chronotrop�c res-

ponse �n heart transplant rec�p�ents: a random�zed crossover tr�al. Am J Transplant.
2014;14(10): 2391-9. https://do�.org/10.1111/ajt.12873.
Yardley M, Gullestad L, Nytrøen K. Importance of phys�cal capac�ty and the e�ects of exerc�se
�n heart transplant rec�p�ents. World J Transplant. 2018;8(1):1-12.
https://do�.org/10.5500/wjt.v8.�1.1.
Kobash�gawa J, Shah P, Joseph S, Olymb�os M, Bhat G, Dh�tal K, et al. Fra�lty �n heart transplan-
tat�on: Report from the heart workgroup of a consensus conference on fra�lty. Am J Transp-
lant. 2021; 21(2):636-44. https://do�.org/10.1111/ajt.16207.
Macdonald PS, Gorr�e N, Brennan X, A�l� SR, De S�lva R, Jha SR, et al. The �mpact of fra�lty on
mortal�ty a�er heart transplantat�on. J Heart Lung Transplant. 2021;40(2):87-94.
https://do�.org/ 10.1016/j.healun.2020.11.007.
Gevaert AB, Lemmens K, Vr�nts CJ, Van Craenenbroeck EM. Target�ng endothel�al �nct�on to
treat heart fa�lure w�th preserved eject�on fract�on: the prom�se of exerc�se tra�n�ng. Ox�d
Med Cell Longev. 2017;2017:4865756. https://do�.org/10.1155/2017/4865756.
Upadhya B, Haykowsky MJ, Eggebeen J, K�tzman DW. Exerc�se �ntolerance �n heart fa�lure w�th
preserved eject�on fract�on: more than a heart problem. J Ger�atr Card�ol. 2015;
12(3):294-304. https://do�.org/10.11909/j.�ssn.1671-5411.2015.03.013.
Korthu�s RJ. Exerc�se hyperem�a and regulat�on of t�ssue oxygenat�on dur�ng muscular act�v�ty.
Exp Phys�ol. 2011;98(5):988-98. https://do�.org/ 10.1113/expphys�ol.2012.071555.
Andreassen AK, Kvernebo K, Jørgensen B, S�monsen S, Kjekshus J, Gullestad L. Exerc�se capa-
c�ty �n heart transplant rec�p�ents: relat�on to �mpa�red endothel�um-dependent vasod�lat�on of
the per�pheral m�croc�rculat�on. Am Heart J. 1998;136(2):320-8. https://do�.org/
10.1053/hj.1998.v136.89731.
Alley H, Owens CD, Gasper WJ, Grenon SM. Ultrasound assessment of endothel�al-dependent
flow-med�ated vasod�lat�on of the brach�al artery �n cl�n�cal research. J V�s Exp.
2014;92:e52070. https://do�.org/10.3791/52070.
Patel AR, Kuv�n JT, Pand�an NG, Sm�th JJ, Udelson JE, Mendelsohn ME, et al. Heart fa�lure et�-
ology a�ects per�pheral vascular endothel�al �nct�on a�er card�ac transplantat�on. J Am Coll
Card�ol. 2001;37(1):195-200. https://do�.org/10.1016/S0735-1097(00)01057-3.
Petrakopoulou P, Anthopoulou L, Muscholl M, Klauss V, von Sche�dt W, über�hr P, et al. Coro-
nary endothel�al vasomotor �nct�on and vascular remodel�ng �n heart transplant rec�p�ents
random�zed for tacrol�mus or cyclospor�ne �mmunosuppress�on. J Am Coll Card�ol.
2006;47(8):1622-9. https:// do�.org/10.1016/j.jacc.2005.10.073.
Hambrecht R, F�ehn E, We�gl C, G�elen S, Hamann C, Ka�ser R, et al. Regular phys�cal exerc�se
corrects endothel�al dys�nct�on and �mproves exerc�se capac�ty �n pat�ents w�th chron�c heart
fa�lure. C�rculat�on. 1998;98(24):2709-15. https://do�.org/10.1161/01.CIR.98.24.2709.
Adams V, L�nke A, Kränkel N, Erbs S, G�elen S, Möb�us-W�nkler S, et al. Impact of regular phys�-
cal act�v�ty on the NAD(P)H ox�dase and ang�otens�n receptor system �n pat�ents w�th coronary
artery d�sease. C�rculat�on. 2005;111(5):555-62.
https://do�.org/10.1161/01.CIR.0000154560.88933.7E.
Van Craenenbroeck EM, Beckers PJ, Possem�ers NM, Wuyts K, Freder�x G, Hoymans VY, et al.
Exerc�se acutely reverses dys�nct�on of c�rculat�ng ang�ogen�c cells �n chron�c heart fa�lure.
Eur Heart J. 2010;31(15):1924-34.
Desh�elds TL, McDonough EM, Mannen RK, M�ller LW. Psycholog�cal and cogn�t�ve status befo-
re and a�er heart transplantat�on. Gen Hosp Psych�atry. 1996;18(6 Suppl):S62-9.
https://do�.org/ 10.1016/s0163-8343(96)00078-3.
Rosenberger EM, Fox KR, D�mart�n� AF, Dew MA. Psychosoc�al factors and qual�ty-of-l�fe a�er
heart transplantat�on and mechan�cal c�rculatory support. Curr Op�n Organ Transp-
lant. 2012; 17(5):558-63. https://do�.org/10.1097/MOT.0b013e3283564f45.
Kugler C, Malehsa D, Tegtbur U, Guetzla� E, Meyer AL, Bara C, et al. Health-related qual�ty of
l�fe and exerc�se tolerance �n rec�p�ents of heart transplants and le� ventr�cular ass�st dev�ces: a
prospect�ve, comparat�ve study. J Heart Lung Transplant. 2011;30(2):204-10.
Karapolat H, Ey�gör S, Zogh� M, Yagd� T, Nalbantg�l S, Durmaz B. Compar�son of hosp�tal-super-
v�sed exerc�se versus home-based exerc�se �n pat�ents a�er orthotop�c heart transplantat�on:
e�ects on �nct�onal capac�ty, qual�ty of l�fe, and psycholog�cal symptoms. Transplant
Proc. 2007;39(5): 1586-8. https://do�.org/10.1016/j.transproceed.2007.01.079.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.


