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General discussion and future perspectives

The aim of this thesis was to look for renal protective strategies applicable during the transplant 
procedure in order to improve graft outcome. Most research regarding kidney transplant 
recipients focusses on post-transplant patient management of which a predominant emphasis 
on immunosuppression. However, the biggest ‘hit’ to the donor organ is administered during the 
process of donation and reperfusion at time of transplantation. A variety of processes take place 
in the donor, during the preservation process and upon reperfusion in the recipient that will 
impair renal function post transplantation. Clinically, these harmful events manifest as primary 
non function (PNF), delayed graft function (DGF), or may lead to acute rejection and chronic 
graft failure. Ischemia and reperfusion injury (IRI) is inevitable in (kidney) transplantation and one 
of the most important mechanisms for non-function immediately after transplantation.1-3 It is 
accompanied by a proinflammatory and procoagulatory response and is associated with acute 
rejection due to an increased immunogenicity favouring T-cell mediated rejection as well as anti-
body mediated rejection (AMBR).4,5 Also, IRI may result in progressive interstitial fibrosis and is 
associated with chronic graft dysfunction due to interstitial fibrosis and tubular atrophy (IFTA).6 

In the past decade more insight has been gained in the complex molecular pathophysiology of 
IRI. This may open a door to new therapeutic strategies aiming to reduce IRI. In this respect, the 
intraoperative period, in which kidney is reperfused, may provide a window of opportunity to 
modulate and reduce IRI.

Reducing IRI with conditioning strategies

In Chapter 3 through 7 three different conditioning strategies to attenuate renal IRI in two 
different animal models of I/R (ARA290) and kidney transplantation (remote ischemic condition, 
anesthetic conditioning) were studied. These three strategies intervene with several of the 
processes involved in the pathophysiology of IRI. They share common protective pathways but 
also have unique points of engagement.

Pharmacologic conditioning with ARA290
In Chapter 3 and 4 the concept of pharmacological conditioning with ARA290 was tested in 
respectively a rat and a porcine model. In both models ARA290 improved renal function, reduced 
inflammation and acute kidney injury. In the rat model we focused on optimum timing of 
administration with ARA290 administered 1h, 4h or 1 and 4h after reperfusion of the kidney. 
In this model the first dose 1h after reperfusion appeared to be the most effective as seen in 
significant reductions of plasma creatinine levels, proinflammatory cytokine IL-6 and TNF-α levels 
and reduced KIM-1 expression. This in contrast to the mouse model of Patel and colleagues, in 
which administration of ARA290 at 1 or 30 minutes after reperfusion had no significant effect 
whereas administration at 6 h post reperfusion resulted in profound protection against renal IRI.7 

An explanation for this could be that in this model the EPOR-βcR was not yet present at the cell 
surface at 1 and 30 minutes after reperfusion. This receptor complex is formed of the EPOR and 
βcR which are both present in the intracellular space and move to the cellular membrane upon 
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injury to form the EPOR-βcR complex.8 One could speculate that since most injury takes place 
during the reperfusion period, in this model the injury directly upon reperfusion was not severe 
enough to cause movement of the receptors to the cellular membrane. In the porcine model 
administration of ARA290 0, 2, 4 and 6 h post reperfusion resulted in increased GFR during the 7d 
observation period, reduced IL-6 and MCP-1 expression 15 minutes after reperfusion and reduced 
renal interstitial fibrosis after 7 days. This last observation is intriguing since the half-life of ARA290 
is only a few minutes suggesting that the pharmacodynamics effects of ARA290 may be much 
longer than the pharmacokinetic effects.
In the same way as stimulating EPOR2 by EPO, binding of ARA290 to the EPOR-βcR induces 
activation of janus kinase-2 (JAK-2) by phosphorylation.9 Subsequently three different pathways 
are variably activated depending upon type of tissue. Figure 1 provides a schematic overview of 
the involved pathways.

Figure 1. Intracellular signalling pathways implicated in ARA290 (pHBSP) signaling upon binding of ARA290 
with the IRR.
Collino M, Thiemermann C, Cerami A, Brines M. Flipping the molecular switch for innate protection and repair of 
tissues: Long-lasting effects of a non-erythropoietic small peptide engineered from erythropoietin.Pharmacol Ther. 
2015;151:32-40
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It is suggested that the RISK pathway (PI3K-Akt pathway), also involved in (R)IPC, plays an important 
or even pivotal role in the anti-inflammatory, anti-apoptotic properties of ARA290.7 Inhibition 
of the PI3K/Akt pathway in renal mouse model and in cultured neonatal rat cardiomyocytes 
attenuated the protective effect.10,11 This axis, together with the ERK1/2 signalling pathway, 
regulates the phosphorylation of eNOS resulting in activation of eNOS and enhanced formation 
of NO in the microcirculation.7,10,12 Our porcine model showed increased urinary nitrate and 
nitrite concentrations suggesting increased eNOS activity. Furthermore an increased GFR in the 
ARA290 treated group was observed during the entire observation period. As stated above IRI is 
accompanied by vasoconstriction as a result of production of vasoactive substances like platelet 
derived growth factor and Endothelin-1 by the endothelium and a decreased expression of 
eNOS during the reperfusion phase which can lead to the no reflow phenomenon. The locally 
increased activation of eNOS by ARA290 might have caused an improved microcirculation of the 
kidney resulting in this increased GFR. The RISK pathway is one of the most important pathways 
for cell survival. Activation of this pathway leads to the inhibition of glycogen synthase kinase 3β 
(GSK-3β) which prevents mPTP opening upon reperfusion, reduces apoptosis and inhibits pro-
inflammatory transcription factor NF-κB. Yang and colleagues showed in a renal I/R mouse model 
that ARA290 administration decreased apoptotic cells in the kidney and reduced activation 
of caspase 9 and 3.10 Recently immunomodulatory effects of ARA290 are described.13,14 In an 
experimental autoimmune encephalomyelitis (EAE) model of a rat (a frequently used model 
for multiple sclerosis) ARA290 inhibited Th1 and Th17 polarization and promoted Th2 and Treg 
differentiation facilitating recovery from EAE. Rats treated with ARA290 showed reduced severity 
and shortened duration of EAE and attenuated inflammation in the CNS.13 In a pancreatic islet 
transplantation (PITx) model in mice ARA290 treatment just before and at 0, 6 and 24 h after 
PITx improved glucose metabolism together with reduced expression of proinflammatory 
cytokines IL-6, TNF-α, IL-1β, MCP-1 and MIP-1β.15 Furthermore, suppression of caspase 3/7 activity 
was seen in the ARA290 treated group. In this study the researchers focussed on macrophages 
since macrophage activation is one of the key triggers to induce innate immune reactions 
leading to early graft loss of the transplanted islets. They showed that ARA290 inhibited cytokine 
secretion by macrophages treated with LPS or TNF-α at a dose range of 50-100 nmol/L.15 The 
exact mechanism of this immune modulation remains uncertain but to my opinion it provides an 
exciting additional perspective for kidney transplantation. Activation of the innate and adaptive 
immune system upon reperfusion results in the production of proinflammatory cytokines by 
macrophages, neutrophils, dendritic cells and T-cells. This not only confers direct harm to the 
graft but also amplifies the immune response thereafter making the graft more sensitive for a 
subsequent adaptive immune response leading to allograft rejection and chronic graft failure 
due to fibrosis.

Future perspectives of ARA290
Our findings together with recent literature show promising perspectives for ARA290 in the 
setting of kidney transplantation. Intravenous as well as subcutaneous administration of ARA290 
in humans appears to be safe. ARA290 has been tested in two open-label studies and two double 
blind randomised controlled trials in patient with chronic neuropathic pain due to sarcoidosis 
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or diabetes.16-19 All studies reported a significant decrease in neuropathic pain scores and more 
important without any adverse events or effect on hemoglobin levels. This opens the door to 
application of ARA290 in kidney transplant recipients in which optimum dosing and timing will 
be crucial.

Remote ischemic conditioning
In Chapter 5 the molecular aspects of (remote) ischemic conditioning in the kidney is extensively 
reviewed. Therefore I will not review these pathways in depth again in this discussion. Since we 
tested the concept of remote ischemic conditioning (RIC) in clinical context (Chapter 6) the 
proposed molecular mechanisms of this conditioning strategy are summarised below. During 
RIC the ischemic conditioning stimulus is not directly applied to the organ of interest but to a 
remote organ or tissue. This strategy gained interest since direct access to the blood vessels of 
the organ of interest is not always possible. To date the exact mechanism of RIC is still unclear 
even as the mediating factors. Most likely the ischemic stimulus induces a signal in the treated 
organ or tissue. This signal is then transferred to the organ of interest by a humoral, neuronal and/
or systemic pathway. As in IC, RIC induces an early and a delayed phase of protection. The early 
window occurs immediately upon the conditioning stimulus and might last for a couple of hours. 
Substances released from the conditioned tissue like autocoids are most likely responsible for this 
early phase. The late phase occurs 12-24 hours after the stimulus and lasts up to approximately 
72 h.20,21 This second phase most likely depends on de novo protein synthesis. Evidence for a 
humoral pathway is provided by adoptive transfer experiments in several animal experiments 
in which blood/plasma of an animal subjected to IC was transferred to another animal. This 
recipient animal showed to be protected against ischemic injury.22,23 Recently the stabilisation of 
HIF-1α and HIF-2α and subsequent upregulation of HIF dependent genes have been suggested 
as initial key players.24-26 Several humoral mediators have been suggested to play a role in RIC 
of which: autocoids (NO, bradykinin), adenosine, opioids, stromal derived factor-1α (SDF-1α), 
endocannabinoids, IL-10, microRNA and other types of signalling molecules.27-29 Next to the 
humoral pathway neuronal signalling showed to be involved in RIC. Activation of afferent sensory 
nerves from the conditioned remote tissue by autacoids (or other factors) can facilitate the 
conditioning signal by modulating the activity of other neural structures (spinal cord, brainstem 
or the autonomic nervous system) and/or by coupling with humoral protective factors.30,31 The 
humoral and neural pathways seem to interact in mediating RIC.32 The systemic pathway involves 
RIC-facilitated suppression of the general inflammatory response following I/R as seen in reduced 
plasma levels of TNF-α and reduced expression of ICAM-1.33 Yet, the transduction of the RIC 
stimulus from the remote organ or tissue to the target organ is complex and several questions 
remain unanswered. The underlying intracellular mediators and effectors in RIC in the target cells 
are to a great extent similar to the established protective pathways induced by local IC including 
the RISK and SAFE pathway.34,35 Figure 2 provides a schematic overview of the involved pathways 
in RIC.
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 Figure 2. Overview of the onvolved pathways in remote ischemic conditioning
HIF-1/2 : hypoxic inducible factor 1/2 ; NO: nitric oxide, SDF-1 : stromal cell derived factor 1 

To date six clinical trial have been published, reporting the effects of remote ischemic conditioning 
in kidney transplantation including the study included in this thesis.36-41 The protocols and 
outcomes are listed in table 1. Zhou and colleagues recently performed a meta-analysis of these 
six trials.42 They failed to show statistical significance favouring RIC. There was a trend in decreased 
DGF rate (random-effects model: RR = 0.89; fixed-effect model: RR = 0.84) however this result 
showed no statistical significance. Also other outcome parameters like the incidence of AR, 50% 
fall of SCr, graft loss, hospital stay and eGFR at 3 and 12 months were comparable between groups. 
The authors mention several possible reasons for failure to demonstrate positive results like 
donor type (mostly living, less IRI), high incidence of hemodialysis pre-transplantation (possible 
repetitive I/R supressing the effects of RIC), small sample size (to show a relative risk reduction 
in DGF of 17.5%, 4,637 recipients are needed) and interference with immunosuppressive drugs 
which might influence the efficacy of RIC. In chapter 6 we report the results of our international 
multicenter study to the effects of remote ischemic perconditioning in recipients receiving a DBD 
or DCD kidney. The RIC in our study was performed with an inflatable tourniquet around the 
contralateral thigh. After start of surgery this tourniquet was inflated to 250 mmHg for 5 minutes 
followed by 5 minutes of reperfusion. This cycle was repeated 4 times. Our primary outcome 
measure was time to a 50% fall of serum creatinine but we failed to show a beneficial effect of 
RIC. Also, the incidence of DGF, PNF, eGFR at 21 days and length of hospital stay were comparable 
between groups. A possible explanation why our study failed to show a protective effect of RIC, 
despite promising results in animal experiments, might be the timing of application of the RIC 
stimulus. 
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 Number of 
patients 

Donor 
type 

Condotioning 
strategie 

Conditioning 
strategie 

Outcome 

Chen et al  
2014 

60 couples 
20 donor RPIC 
20 recipient RPIC 
20 sham 

LDKT preconditioning 3 cycles 5 min 
thigh 
300 mmHg 

No 
differences 

Kim et al  
2014 

60 recipients 
30 RpoIC 
30 sham 

LDKT postconditioning 3 cycles 5 min 
arm 
300 mmHg 

Time to 
reduce serum 
Cr 50% 
higher in 
treated group  
Later on no 
differences 

Wu et al 
2014 

84 recipients 
24 RperIC 
24 sham 

DCD perconditioning 3 cycles 5 min 
clamping 
ipsilat external 
iliac artery 

Enhanced 
eary recovery 
in treated 
group, higher 
eGFR and 
lower 
serumCr d1-
14 
Later on no 
differences 

MacAllister et 
al 
2015 

406 couples 
99 sham  
102 early RIPC  
103 late RIPC  
102 early + late 
RIPC 
 

LDKT preconditioning  eGFR at 3 -12 
months 
higher in the 
early treated 
group 
compared to 
control 

Nicholson et 
al  
2015 

80 recipients 
40 RperI 
40 sham 

LDKT perconditioning 4 cycles 5 min 
thigh 
200 mmHg or  
S-RR+25 
mmHg 

No 
differences 

Krogstrup et 
al  
2016 

225 recipients 
110 RpeRIC 
115 sham 

DBD/ 
DCD 

perconditioning 4 cycles 5 min 
thigh 
250 mmHg 

No 
differences 

 

Table 1. Clinical trials on RIC in kidney transplantation.
 

RPIC: remote preconditioning, RpoIC: remote postconditioning; RperIC: remote percondtioning LDKT: living donor 
kidney transplantation; DBD: deceased brain death donor; DCD: deceased circulatory death donor; min: minutes; 
Cr: creatinine; eGFR: estimated glomerular filtration rate
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Transplantation is a unique setting compared to other operations for the simple reason that 
the organ is not connected to the recipient until reperfusion. If the first window of protection is 
conferred by a humoral factor released from the conditioned tissue it is possible that this factor 
is not in the circulation anymore at the time of reperfusion. Many of the suggested humoral 
factors have (ultra) short plasma half-lives of several seconds to minutes. Since the transplanted 
kidney is denervated the neuronal pathway might possibly not be directly involved in the setting 
of transplantation. Post conditioning might have been a more successful strategy in this setting. 
MacAllister showed some positive results on 3 and 12 months eGFR with early (immediately 
before surgery, providing an early window of protection) and early and late (24 h before surgery, 
providing a late window of protection) conditioning in LDKT.184 Donor and recipient, however, 
were allocated to the same treatment group so this positive effect could be due to treatment of 
the donor alone and even might be solely due to early treatment since late treatment alone failed 
to show a benefit. Treatment of the donor in a deceased donor setting would be very difficult 
since in case of late treatment the time of organ retrieval often is not predictable and in case of 
early treatment the time to cardiac arrest or cold perfusion might simply be too short to apply 3 
or 4 cycles of RIC.

Future perspectives of remote ischemic conditioning
The jury is out whether RIC should be abandoned from the clinic or not. There have been a 
number of positive results published. In high-risk patients undergoing cardiac surgery Zarbock 
and colleagues showed that RIPC significantly reduced the rate of acute kidney injury and the 
use of renal replacement therapy (RenalRIP-trial).43 In their follow up study RIPC reduced the 
3-month incidence of a composite endpoint major adverse kidney events consisting of mortality, 
need for renal replacement therapy, and persistent renal dysfunction. RIPC treated patients 
showed enhanced renal recovery in case of acute kidney injury.44 However, more effort has to 
be made to further elucidate the underlying mechanisms of RIC, defining the optimum timing 
of an intervention. In kidney transplantation, postconditioning of the recipient (RIC applied 
immediately upon reperfusion) and preconditioning of the deceased donor (if possible) may be 
the preferred strategy.

Anesthetic conditioning with sevoflurane
In Chapter 7 the results of the VAPOR-1 trial, the first step in the Volatile Anesthetic Protection Of 
Renal transplants (VAPOR) project, are reported. In this single center RCT we tested the concept of 
anesthetic conditioning (AC) with the use of volatile anesthetics (VA) and compared a sevoflurane-
remifentanil based anesthesia to a propofol-remifentanil based anesthesia in living donor kidney 
transplantation (LDKT). VA interact with many of in chapter 2 described pathophysiological 
processes of IRI. Some of the mechanistic pathways are similar to (remote)ischemic conditioning. 
Administration of VA in the early phase of reperfusion is able to inhibit mPTP opening most 
likely through multiple pathways. VA are likely to reduce complex III activity in the mitochondrial 
respiratory chain resulting in an increase of superoxide (a ROS) formation. Superoxide may react 
with nitric oxide resulting in formation of peroxynitrite which will reduce electron transport at 
complex I causing more superoxide formation.45-48 The amounts of ROS formed in this process 
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are significantly lower than the harmful concentrations formed in case of prolonged ischemia. 
Superoxide acts as a second messenger and is able to induce translocation of protein kinase 
C-ε (PKC-ε) to the inner mitochondrial membrane.49 Phosphorylation of PKC-ε causes opening 
of the K+-ATPase channels resulting in an influx of K+ into the mitochondria reducing the inner 
membrane potential. These reductions in membrane potentials have been shown to prevent 
mPTP production.50 Additionally, superoxide is able to activate the RISK pathway in which 
inhibition of GSK-3β and formation of NO via eNOS will lead to prevention of mPTP opening or 
closing of mPTP. The link between VA induced activation of the RISK pathway and prevention of 
mPTP opening has been well established.51-58 in contrast the contribution of the SAFE pathway in 
VA induced prevention of mPTP opening is less clear. Superoxide may activate the SAFE pathway 
in which increase of anti-apoptotic Bcl-2 activity might lead to mPTP closing.59-61

The group of Thomas Lee performed extensive research to the influence of VA on renal tubular cells 
in several in vitro and animal experiments. They showed that VA exposure induces translocation 
of phosphatidylserine (PS) to the outer leaflet of the plasma membrane.62 This externalization of 
PS inflicts release of transforming growth factor-β (TGF-β) in neighbouring cells via ligation of PS 
receptors. Furthermore PS externalisation also causes an increase in caveolae formation in the 
cell membrane with sequestration of key signalling proteins as TGF-β receptors, Erk, sphingosine 
kinase 1 (SK-1) and sphingosine-1-phosphate.63-66 Binding of TGF-β to the TGF-β receptor results 
in increased expression of CD-73 via nuclear translocation of transcription factor mothers against 
decapentaplegic homolog 3 (SMAD-3). This increased CD-73 expression increases adenosine 
formation. Adenosine is a potent anti-inflammatory mediator via induction of several cell survival 
pathways of which the RISK and SAFE pathway (see above).67-69 Lee and colleagues showed that 
activation of adenosine receptor (A1AR) in renal tubular cells resulted in sphingosine kinase (SK-1) 
upregulation directly via hypoxic inducible factor 1α (HIF-1α) signaling or indirect via increased 
IL-11 synthesis by activation of extracellulair regulated kinase/ mitogen-activated protein kinase 
(ERK/MAPK).70-72 SK-1 itself promotes sphinogosine-1-phosphate (S1P) synthesis. S1P signaling 
is associated with cell survival and cell growth again via the RISK and SAFE pathway.73-79 In the 
immune system S1P is a regulator of T- and B-cell trafficking and is able to directly suppress the 
Toll Like Receptor (TLR) mediated immune response from T cells.80 Figure 9 provides a schematic 
overview of the proposed protective pathway of volatile anesthetic agents in renal tubular cells.
Additionally, VA have shown to protect the glycocalyx and to reduce endothelial injury in IRI. 
The glycocalyx, located on the luminal side of the vascular endothelial cells, represents a 0.1-11.0 
μm.81,82 (depending on measurement technique, localisation and species) layer consisting of a 
dynamic network of membrane-bound proteoglycans and glycoproteins.83-85 The proteoglycans 
have a protein core, consisting of transmembrane syndecans, membrane anchored glypicans, 
or secreted core proteins like versicans, biglycans, and a various number of negatively charged 
glycosaminoglycan (GAG) side chains. Of these GAG, 50-90% consist of heparan sulfate and the 
remaining part of hyaluronic acid, chondroitin, dermatan, keratan sulphate.86 Hylaronic acid is 
the only “free” GAG, it is much longer than the other GAG and waves through the glycocalyx.86 

It interacts with the endothelium by attachment to the transmembrane receptor CD44.87 Within 
this network of proteoglycans lay several types of glycoproteins like Von Willebrand Factor and
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Figure 3. Proposed renal protective pathways of volatile anesthetic agents in renal tubular cells.
TGF-β: transforming growth factor β; SMAD-3: mothers against decapentaplegic homolog 3; HIF-1 : hypoxic 
inducible factor 1α;, SK-1: sphingosine kinase ; S1P(R): sphinogosine-1-phosphate (receptor); ERK: extracellulair 
regulated kinase; MAPK: mitogen-activated protein kinase; IL-11(R): interleukin-11(receptor).
Fukazawa K, Lee HT.Volatile anesthetics and AKI: risks, mechanisms, and a potential therapeutic window.
J Am Soc Nephrol. 2014 May;25(5):884-92

adhesion molecules. These adhesion molecules consists of selectins (E/Pselectin), integrins and 
immunoglobulins (ICAM-1, ICAM-2, VCAM-1, PECAM-1), which are ligands for the integrins on 
leucocytes and platelets, facilitating adhesion to the endothelium and transmigration to the 
interstitial space. Injury to the glycocalix in case of IRI leads to a disrupted endothelial barrier with 
platelet aggregation, hypercoagulabilty, inflammation and increased vascular permeabilty.88 In an 
isolated guinea pig heart model, hearts were subjected to 20 minutes of ischemia with or without 
1 MAC sevoflurane administration 15 minutes before ischemia and/or during reperfusion. In the 
non-treated hearts IRI led to a 70% increase in fluid extravasation and reduced coronary flow. 
In addition increased levels of syndecan-1 and heparan sulphate were measured indicating 
degradation of the glycocalyx. Sevoflurane treatment, per and post-conditioning, attenuated 
these changes and protected the glycocalyx from shedding.89The authors attribute this effect 
to lysosomal membrane stabilization by sevoflurane with as a consequence a lower release of 
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cathepsin B. This lysosomal protease is associated with degradation of the extracellulair matrix 
and is released upon injury. Lower cathepsin B levels were measured in the treated groups.89 The 
same research group showed that 1 MAC sevoflurane preconditioning led to reduced (to near 
baseline levels) cellular adhesion of infused human leukocytes and platelets in an isolated guinea 
pig heart model subjected to 20 minutes of warm ischemia and 10 minutes of reperfusion. In the 
non-treated group respectively 39% of the infused leukocytes and 25% of the platelets adhered 
to the endothelium. In the treated group this was 22% and 12 % respectively. Again the non-
treated group showed increased levels of syndecan-1 and heparan sulfate. Electron microscopy 
showed preserved integrity of the glycocalyx in the treated group.90

The ability of VA to upregulate HIF-1α and HIF-2α is recently being considered one of the underlying 
mechanisms of AC. In an isolated I/R rat heart model Yang and colleagues showed that 15 min of 
sevoflurane exposure upon reperfusion resulted in an upregulation of HIF-1α. Sevoflurane treated 
hearts showed improved mitochondrial function and structure and improved cardiac function 
compared to non-treated hearts.91 These protective effects were abolished if the hearts were 
treated with 2-methoxyestradiol, a HIF-1α inhibitor.91 In a renal I/R model wild type mice pre-
treated with sevoflurane showed significantly lower BUN and creatinine levels and higher HIF-2α 
expression compared to wild type mice without sevoflurane pre-treatment and HIF-2α(-/-) knock 
out mice pre-treated with sevoflurane.92 Zhao and colleagues report interesting findings on the 
influence of Xenon (Xe), a potent anesthetic gas, on HIF-1α upregulation in an in vitro model 
of human proximal tubular cells (PTC) and an in vivo rat transplant model.93 Human PTCs were 
subjected to a 24 h period of hypoxic cold preservation and pre (24h before hypoxia) or post 
conditioned (upon reperfusion) by a 2 h exposure of a gas mixture containing 70%Xe-5%CO2- 
25%O2. Both groups showed upregulation of HIF-1α, VGEF and Bcl-2 compared to non-treated 
PTCs. Furthermore the Xe treated cells showed an improved cytoskeleton, significantly lower 
translocation of HMGB-1 from the nucleus into the cytosol and less activation of TLR4. These 
results were abolished when the gene silencer HIF-1α siRNA was administered. In their iso- and 
allograft transplant model rats were exposed to a 70%Xe-30%O2 or 70%N2O-30%O2 mixture 24 h 
before organ retrieval (donor) or directly upon reperfusion (recipient). Kidneys underwent cold 
storage at 40C for 16(allografts)-24(isografts) h. Both pre and postconditioning resulted in reduced 
nuclear translocation of HMGB-1 and TLR4 activity as well as lower serum levels of HMGB-1. Xe 
treatment led to decreased NF-κB and caspase 3 expression and serum levels Il-1β, TNF-α, IL-6 
were reduced. Again the addition of siRNA HIF-1α abolished the renoprotective effects. Graft 
survival was significantly prolonged in the Xe treated groups in both transplant models and Xe 
treated allografts showed reduced CD3+ T cell infiltration at day 20. Taken all together the HIF-1α 
upregulation could have induced nuclear and cytoskeletal stability leading to decreased HMGB-
1/TLR4 signalling resulting in lower expression of NF-κB and caspase activation. The authors 
suggest the Xe induced PI3K-Akt-mTOR pathway to be responsible for the upregulation of HIF-
1α but could not confirm this.93 In several studies in myocardial or cerebral cells, however, the 
upregulation of HIF-1α by sevoflurane and isoflurane via the PI3K/Akt-mTOR pathway have been 
shown.94,95 Propofol on the other hand has shown to abolish HIF-1α upregulation by isoflurane or 
inhibit HIF-1α production itself.96-98

In the VAPOR project we chose LDKT as a first step since it is a homogenous and reproducible 
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model of kidney transplantation with high quality donors and similar ischemia times, the 
incidence of DGF in LDKT, however, is low. We therefore considered VAPOR-1 a proof-of-concept 
in which we focused on a urinary biomarker level of Kidney Injury Molecule-1 (KIM-1), N-acetyl-
D-glucosaminidase (NAG) and heart-type fatty acid binding protein (H-FABP) reflecting kidney 
injury. We hypothesized that a sevoflurane based anesthesia is able to induce AC and thereby 
reduces post-transplant renal injury reflected by lower levels of kidney injury markers compared 
to a propofol based anesthesia. In the first urine, produced upon reperfusion, levels of KIM-1, 
NAG and H-FABP were comparable between groups. After this, levels of H-FABP declined during 
the post-transplant period in most patients and were comparable between groups. Levels of 
KIM-1 and NAG on the other hand showed a different and unexpected pattern. After an initial 
decline during the first 2 hours post reperfusion levels of KIM-1 increased again. On day 2 KIM-1 
levels were higher in the SEVO (donor and recipient sevoflurane) group compared to the PROP 
(donor and recipient propofol) group. The PROSE (donor propofol, recipient sevoflurane) group 
showed a tendency to higher levels compared to the PROP group at this time point. Highest NAG 
activity was observed in the first urine produced upon reperfusion. After a decrease in activity 
over the first day it increased again on day 2 after transplantation and generally remained stable 
on day 6 and 9. These results were the opposite of our hypothesis. Evidence is accumulating 
that in acute kidney injury (AKI) KIM-1 may play a role in the regeneration and repair process. AKI 
surviving proximal tubular cell (PTC) expressing KIM-1 are able to phagocytize luminal cellular 
debris consisting of apoptotic and necrotic cells enabling the PTC to downregulate the innate 
immune response upon AKI which could be beneficial in kidney transplantation.99 Additionally 
in renal transplant recipients with AKI, Zhang and colleagues showed that higher levels of KIM-1 
expression were associated with a better recovery over time.100 The increased NAG activity at day 
2-9 could be a reflection of regenerated tubular cells showing baseline lysosomal activity. Kotanko 
and collegues showed that a low urinary NAG activity between week 2 and 4 posttransplantation 
is associated with poorer graft survival after 4 years compared to high urinary NAG activity in this 
period.101 Altogether our results can be interpreted two ways: the second rise of the biomarkers 
KIM-1 and NAG can be due to injury or, to my opinion more likely, it can be associated with 
increased regeneration and recovery of the tubular system. In our study higher levels were 
not associated with inferior graft outcome. Levels of KIM-1 and NAG on day 2 were strongly 
correlated (P<0.001) and correlation of eGFR at 1 month and KIM-1 levels at day 2 was almost 
significant (P 0.074) where a higher KIM-1 level is correlated to a higher eGFR. Another surprising 
outcome in the VAPOR-1 trial is the significant difference in the occurrence of T-cell mediated 
rejection between groups during the first 2 years after transplantation in favor of the sevoflurane 
groups. Since there were only 9 events, we could not perform an adequate multivariate analysis. 
However known risk factors like HLA mismatches, PRA >15% and second or third transplantation 
had a higher incidence in the SEVO and PROSE group. It is long known that an inflammatory 
environment due to parenchymal injury during transplantation makes the graft more prone to 
acute and chronic rejection.102,103 The more injury to the donor graft the more DAMPs are released 
which are able to activate the innate and subsequenty the adaptive immune system. Proteins 
released upon injury are able to combine with a single allogenic MHC molecule. Each of these 
protein-MHC combinations are able (theoretically) to activate a different clone of T cells from 
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the recipient because each combination will look different to the TCR. This increases the chance 
of allorecognition. Whether the difference in the AR rate between the sevoflurane and propofol 
treated groups was due to reduced cellular injury or due to an immune modulatory effect of 
sevoflurane remains unknown. The past decade there is increased interest in the effects of VA 
on the immune system. Not only in the field of IRI but also in the light of oncological surgery 
and survival. A recent retrospective analysis showed that the use of VA in oncological surgery 
was associated with a significantly higher 10-year mortality as a result of tumour recurrence /
metastasising compared to TIVA with a hazard ratio of 1.46 (95% CI 1.29 to 1.66).104 The authors 
suggest the influence of VA on different cells of the immune system (for instance impaired NK cell 
activity) and upregulation of HIF-1α (HIF-1α overexpression is associated with tumour growth and 
metastasis in many types of cancers) might be involved in the increased mortality seen in the VA 
group.104-106

VA have been shown to influence many cells of the innate as well as adaptive immune system. 
These effects are summarized in table 2.107-110 Many of these effects seem favourable in (kidney) 
transplantation but most studies, studying the effects of anesthetic agents on the immune 
system are in vitro experiments or animal studies Unfortunately these results are not directly 
translational to the clinical setting but clinical trials are emerging (NCT03193710, NCT01367418, 
NCT03431532). Several underlying mechanisms are proposed to be responsible for the effects 
of VA on the immune cells including: inhibition of ROS production by interference with 
NADPH oxidase (neutrophils)111,112, apoptosis by induction of caspase 3 via attenuation of the 
mitochondrial membrane potential resulting in release of cytochrome c from the mitochondria 
(T cells)113-115 and inhibition of LFA-1. 
Yuki and colleagues showed that clinically relevant concentrations of isoflurane and sevoflurane 
are able to inhibit LFA-1 in vitro.116-118 LFA-1 belongs to the integrin family, a family of adhesion 
molecules consisting of α and β subunits. LFA-1 (α1β2) is expressed in all leukocytes. Upon 
activation of the leukocyte by chemokines or antigens, LFA-1 undergoes conformational 
changes, facilitating its ability to bind with its ligand, via a process which is called inside out 
signalling. The most important ligand for LFA-1 is ICAM-1, which expression on endothelial cells, 
APCs and other cells is increased upon I/R. Interaction of LFA-1 with endothelial ICAM-1 assures 
firm adhesion of the leukocyte to the endothelial cells and therefore facilitates transmigration of 
the leukocyte into the tissue.119 In case of NK cells LFA-1-target cell ICAM-1 interaction is necessary 
for activation of the NK cell and lysis of the target cell.120,121 LFA-1 activation on T cells facilitates 
APC binding and is involved in T cell activation. VA anesthetic agents inhibit LFA-1 at the lovastatin 
binding site at the α subunit, keeping the molecule in the inactive state and therefore preventing 
binding of LFA-1 with its ligand.116-118 Short term blockade of LFA-1 shows promising results in 
pancreatic islet transplantation in different animal models.122-124 In humans efalizumab (Raptiva®, 
Genentech, Merck Serono), a human monocolonal IgG LFA-1 antibody, has been studied in renal 
transplantation in order to reduce rejection. Efalizumab decreased acute rejection but increased 
the incidence of post-transplant lymphoproliferative disorder (PTLD).125 
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Cell type  Effect  
Innate immune system  
Neutrophils  cellular function  

 ROS production  
 expression of endothelial adhesion molecules and 
adhesion to endothelium  
 tissue infiltration 

Monocytes/macrophages  number 
 release proinflammatory cytokines IL-1β, TNF-α, IL-6, 
IL-8 
 expression iNOS and NO production 
Influence on APC function unknown 

NK cells  cytotoxicity 
 release proinflammatory cytokines 

Dendritic cells Unknown 
Adaptive immune system  
T cells  number and proliferation 

 Th1/Th2 ratio 
Induction apoptosis 
 release proinflammatory cytokines 
 adhesion molecules 

B cells  number 
Induction B cell injury 

T regs Unknown 
 

Table 2. Effects of volatile anesthetic agents on various cells of the immune system Cell type

Due to the presentation of 4 cases of progressive multifocal leukoencephalopathy in psoriasis 
patients treated with efalizumab the drug was taken of the market in 2009.126 LFA-1 still remains 
an attractive target in (kidney) transplantation, not only in the light of immune therapy but also in 
the reduction of IRI. The question remains whether a short term exposure to VA, only during the 
transplant procedure, is able to exerts beneficial effects on the kidney graft via LFA-1 inhibition. 
Propofol is also able to inhibit LFA-1 in vitro but it is unknown whether this is also the case in 
vivo.127 Extrapolation of in vitro experiments with propofol to the clinical setting might not be 
straightforward since protein binding of propofol in whole blood is significant and free propofol 
concentrations might be significantly lower compared to the concentrations used in in vitro 
experiments.128  NK cells activity and T cell function seems to be preserved in vivo when clinically 
relevant concentrations of propofol are used.110 Furthermore a propofol induced increase of the 
Th1/Th2 ratio is reported.129 This might be unfavourable in the setting of (kidney) transplantation, 
since Th1 cells activates macrophages and CTLs, but possibly favours the choice of propofol over 
VA in oncological surgery.
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Little is known about the effect of VA on the complement system. In a hepatic I/R rat model 
preconditioning with sevoflurane was associated with reduced plasma concentration of C3 but 
C3 and C5a mRNA expression was comparable with non-treated animals.130

Future perspectives of anesthetic conditioning
Altogether, VA interfere with many of the processes underlying the pathophysiology of IRI and 
therefore potentially could have a protective effect in the setting of (kidney) transplantation. 
However, these effects are dose, timing and context dependent and not one on one translational 
to clinical practice. The lower AR rate in the sevoflurane treated groups in our VAPOR-1 is surprising 
and intriguing but well-designed RCT’s need to be performed to see whether the effects of VA are 
clinically relevant and attribute to improved outcome after kidney transplantation. We therefore 
proceed with VAPOR-2, an international multicenter RCT (ClinicalTrials.gov: NCT02727296) 
in which 488 patients receiving a DBD or DCD kidney will be randomised to a sevoflurane- 
remifentanil based anesthesia or a propofol-remifentanil based anesthesia. Primary outcome is 
DGF, an adequate reflection of IRI. Additionally we will look at incidence of PNF, biopsy proven 
AR, GFR on 3, 6 and 12 months, graft and patient survival, length of hospital stay, incidence of 
perioperative complications, biochemical kidney function and the release of urinary biomarkers. 
Hemodynamic management, fluid management and immune suppressive regimen in this study 
is standardized. It is our aim to end the VAPOR project with VAPOR-3 to study the influence of a 
sevoflurane and propofol on different cells of the immune system in healthy living kidney donors 
and living donor kidney recipients. We therefore will apply the same study design as in VAPOR-1, 
however, will collect leukocytes at different time points to study different cell populations of 
the innate and adaptive immune system,using of fluorescence activated cell sorting (FACS) and 
proteomic profiling. After completion of the VAPOR-project we hope to be able to answer the 
question whether the choice of anesthetics will contribute to improved outcomes after kidney 
transplantation.

Intraoperative heparin therapy
To prevent renal graft thrombosis in the intra- and early post-operative period various intra- 
and postoperative antithrombotic strategies are used among centers, ranging from no anti-
coagulation therapy to unfractionated heparin (UFH) for several days post transplantation in high 
risk patients. As stated above international guidelines are lacking due to concerns over increased 
risk of bleeding complications and lack of agreement of which patients have to be considered 
high risk.
Historically patients with ESRD were generally considered hypocoagulable with an increased 
bleeding tendency. Although routine laboratory tests like activated partial thromboplastin time 
and prothrombin time were normal, skin bleeding time was often prolonged. The acquired uremic 
platelet dysfunction with impaired platelet adhesion to injured endothelium has been suggested 
the main cause of this prolongation.131,132 Several underlying mechanisms have been proposed 
such as a dysfunction of VWF, enhanced endogeneous production of NO, impaired aggregation 
to ADP and impaired synthesis and release of thromboxane A2. Hemodialysis is able to partly 
correct the uremic state but a correlation between the concentration of uremic metabolites and 
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bleeding time has not been demonstrated.133 In 1982, however, Livio and colleagues showed that 
the prolongation of the bleeding time was in proportion with the degree of anemia and that 
the bleeding time was shortened when the anemia was corrected.134 The proposed mechanism 
is that when there are more red blood cells in the circulation more platelets are pushed from 
the axial center of the bloodflow towards the vessel wall.135 Furthermore ADP released from 
the RBC induce platelet aggregation and hemoglobin act as a NO scavenger.136,137 The use of 
recombinant erythropoietin and correction of anemia with a hematocrit above 30% significantly 
shortened the skin bleeding time.138,139 Recently chronic kidney disease has been shown to be 
an independent risk factor for venous thromboembolisms (VTE, deep vein thrombosis and/or 
pulmonary embolism (PE)) in several cohort analysis and case-control studies.141,142 Overall these 
studies show that impaired kidney function is an independent risk factor for VTE and that this risk 
increases with decreasing eGFR, increasing age and presence of additional risk factors for VTE 
such as immobilization and surgery.
At the University Medical Center Groningen, preemptively transplanted patients are given 5000 
IU of UFH intraoperatively before clamping of the vessels and non-preemptively transplanted, 
dialysis dependent, patients are not. This distinction was based on historical beliefs that dialysis 
dependent patients (especially hemodialysis, HD) are hypocoagulable due to the residual effect of 
heparin used during dialysis and the continuous activation of platelets through contact with the 
dialysis membrane leading to exhaustion of the platelet granules.143,144 In various risk stratification 
algorithms patients on hemodialysis are therefore considered low risk and “no thrombotic 
prophylaxis” in the perioperative transplantation period is advised.145 Recent studies in these 
patient groups, however, suggests otherwise.146 Ocak and colleagues showed in their cohort 
analysis an unexpected high mortality rate from PE in dialysis patients, namely 12.2 (95% CI 10.2-
14.6) times higher, compared to the general population. For myocardial infarction the mortality 
rate was 11.0 (95% CI 10.6-11.4) times higher and for stroke 8.4 (95% CI 8.0-8.8) times higher than 
in general population.147 Wang and colleagues looked at the risk of PE among 106 231 Asian 
dialysis patients and found a nearly 3 times higher incidence of PE in dialysis patients compared 
to their matching control group without kidney disease with an adjusted hazard ratio of 2.0 (95% 
CI 1.6-2.5).148 These 2 large cohort studies suggest that the increased risk at VTE seen in patients 
with ESRD is not rescinded by dialysis. In Chapter 8 we questioned whether the distinction in 
intraoperative heparin administration used in our center is justified and compared functional 
hemostatic tests and markers of in vivo activation of hemostasis between preemptively and non-
preemptively transplanted patients before and after kidney transplantation. We compared the 
results with their living kidney donors undergoing laparoscopic donor nephrectomy.
Our results show that preoperative preemptive and non-preemptive patients have a comparable 
hypercoagulable state compared to their donors as shown by increased levels of platelet factor 
4 (PF4, marker of platelet activation), prothrombin fragment 1+2 (F1+2) and D-dimer levels 
(markers of coagulation activation). Elevation of PF4 indicates enhanced in vivo activation 
of platelets.149 F1+2 is released upon formation of thrombin from prothrombin and increased 
levels are indicative of increased thrombin formation.150 In addition, preoperative Von Willebrand 
Factor (VWF) levels were elevated in both preemptive and non-preemptive patients, likely due to 
endothelial injury/activation. In the general population it has been well established that elevated 
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plasma levels of VWF are associated with thrombotic risk.151 Finally, clot lysis time (CLT, a reflection 
of plasma fibrinolytic potential) was elevated in both recipient groups which is associated with an 
increased risk for both venous and arterial events in the general population.152 Because of small 
numbers in our analysis HD (n=21) and PD (n=8) were pooled in one group of non-preemptively 
transplanted patients (n=29) which might have led to bias. A history of peritoneal dialysis 
(PD) have been shown to be an independent risk factor for renal graft thrombosis in several 
retrospective studies.145,153,154 On the other hand several smaller studies (n<1000 patients) did not 
find a difference in the incidence of graft thrombosis between PD or HD treated patients.155-157 
Furthermore, Ocak and colleagues did not find an association between mortality from pulmonary 
embolism and treatment modality (HD or PD).147 In addition in a propensity score matched 
analysis of HD and PD treated patients in the cohort of Wang and colleagues it was found that 
the PE incidence was higher in HD patients than in PD patients with an adjusted hazard ratio of 
2.3 (95% CI 1.2-4.3).148 We additionally looked at the two dialysis modalities as separate groups 
and did not find a difference in hemostatic or fibrinolytic parameters tested between PD and HD 
patients. Furthermore, we compared HD patients with the kidney donors and found increased 
levels of F1+2, vWF and a prolonged CLT in patients compared to their donors.
Taken together our results indicate that in contrast to common clinical belief, the hemostatic 
state in preemptively and non-preemptively transplanted patients is comparable prior to 
transplantation, and that both groups show a preoperative hypercoagulable state compared 
to their living kidney donors. This hypercoagulable state is supported by large cohort analysis 
reporting increased risk of VTE in patients with impaired kidney function. This risk further increases 
in case of surgery and immobility, 2 conditions inevitable in kidney transplantation.142 Based upon 
these results a distinction in intraoperative heparin administration between preemptive and non-
preemptive transplantation as performed in our center does not seem justified and the use of 
prophylactic low dose heparin protocols in the perioperative period might be beneficial to all 
kidney transplant recipients.

Future perspectives of intraoperative heparin administration
Ng and co-workers evaluated several heparin anticoagulation protocols in the early postoperative 
period after kidney transplantation.158 They concluded that the prophylactic use of heparin 
(5000 IU sc twice daily) is safe. The incidence of major bleeding complications was comparable 
between the prophylactic and the no-heparin group. In contrast, therapeutic use of heparin (IV, 
target aPTT 50-120 s) was associated with an increase in postoperative major bleeding episodes. 
This has been confirmed in other studies evaluating therapeutic use of heparin in high risk kidney 
transplant patients.159,160 Regarding effectiveness, the rate of thrombosis was highest in the no- 
heparin group (1.1%) compared to prophylactic (0.4%) or therapeutic (0.0%) heparin group. Our 
group performed an analysis of 2000 kidney transplant recipients receiving a living or post mortal 
donor kidney and looked at bleeding and thromboembolic complications (TEC) in relation to the 
use of pre-/intraoperative anticoagulation therapy. TECs were defined as arterial/venous renal 
thrombosis, DVT or PE. Bleeding complications were scored after confirmation with ultrasound. 
The general incidence of TEC ≤7 days post-transplant was 1.1% (n=21) . Bleeding ≤7 days 
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occurred in 4.4% (n=87) of the patients. Use of intraoperative heparin, vitamin K antagonists (VKA) 
or antiplatelet therapy showed no increased risk for bleeding. The incidence of TECs and bleeding 
complications in the preemptively transplanted patients receiving 5000 IU UFH intraoperative 
was 0.4% and 2.5% respectively (article submitted). Administration of 5000 IU of UFH seems safe 
in preemptively transplanted patients with regards to bleeding complications. Next step is to 
confirm this safety in non-preemptively transplanted patients.
Besides its role in regulation of hemostasis the coagulation cascade and fibrinolytic system play a 
role in inflammation and IRI. Many of the coagulation factors are serine proteases and are able to 
activate protease activated receptors (PARs), G-protein coupled receptors, through which pro- or 
anti-inflammatory responses are induced.161,162 Four PARs are known in humans of which PAR1, 
PAR3 and PAR4 can be activated by thrombin and PAR2 by FVIIa and FXa. Activation of endothelial 
PAR1 and PAR2 leads to upregulation of adhesion molecules on the endothelium and triggers 
production of autocoids and chemokines (platelet activating factor, IL-6, IL-8) subsequently 
leading to the activation of neutrophils and monocytes.163

In addition the coagulation and fibrinolysis cascade crosstalk with the complement system 
through many direct and indirect interactions. Thrombin, plasmin, and FIX, FXa and FXIa are 
able to directly cleave component C3 and C5, as well as its activation fragments.164 Furthermore 
thrombin can cleave C5 into C5a independently of C3.165 Activation of the complement system 
plays an important role in renal IRI and graft rejection and inhibition of thrombin formation by 
heparin might be a potential pathway to inhibit complement activation. A recent review reports 
the use of heparin and heparinoids as inhibitors of the complement system.166 Heparin inhibits 
FXIIa, FXIa, FXa, FIXa and thrombin through potentiation of ATIII, and inhibits platelet activation 
by binding of PF4.167

Moreover, heparin is known to bind directly to several adhesion molecules (L-selectin, MAC-
1, P-selectin and PECAM-1) that are expressed during IRI and which are all involved in rolling, 
adhesion and transmigration of leukocytes on the endothelium during IRI.168-172 In animal models 
exogenous heparin reduces leukocyte rolling in post-capillary venules.170,173-175 A more recent 
finding is the potentially protective effect of UFH on the glycocalyx. In a canine sepsis model Yini 
and colleagues showed that the administration of UFH (40 IU/kg/h) was accompanied by lower 
levels of heparan sulphate and syndecan-1, lower levels of inflammatory factors IL-6 and TNF-α 
and improved hemodynamics compared to non-treated or basic treated (fluids and antibiotics) 
animals.176 The use of heparin appeared safe and was not accompanied by increased bleeding 
risk or reduced platelet count. The authors hypothesize that inhibition of heparanase (UFH is a 
competitive antagonist of heparanase) is one of the possible underlying mechanisms.
Based upon these in vitro and in vivo animal experiments exogenous administration of heparin 
during reperfusion could potentially reduce IRI through direct protection of the glycocalix 
and through inhibition of thrombin formation, complement activation and transmigration 
of leukocytes. Timing of administration and optimum dosage however is not clear and more 
research has to be performed to study these pleiotropic effects of heparin. Our first step in this 
direction is to measure heparan sulphate and syndecan-1 levels, reflecting injury of the glycocalix, 
in our VAPOR-1 population.
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Intraoperative fluid management
Perioperative fluid management is one of the most controversial topics in modern anesthesia and 
subject of an ongoing debate with regard to assessment of the intravascular volume state, which 
goals to aim for, how to measure these goals and what type of fluid used. Hypovolemia leads to a 
decreased oxygen supply to organs and tissues and may cause hypoxia which can lead to organ 
dysfunction. Hypervolemia, on the other hand, can damage the endothelial glycocalyx with as a 
consequence fluid shift from the intravascular compartment to the interstitial space and tissue 
edema.177 Increased cardiac filling pressures trigger the release of natriuretic peptides via atrial 
stretch receptors. These hormones induce sodium and water excretion and increase the GFR in 
order to maintain homeostasis. But natriuretic peptides also injures the glycocalyx by cleavage 
of various glycocalyx membrane-bound proteoglycans and glycoproteins amongst which 
syndecan-1 and hyaluronic acid.178,179 The ultimate goal therefore is to create a state of euvolemia 
in which an appropriate cardiac output (CO) generates an oxygen delivery to the tissues that 
meets the oxygen demand of these tissues. This goal alone already raises several questions. What 
is the optimal CO and is this CO the same for every patient under every condition. Do all organs 
benefit to the same amount from this optimal CO. What are the oxygen needs for the different 
organs and/or tissues under various circumstances and how do we measure this.
Until recently, intraoperative fluid management in daily practice was predominantly guided on 
clinical end points such as central venous pressure (CVP), mean arterial blood pressure (MAP), heart 
rate (HR) or diuresis, with a large interprovider variability. These goals however have been shown 
to be poor predictors of the individual intravascular fluid state in the intraoperative period.180-182 
Due to the curvilinear shape of the ventricular pressure-volume curve, CVP does not correlate 
well with the intravascular volume and its use to guide fluid therapy is currently discouraged.180 

Blood pressure and HR are affected by several variables, unrelated to the circulatory state of the 
patient, like pain, temperature and anesthetics and analgesics, making them less suitable as an 
indicator of the intravascular volume. The same counts for diuresis which is affected by a variety 
of factors in the intraoperative period including blood pressure and (hormonal) stress responses 
to surgical trauma and anesthesia. Urinary output therefore also have been proven to be an 
unreliable marker of fluid state.183

So the question remains how to balance between too little and too much. Recently goal directed 
fluid therapy (GDFT) based on (dynamic) flow derived variables such as CO, cardiac index (CI), 
stroke volume (SV) stroke volume variation (SVV) and/or pulse pressure variation (PPV) have been 
suggested the gold standard in perioperative fluid management. The physiological principle 
underlying these techniques are based on the heart-lung interaction during mechanical ventilation 
in which the intermittent positive pressure on the pulmonary circulation induces alterations 
in the loading conditions of the right and left ventricle. Inspiration increases the afterload and 
decreases the preload of the right ventricle which together cause a decrease in right ventricle 
stroke volume. This leads to a decrease in left ventricular filling after a pulmonary transit time of 
two or three heartbeats. These cyclic variations in SV are greater when the ventricles function on 
the steep (low preload) portion of the Frank–Starling curve compared to the flat portion of the 
curve (high preload).184 (fig. 4)
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Figure 4. The Frank-Starling curve showing th e relationship between end diastolic volume and stroke volume

GDFT uses advanced hemodynamic monitoring to evaluate and optimize the individual fluid 
state, cardiac output and oxygen supply to the tissues. Since oxygen delivery (DO2) is defined as 
the product of CO and arterial oxygen content (CaO2), in which the CaO2 is the product of 1.39 
Hb and the arterial oxygen saturation (SaO2), the aim of these approaches is to optimize oxygen 
delivery by improving macrohemodynamics (e.g. CO, formula 1)

   DaO2= CO x (1.39 Hb x SaO2 + (0.003 x PaO2)

Formula 1. Oxygen delivery
DaO2 :oxygen delivery; CO:cardiac output; Hb:hemoglobin; SaO2: Oxygen saturation; PaO2:arterial oxygen tension

There are over a hundred of trials regarding GDFT in the intraoperative period and several meta-
analysis have been performed. These meta-analysis suggest benefits of GDFT in terms of post-
operative morbidity and even mortality but are far from unanimous and the quality of evidence 
scored by the Grading of Recommendations, Assessment, Development and Evaluation scoring 
is low to very low.185-189 This is presumed to be due to the large clinical heterogeneity among 
the protocols, types of fluid, patient populations, procedures, definition of post-operative 
complications and goal directed devices used. Furthermore, since variability is the enemy of 
quality, one can ask whether the implementation of a protocol perse, and not so much the kind of 
protocol, is the main reason for the improved outcome in these trials since most of these studies 
compare a GDFT protocol to standard of care (e.g. do as you always do, creating interprovider 
variability). In addition, although macrohemodynamics may be optimized with the use of a GDFT 
approach we are still unaware what happens on microcirculatory level. Techniques to measure 
local tissue perfusion such as the Sidestream Dark Field Imaging (SDF) technique are still in an 
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experimental stage and currently limited to only a few peripheral tissues such as the sublingual 
area.190,191 Next to that, questions like what is the adequate reference tissue or distinction between 
normal and abnormal are unanswered. Stens and colleagues compared the effect of a MAP guided 
protocol to the effect of a PPV and CI driven GDFT protocol on sublingual microcirculation in 
patients undergoing an abdominal procedure. They found that the hemodynamic optimization 
with the GDFT protocol was not associated with improvement of microcirculation compared 
to a MAP guided protocol. Furthermore microcirculatory perfusion remained relatively constant 
throughout the intraoperative period.192

In our center, 4 to 5 L of RL before reperfusion was the standard fluid protocol in kidney 
transplantation for over 15 years. This seems rather liberal, but problems due to fluid overloading 
like cardiac congestion or pulmonary edema were rarely seen. However, following new trends on 
GDFT, a personalized intra operative fluid approach seemed more appropriate in this group of 
patients presenting with a variety of fluid states at the time of surgery. Therefore, when in 2015 
an intraoperative GDFT protocol was implemented in our center for several high risk surgical 
procedures, we decided to include the kidney transplant program in this implementation. Since 
there is no evidence in current literature on what goal to aim for we adjusted the standard 
institutional GDFT protocol of SVV<12%, commonly used in major abdominal surgery, to a more 
stringent goal of SVV<10%. GDFT was performed with the use of the FloTrac® in combination 
with the EV1000® monitor (Edwards Lifesciences Corporation, Irvine, California, USA). This 
minimally invasive technique provides dynamic and flow-based hemodynamic parameters such 
as stroke volume (SV), stroke volume variation (SVV), cardiac output (CO) and cardiac index (CI) 
through waveform analysis of an in situ arterial line. The implementation of this GDFT protocol 
was followed by a sudden increase of DGF (defined as dialysis the first week after transplantation) 
and functional (f )DGF (defined as failure of serum creatinine level to decrease by at least 10% 
for 3 consecutive days the first week after transplantation) in our LDKT population in the first 
half of 2016. Since the incidence of fDGF in this population has been stable over the past two 
decades and no changes were implemented with the exception of the GDFT protocol, we 
questioned whether this increase in fDGF was due to the altered fluid regimen. A retrospective 
analysis revealed that the implementation of GDFT protocol had resulted in a reduced intra-
operative fluid administration which was associated with the increase in fDGF. Based on these 
results we changed the intraoperative fluid protocol in September 2016 to a fixed amount of 50 
ml/kg BW, unless patients comorbidity determined otherwise. After 6 months the incidence of 
fDGF was back to baseline. Since we were interested whether the amount of fluid intraoperative 
was indeed an independent factor predicting fDGF in this LDKT population, we performed a 
retrospective cohort analysis of all donors and recipients in our living-donor program between 
January 2014-February 2017. The results of this analysis are reported in chapter 9. This study shows 
that intraoperative fluid restriction in recipients is associated with fDGF in LDKT. Additionally we 
showed that he implementation of our GDFT protocol resulted in a reduction of the amount of 
fluid administered intraoperative compared to our old protocol of 4-5 L of RL.
There are several explanations why the implementation of our GDFT protocol and the subsequent 
reduction of intraoperative fluid administration could have led to the observed increase in fDGF. 
First of all GDFT and the performance of the FloTrac®-system has predominantly been validated in 
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cardiac and abdominal surgery, liver transplantation and septic patients. Patients with ESRD often 
present with severe atherosclerosis and many recipients have some form of systolic or diastolic 
dysfunction. Since SVV is calculated as the percentage change of SV to the mean, derived from 
an arterial pulse contour analysis it is conceivable that these cardiovascular changes influence 
the performance of the FloTrac®- system in predicting patients volume state. Only one pilot 
study presents the effect of fluid loading on SVV measured with the use of the FloTrac®-system 
in patients with ESRD on HD. In this study HD patients undergoing vascular surgery presented 
with a broad range of SVV (16.2±6.0) after induction of anesthesia. After a fluid bolus of only 500 
ml of a colloid solution almost all patients showed a SVV <10% (6.2±2.8), the threshold in our 
protocol.193 Systolic and diastolic cardiac dysfunction alter the Frank starling curve and pressure-
volume interactions of the heart. In case of systolic dysfunction the Frank starling curve is lowered 
and less steep as in the normal heart. (fig. 5) This means that the SV cannot be increased to the 
same extend as in a normal heart when end diastolic volume (EDV) is increased, bringing
these hearts relatively quick to the flat part of the slope of the curve. This results into a less 
apparent decrease of the SVV after a fluid bolus making fluid responsiveness possibly not the 
ideal measure to estimate the intravascular volume state in these patients.

Figure 5. Influence of systolic dysfunction (red slope) on the Frank-Starling curve

In case of left ventricular diastolic dysfunction the reduced ventricular compliance increases the 
slope of the ventricular end diastolic pressure-volume relationship and results in a decreased 
EDV, an increased end-diastolic pressure (EDP) and eventually a decreased SV. (fig. 6) When we go 
back to the physiological principle underlying the measurement of SVV and fluid responsiveness 
namely the heart-lung interaction during mechanical ventilation in which the intermittent 
positive pressure on the pulmonary circulation induces alterations in the loading conditions of 
the right and left ventricle. One could hypothesize that the cyclic variations in right ventricular 
EDV and SV cannot be translated to the left ventricle in case of impaired of left ventricular filling. 
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Unfortunately to date there is no literature of the performance of SVV as measurement of fluid 
responsiveness in case of diastolic dysfunction. Currently there is one study registered at clinical 
trials.gov addressing volume responsiveness in patients with diastolic dysfunction (NCT02441621). 
Taken together prediction of the intravascular fluid state by measurement of fluid responsiveness 
with the use of arterial pulse contour analysis derived SVV might not be the way to go in renal 
transplant recipients.

Figure 6. Effects of left diastolic dysfunction caused by a reduced ventricular compliance on the left ventricular 
pressure-volume loop (red loop).

Second patients with end stage renal disease (ESRD) and especially patients on HD develop 
physiological, morphological and functional cardiovascular changes. Under normal conditions 
our body is well equipped to deal with hypovolemia to maintain homeostasis by increasing HR, 
reducing vascular capacity by vasoconstriction and redistribution of blood flow. The kidneys play 
an important role in this compensatory mechanism. In case of hypovolemia, plasma levels of 
renin, aldosterone and arginine vasopressin (AVP/ADH) increase and levels of atrial natriuretic 
peptide decrease. This is followed by arterioconstriction and a decrease in precapillary hydrostatic 
pressure resulting in a decrease of fluid filtration to the interstitial space. Furthermore water 
and sodium are reabsorbed in the kidney in order to maintain intravascular volume.194,195 These 
compensatory mechanisms are compromised in patients with ESRD and in the post-ischemic 
kidney. Additionally it is suggested that patients on dialysis have an impaired endothelial barrier 
due to damage of the glycocalyx.196 Exciting new insights in microcirculation are emerging in 
which the glycocalyx is held responsible for the oncotic pressure gradient between the vascular 
and interstitial space. Historically it was thought that the oncotic pressure gradients across the 
endothelium was the result of a high oncotic pressure intravascular and a low oncotic pressure 
interstitial. More recent it was found that the oncotic pressure of the interstitial space is close to the 

Chapter 10



231  

oncotic pressure of the vascular space.195 But because of its low solubility for plasma proteins the 
endothelial glycocalyx creates a zone of low oncotic pressure between the two compartments 
creating a oncotic pressure gradient in both directions. This oncotic pressure gradient partially 
counteracts the hydrostatic pressure gradient in the arteriolar compartment leading to only very 
low net rates of fluid extravasation.195 In case of damage to the glycocalyx this oncotic pressure 
gradient is lost and the hydrostatic pressure gradient will be the driving force for extravasation of 
fluids and intravascular components to the extracellular space. In conclusion this could implicate 
that renal transplant recipients are not able to counteract the vasodilatation inflicted by general 
anesthesia by reducing the vascular capacity and that in these patients more fluid is lost to the 
extracellular space warranting a more aggressive fluid protocol in order to maintain an adequate 
intravascular volume.
Thirdly in the normal kidney, blood flow is regulated by afferent and efferent arterioles in an 
autoregulatory fashion, ensuring adequate perfusion in a broad blood pressure range. In the 
transplanted, denervated kidney this hemodynamic autoregulation is impaired making the renal 
blood flow linearly dependent on the systemic blood flow.197-199 Furthermore, reperfusion of the 
ischemic kidney can be followed by vasoconstriction in the afferent arterioles due to activation 
of G-protein coupled receptors by endothelin, a reduction in NO production and increased 
susceptibility of the endothelium for vasoactive substances like angiotensin II, thromboxane A2 
and prostaglandin H2 (no-reflow phenomenon). This may result in a reduced glomerular filtration 
rate (GFR) due to a decrease in glomerular transcapillary hydraulic pressure difference.200-202 

Additional vascular resistance caused by injury of the proximal tubular system resulting in 
transtubular back leak and impaired sodium reabsorption and, last but not least, backpressure from 
congested tubules obstructed with cellular debris will contribute to this reduction in GFR.203,204 
Ensuring an adequate volume state therefore is essential to obtain an adequate circulation both 
on macro- and microcirculatory level. In our population the urinary output in the first 2 hours 
after transplantation is significantly higher in patients without fDGF. This higher output may have 
contributed to clearance of the tubular system preventing a further increase in the upstream 
hydraulic pressure in Bowman’s space.
Another variable strongly correlated to fDGF in our analysis was dialysis dependence at the 
time of transplantation. Between January to June 2016, there was a higher proportion of dialysis 
dependant patients transplanted within our living donor program. The distribution of hemodialysis 
and peritoneal dialysis did not change during this period but the proportion of dialysis patients 
developing fDGF did increase which was not the case for preemptively transplanted patients. 
This suggests that patients who are dialysis dependent at time of transplantation are more 
susceptible to develop fDGF when the volume of fluid is reduced. A history of dialysis and 
especially hemodialysis prior to transplantation is a known risk factor of DGF.200,205-207 Hypovolemia 
at the time of transplantation is one of the proposed underlying mechanisms.208 Our hypothesis 
before implementation of the GDFT protocol was that these hypovolemic dialysis patients would 
present with higher SVV at time of surgery, demanding more fluid intraoperative, compared 
to the relatively normovolemic or slightly hypervolemic preemptively transplanted patients. 
Surprisingly, comparable amounts of fluids were given to the 2 groups.
One could criticize the use of vasopressors (noradrenaline) instead of inotropics (dobutamine) 
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In our GDFT protocol. Noradrenaline was used when CI was below an age adjusted value. In 
the univariate analysis the use of noradrenaline was correlated with development of fDGF but 
after multivariate logistic regression this was no longer the case. In a kidney transplant rat model, 
however, Morita and colleagues showed, that the denervated transplanted kidney shows a time 
dependant altered response to sympaticomimetics (dopamine and phenylephrine). In the native 
kidney a bolus of dopamine resulted in an initial decrease in renal blood flow (RBF, -receptor 
mediated) which was followed by a long lasting increase in RBF (β-receptor mediated). In the 
transplanted kidney the initial decrease in RBF was augmented and the increase in RBF was 
diminished. This impairment gradually recovered over time. In the native kidney a continues 
infusion of phenylephrine led to an increase in RBF corresponding with an increase in blood 
pressure. The transplanted kidneys showed a sudden decrease in RBF upon phenylephrine 
infusion.209 The direct effect of continuous noradrenaline or dobutamine infusion on RBF in 
transplanted kidneys, however, is not known.
A major limitation of our study is that we were unable to evaluate outcome according to the fluid 
protocol (4-5L RL vs GDFT) used and are unable to present information or draw any conclusions 
regarding actual SV, SVV, CO or CI values related to this increase of fDGF. Therefore we cannot 
conclude that a GDFT protocol aiming for a SVV<10% throughout the procedure is an independent 
risk factor for fDGF in LDKT Furthermore, we do not have data on cardiac performance of all our 
kidney transplant recipients since cardiac ultrasound is not part of our routine pre-transplant work 
up. We are therefore unable to draw any conclusions about the performance of the FloTrac® or the 
use of SVV as measure of fluid responsiveness in patients with ESRD and/or cardiac dysfunction. 
The only observation that can be made is that the implementation of the GDFT protocol has led 
to reduced intraoperative fluid administration. This reduction has shown to be an indepedent risk 
factor for fDGF. This conclusion is strengthened by the fact that after changing the fluid protocol 
to a fixed amount of 50 ml/kg BW incidence of (f )DGF returned to baseline level. Furthermore, this 
study shows that strict protocols for perioperative fluid management are needed when studies in 
kidney transplantation are designed, since fluid restriction can be a risk factor for DGF, a frequently 
used primary end point, even in the setting of LDKT.

To conclude, the consequences of intraoperative choices and interventions expand beyond the 
doors of the operating theatre and optimised perioperative care of the kidney transplant recipient 
improves short and potentially long-term graft outcome. It is key for future benefit of patients to 
raise awareness for this perioperative period as an important window of opportunity to modulate 
or reduce renal injury in kidney transplantation and to gain more insight in intraoperative patient 
and organ-protective strategies including the underlying mechanisms. Ultimately, a combination 
of different protective strategies could lead to a renal protective protocol applicable during 
kidney transplantation facilitating enhanced recovery after transplantation (ERAT) and improved 
long-term graft outcome.
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