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Abstract 

Background Patients on haemodialysis have an increased risk for 
cardiovascular morbidity and premature mortality. This is attributable 
to both a high burden of traditional risk factors and risk factors 
associated with kidney failure and the haemodialysis treatment itself. 
Ultrafiltration and the haemodynamic burden imposed by 
arteriovenous vascular access is two haemodialysis specific, 
potentially modifiable risk factors. 

Aims This thesis explores how haemodialysis and haemodialysis 
access affect cardiac function. The first aim was to examine how the 
cardiac biomarkers N-terminal pro-B-type natriuretic peptide (NT-
proBNP), high-sensitive cardiac Troponin T (TnT) and B-type 
natriuretic peptide (BNP) are affected by haemodialysis with different 
dialysers. The second aim was to evaluate if the increase in cardiac 
biomarkers seen during haemodialysis could be attenuated by 
changing the ultrafiltration rate. Regarding haemodialysis access, the 
aim was to study patient specific factors associated with the choice of 
haemodialysis access and how different access locations and blood 
flow impact the incidence of heart failure. 

Methods Study I was a prospective, randomised, crossover study. 
Each patient underwent one session with a low-flux dialyser and one 
with a high-flux dialyser. Blood samples were collected before 
treatment, after 180 minutes and at the end of treatment. Using the 
results from study I, study II was designed as a prospective, crossover, 
multicentre study. Haemodialysis patients with interdialytic weight 
gain (IDWG) of more than 2.5% of body weight and an ultrafiltration 
rate over 0.72 IDWG/h were included. Each participant underwent one 
session with ordinary dialysis prescription, and one with prolonged 
treatment time. The goal was to achieve at least a 20% reduction of 
ultrafiltration rate or ultimately an ultrafiltration rate below 0.6 
IDWG/h. 

Paper III is a case report describing a patient with highly elevated NT-
proBNP caused by a high flow, upper arm arteriovenous fistula (AVF). 

Studies IV and V used a retrospective cohort design based on registry 
data from the Swedish Renal Registry (SRR) and the National Patient 
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Register (NPR). All patients who had a new haemodialysis access 
registered in the SRR 2013-2022 were included in study IV. In study V, 
prevalent haemodialysis patients and patients with pre-existing heart 
failure were excluded. Factors associated with choice of access and 
subsequent risk of heart failure were assessed in relation to access 
location and access flow. 

Results Study I included 31 adult, stable haemodialysis patients. Both 
NT-proBNP and TnT increased during haemodialysis (p<0.001 for 
both). However, this increase was masked during haemodialysis with 
high-flux dialyser. 

Study II, including 41 patients, confirmed the results from study I 
(p<0.001 for both markers). However, there was no difference in the 
increase of cardiac markers between sessions with different 
ultrafiltration rates (p=0.967 for NT-proBNP and p=0.823 for TnT). 

The case reported in Paper III demonstrated that ligation of a high flow 
arteriovenous fistula can reverse heart failure symptoms and greatly 
reduce NT-proBNP levels. 

In study IV, data on 9706 patients and 17709 accesses was included. 
The proportion of upper arm fistulas (p=0.042) and arteriovenous grafts 
(p=0.007) created increased, whilst the proportion of forearm fistulas 
decreased (p<0.001) during the study period. Factors associated with 
the choice of haemodialysis access were mainly factors associated with 
vessel size and vessel quality. In study V, 6579 patients with 11238 
accesses were included. There was no difference in risk of heart failure 
development when comparing different arteriovenous accesses (upper 
arm AVF HR 0.957 95% CI 0.821-1.115, p=0.57, arteriovenous graft HR 
1.044 95% CI 0.842-1.294, p=0.70 with forearm AVF as reference). The 
risk of heart failure associated with access flow was U-shaped (p<0.001 
for non-linearity). 

Conclusion Performing haemodialysis causes cardiac strain that can 
be measured as increase of cardiac markers. However, reducing the 
ultrafiltration rate in patients that tolerates their ordinary treatment, 
does not attenuate this effect. High flow fistulas can cause heart 
failure, and the use of upper arm fistulas is increasing. The risk of heart 
failure development is strongly associated with comorbidities. Flow, 
but not access location itself, impacts heart failure development. 
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Abbreviations 

ANZ Australia/New Zealand 
AV Arteriovenous 
AVF Arteriovenous fistula 
AVG Arteriovenous graft 
BNP B-type natriuretic peptide 
CI Confidence interval 
CKD-MBD Chronic kidney disease mineral and bone disorder 
CO Cardiac output 
CVC Central venous catheter (tunnelled) 
CVP Central venous pressure 
DOPPS Dialysis Outcome and Practice Patterns Study 
EF Ejection fraction 
ESVS European Society for Vascular Surgery 
EVF Erythrocyte volume fraction 
HFpEF Heart failure with preserved ejection fraction 
HFrEF Heart failure with reduced ejection fraction 
HR Hazard ratio 
ICD-10 International classification of diagnosis, version 10 
IDWG  Interdialytic weight gain 
IQR Interquartile range 
KDIGO Kidney Disease: Improving Global Outcomes 
KDOQI  Kidney Disease Outcomes and Quality Initiative 
KRT Kidney replacement therapy 
LVM Left ventricular mass 
LVMI Left ventricular mass index 
MAP Mean arterial pressure 
NPR National patient register 
NT-proBNP N-terminal pro-B-type natriuretic peptide 
NYHA New York Heart Association 
OR Odds ratio 
RCT Randomised controlled trial 
RWMA Regional wall motion abnormalities  
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SD  Standard deviation 
SRR Swedish renal registry  
TnT high-sensitive cardiac Troponin T 
TVR Total vascular resistance 
US United States of America 
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Populärvetenskaplig sammanfattning 

För att överleva behöver vi alla våra organ. När njurarna sviktar kan 
man dock överleva med hjälp av dialys. Tyvärr så är risken att dö eller 
drabbas av hjärt-kärlsjukdom förhöjd hos dialyspatienter, även när de 
får bästa tänkbara vård. 

Under dialys renas blodet från slaggprodukter och eventuellt 
vätskeöverskott som ansamlas på grund av minskad eller upphörd 
urinproduktion. Vi vet att vätskeöverskottet i sig belastar hjärtat. Det 
finns också tecken till att hur snabbt vi drar bort vätska under dialysen 
påverkar hjärtat. 

För att genomföra bloddialys behöver man tillgång till blodbanan. Detta 
görs oftast genom att man kopplar ihop en ven och en artär på armen 
för att skapa en AV-fistel, ett kärl som ger tillräckligt högt flöde för att 
möjliggöra dialys. Om kärlen inte är tillräckligt stora eller om det finns 
andra skäl kan man i stället lägga in en plastslang under huden, ett AV-
graft. Man kan också lägga en slang (CDK) direkt in i blodbanan. AV-
fistlar och AV-grafter skapar ett ökat blodflöde vilket kan påverka 
hjärtat negativt. Vid användning av CDK förblir blodflödet oförändrat. 

Målet med denna avhandling var att undersöka olika aspekter av hur 
bloddialysen och dialysaccessen påverkar hjärtat. 

I studie I och II undersöktes hur olika hjärtskademarkörer i blodet 
påverkas av dialysbehandlingen. Vi tittade dels på NT-proBNP som 
tyder på belastning och används i bedömning av hjärtsvikt, dels 
Troponin T som är en markör för skada och används vid till exempel 
hjärtinfarktsdiagnostik. I studie I undersöktes vad som händer med 
hjärtskademarkörerna under en dialysbehandling. Vi undersökte hur 
de påverkas av olika dialysfilter och kunde dels konstatera att de filter 
vi oftast använder tar bort markörerna ur blodet i olika omfattning. 
Detta är viktigt att veta om man ska tolka resultat av blodprover hos 
patienter som till exempel utreds för eventuell hjärtinfarkt. Vi 
konstaterade också att trots att dialysen ska avlasta hjärtat så stiger 
både NT-proBNP och Troponin T under dialysbehandlingen.  

I studie II undersöktes om stegringen av hjärtskademarkörer kunde 
påverkas av hur snabbt vi tog bort vätska. Alla deltagande patienter fick 
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genomföra en vanlig dialys och en dialys med förlängd behandlingstid 
för att på så sätt kunna minska hastigheten. Vi kunde dock inte påvisa 
någon skillnad i förändring av hjärtskademarkörer beroende på hur 
snabbt vi drog vätska. Tiden som behövdes för att komma ner i 
hastighet blev också mycket längre än vad som var möjligt att i 
praktiken genomföra på dialysavdelningarna. 

Delarbete III beskriver en ung patient som drabbades av svår 
hjärtsvikt. Han hade en AV-fistel på överarmen. Efter att man slöt den 
och flyttade den till underarmen i stället förbättrades han påtagligt. 
Detta väckte frågan om hur stor risken är att drabbas av hjärtsvikt 
beroende på vilken sorts dialysaccess man har. 

Med hjälp av data från nationella register studerade vi först hur vanliga 
olika sorters accesser är och om andelen som får AV-fistel i underarm, 
överarm eller AV-graft förändras över tid. Vi såg då att andelen 
underarmsfistlar minskade med tiden medan överarmsfistlar och AV-
grafter ökade.  

Vi undersökte också hur olika faktorer som kroppsstorlek och 
samsjukligheter påverkade vilken sorts access patienterna fick. Här 
noterade vi att valet framför allt verkar påverkas av faktorer som är 
relaterade till kärlkvalitet och kärlstorlek och inte så mycket av om 
patienten har till exempel hjärtsjukdom sedan tidigare. 

I sista studien undersöktes hur de olika accesserna och det flöde de 
producerar påverkar risken att utveckla hjärtsvikt. Vi kunde här inte se 
någon skillnad i risk beroende på om man har en AV-fistel på 
underarmen, överarmen eller har ett AV-graft. Låga blodflöden ökade 
risken för hjärtsvikt, vilket i första hand ska tolkas som att andra 
sjukdomar som ökar risken för hjärtsvikt samtidigt begränsar 
möjligheten för accessens flöde att öka. Vi såg dock att risken för 
hjärtsvikt även ökar vid höga blodflöden och här är det troligen 
accessens blodflöde i sig som påverkar hjärtat. 

Sammantaget visar avhandlingens olika arbeten hur komplext 
sambandet mellan dialys, dialysaccess och hjärtpåverkan är. Dialysen 
och dialysaccessen påverkar hjärtat men patientens grundsjukdomar, 
förutsättningar och hjärt-kärlfunktion påverkar också hur väl 
behandlingen tolereras. Vi måste därför fortsätta försöka hitta rätt 
behandling för rätt patient. 
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Aims 

Overall aim: 

To explore different aspects of the effects of haemodialysis and 
vascular access on cardiac function. 

Specific aims 

Study I  
To examine how the cardiac biomarkers N-terminal pro-B-type 
natriuretic peptide (NT-proBNP), high-sensitive cardiac Troponin T 
(TnT) and B-type natriuretic peptide (BNP) are affected by 
haemodialysis with different dialysers.  
 

Study II  
To evaluate if the increase in cardiac biomarkers seen during 
haemodialysis can be attenuated by reducing the ultrafiltration rate. 
 

Paper III/Case report  
To describe a clinical case of high output heart failure in a patient with 
an arteriovenous fistula.  
 

Study IV  
To study patient-specific factors associated with the choice of 
haemodialysis access.  
 

Study V  
To study the impact of access location and access blood flow on the 
risk of heart failure development.  
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Introduction 

When one of your organs reach terminal failure – you die. However, in 
the case of kidney failure there is the option of kidney replacement 
therapy (KRT). This can be a kidney transplantation, peritoneal dialysis 
or haemodialysis. The latter is the focus of this thesis. 

Haemodialysis is a life sustaining therapy and can be used either as a 
"bridge" to transplantation or as a permanent treatment until end of 
life. Its goal is to clear the uraemic toxins retained in the body due to 
kidney failure, to correct electrolytes and to reduce fluid overload. 
However, even with optimal haemodialysis treatment, the treatment 
has negative side effects and complications. 

Chronic cardiac effects of uraemia and 
haemodialysis 
Cardiovascular disease is common among patients with kidney failure. 
The extent of cardiac structural and functional changes, as well as the 
prevalence of clinical diseases, increases as kidney function 
declines(1). Contributing factors include a high burden of traditional 
cardiovascular risk factors, such as hypertension, smoking, and 
diabetes but also uraemia specific factors(2). 

Uraemic cardiomyopathy is characterised by left ventricular 
hypertrophy, diastolic dysfunction and myocardial fibrosis(3-5). In 
autopsy material, both left ventricular hypertrophy and the extent of 
myocardial fibrosis correlate with kidney function impairment(6). Apart 
from traditional pathways causing arteriosclerosis, uraemic 
cardiomyopathy is driven by factors related to chronic kidney disease 
mineral and bone disorder (CKD-MBD), inflammation, and oxidative 
stress(2, 4, 5, 7).The grade of fibrosis impacts cardiovascular morbidity 
and mortality(8). In dialysis patients, overhydration puts further stress 
on the heart, impacting both left ventricular measurements(9) and 
diastolic dysfunction(10). Interestingly, left ventricular mass (LVM) 
seems to increase more over time in patients on haemodialysis than on 
peritoneal dialysis(11). 
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Heart failure 
The European Society of Cardiology defines heart failure as  

“a clinical syndrome comprising signs and/or symptoms caused by 
structural and/or functional abnormalities of the heart that result in 
elevated intracardiac pressures and/or inadequate cardiac output at 
rest and/or during exercise. In addition to the subjective symptoms of 
HF, clinically assessed objective evidence of cardiogenic pulmonary 
and/or systemic congestion and diagnostic supportive tests are 
needed to reach the diagnosis.”(12) 

Heart failure is present in 1-3% of the adult population(13). It is divided 
into heart failure with reduced ejection fraction (HFrEF) if ejection 
fraction (EF) is <50 and heart failure with preserved ejection fraction 
(HFpEF) if EF is ≥50% with objective evidence of diastolic dysfunction 
and/or increased left ventricular filling pressure. While HFrEF is often 
caused by coronary artery disease and direct myocardial damage, the 
mechanisms behind HFpEF development are more diverse including 
inflammation and fibrosis and other comorbidities, as kidney failure, 
are often present(12, 14, 15). Regardless of type, symptoms are graded 
according to the New York Heart Association (NYHA) classification, 
ranging from I where no symptoms are present under normal physical 
activity and IV where symptoms are present at any level of physical 
activity and/or at rest(12). 

Heart failure in haemodialysis  
Symptoms and signs of heart failure are similar to the picture seen in 
haemodialysis patients during episodes of fluid overload. Structural 
and functional abnormalities of the heart are affected by the volume 
overload and/or the haemodialysis treatment itself. The challenges of 
diagnosing of heart failure in the dialysis population was emphasised 
by the Kidney Disease: Improving Global Outcomes (KDIGO) 
organisation in a recent report from the controversies conference 
regarding kidney disease and heart failure(16). The differentiation 
between overhydration and heart failure is especially challenging in 
regard to HFpEF. A staging system that takes the effect of ultrafiltration 
on symptoms into account has been proposed(17). When using strict 
criteria in haemodialysis patients without known, severe heart disease, 
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25-66% fulfil the criteria for heart failure, and a majority of these have 
HFpEF(18, 19). 

Measuring cardiac function and damage with 
biomarkers 
NT-proBNP 
B-type natriuretic peptide (BNP) is produced in the myocardium as pre-
proBNP that is then cleaved into the active hormone, BNP with a 
molecular weight of 3,5 kDa, and the inactive N-terminal part, NT-
proBNP, with a molecular weight of 8,5 kDa(20, 21). The production 
and release increases as a response to stretching of the myocardial 
wall(21). Its main effect is natriuresis as a response to volume 
overload(20, 21). The active hormone BNP is cleared from the 
circulation by degradation by neutral endopeptidases present in 
vascular and renal tubular cells and has a half-life of around 20 
minutes. In contrast, the inactive NT-proBNP is mainly cleared by renal 
excretion and has a longer half-life, around 120 minutes(21-23). BNP or 
NT-proBNP have become an established, complementary tool in the 
evaluation of heart failure over the last decades(24, 25). 

NT-proBNP in haemodialysis 
Patients on haemodialysis have increased levels of NT-proBNP. This is 
partly due to decreased clearance and partly due to comorbidities 
and/or volume overload. Both high and increasing NT-proBNP levels 
are negative prognostic factors for survival(26-31) and correlate with 
measurements of overhydration(26, 32). There were previously 
published data indicating that the levels of NT-proBNP after a 
haemodialysis session differed depending on the dialyser(33-35). 
However, it remained unclear whether this is related to patient 
characteristics or the dialysis treatment itself. 

Troponin T 
High-sensitive cardiac troponin T (TnT) is a well-established marker for 
cardiac damage and an integral part in the diagnostic workup of acute 
coronary syndrome(36). TnT is a part of the myofilament in the cardiac 
myocyte and has a molecular size of 38 kDa(37). It is mainly released 
into the bloodstream following necrosis and/or apoptosis. However, 
elevated TnT levels may also occur secondary to increased 
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permeability of the cardiomyocyte cell membrane, for instance in 
response to myocardial wall stretch, even without evidence of cell 
death(38). TnT release into the circulation can be seen as soon as 15 
minutes after a short ischaemic episode, although peak levels are often 
seen later(39). In the general population, increase in Troponin T, 
without concomitant myocardial infarction, increases one- and two-
year mortality risk(40). 

Troponin T in haemodialysis 
Patients on haemodialysis often have increased levels of TnT(41). As for 
NT-proBNP, this is probably due to a combination of high burden of 
cardiac comorbidities and reduced elimination although clearance 
mechanisms are not fully understood(38). Increased levels of cardiac 
Troponins are associated with a higher mortality in the haemodialysis 
population(42, 43). 

Haemodialysis treatment 
Clearance of molecules, dialyser properties 
During haemodialysis, the blood is filtered through a semipermeable 
membrane, a dialyser. Uraemic toxins and electrolytes diffuse from the 
blood to the dialysate fluid down their concentration gradients. The 
diameter of the pores in the membrane determines the maximum 
molecular size that can be cleared. In general, dialysers are divided in 
low-flux and high-flux. Low-flux dialysers have smaller pore size and 
provide effective clearance of small molecules such as urea (60 Da). 
High-flux dialysers have larger pore size and achieve a better clearance 
of mid-sized molecules, typically represented by β2-microglobulin (11.8 
kDa) (44, 45). When adding convective forces, as in haemodiafiltration, 
even larger molecules can be cleared. The basic principles of dialysis 
with different dialysers are illustrated in Figure 1. 
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Figure 1 Haemodialysis as filtration through a semipermeable membrane with 
different pore sizes. 

Ultrafiltration and ultrafiltration rate 
In patients with reduced urinary output, fluid is retained between 
haemodialysis sessions. During ultrafiltration, excess water is removed 
from the body by applying a transmembrane pressure gradient. The 
amount of water removed is the difference between the patient’s target 
weight in euvolaemia and the actual weight before treatment. This 
weight difference between two dialysis sessions is called interdialytic 
weight gain (IDWG). High IDWG has been linked to increased 
mortality(28, 46). 

The ultrafiltration rate is the amount of fluid removed per time. Since 
treatment time is limited, a high IDWG often leads to a high 
ultrafiltration rate. In retrospective studies, a high ultrafiltration rate 
was a risk factor for cardiovascular morbidity(47, 48) and overall 
mortality (47, 49-51). A large retrospective study demonstrated that the 
risk of death increases when ultrafiltration rate exceeds 6ml/h/kg(49). 
However, some have proposed that the impact of ultrafiltration rate in 
terms of ml/h/kg differs depending on the patient’s dry weight(52) and 
one study indicated that ultrafiltration rate only impacted mortality risk 
in patients with heart enlargement on pulmonary x-ray(53). 
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Acute cardiac effects of haemodialysis 
During haemodialysis, the cardiovascular system is impacted in 
different ways. Shifts in electrolyte concentrations, especially 
potassium and calcium, may contribute to the changes in QT-time seen 
during haemodialysis, although data is conflicting(54). The exposure to 
the extracorporeal circuit and the shear stress induced by the blood 
pump activates coagulation and complement(55). Ultrafiltration causes 
shifts in intravascular volume and may lead to intradialytic 
hypotension, a known risk factor for mortality(56). Studies using 
cardiac imaging have demonstrated reduced myocardial blood flow and 
development of regional wall motion abnormalities (RWMA) during 
haemodialysis(54). The development of RWMA has a negative impact 
on survival and long-term cardiac function(57). The extent of acute 
structural and functional changes during haemodialysis are correlated 
with ultrafiltration volume(57, 58) and rate(59). Since most studies are 
retrospective or observational, it is not clear if changing the 
ultrafiltration rate can attenuate these changes. 

Haemodialysis access 
To perform haemodialysis, access to the patients’ blood stream is 
needed. The access must deliver a sufficiently high blood flow to make 
dialysis possible, be reliable for usage multiple times per week over a 
long period of time and have as few side effects as possible. 

The surgical creation of an arteriovenous fistula (AVF) significantly 
contributed to the development of haemodialysis. A standard, forearm 
AVF is created by anastomosing the cephalic vein to the radial artery at 
the wrist level(60). If the dimensions of the vessels are too small, it is 
possible to move the anastomosis more proximally to the mid- or upper 
arm. It is also possible to use a synthetic graft to connect a vein to an 
artery. In terms of chronic haemodialysis access, a central venous 
catheter (CVC) is a catheter placed directly in a central vein and 
tunnelled under the skin for long term use. The different accesses are 
illustrated in Figure 2. 
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Figure 2 Basic principles of standard haemodialysis accesses. From top left: 
Forearm arteriovenous fistula, upper arm arteriovenous fistula, arteriovenous 
graft placed as a loop on the forearm and lastly a central venous catheter. 
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Access maturation and patency 
When a vein is anastomosed directly to an artery, thereby bypassing 
the capillary network, the vein is exposed to arterial pressure and flow. 
This leads to an increase in shear stress on the vessel wall of the vein 
and a release of vasodilating factors, for example nitric oxide, resulting 
in a dilatation of the vessel(61). Over time, the vessel wall thickens as 
smooth muscle cells adapt to increased pressure. Ideally, 
vasodilatation and vascular remodelling will lead to access 
maturation(62), a state in which an access can reliably be used for 
haemodialysis treatment(63, 64). Maladaptive vascular changes may 
cause maturation failure or complications requiring intervention. In the 
long term, both adaptive and maladaptive changes influence long-term 
patency, defined as the time from access creation to abandonment(63, 
64). Overall, approximately 23% of created AVF do not mature. Of the 
AVF that do mature, the primary patency (patency without intervention) 
is 67% at one year and 51% at two years. For secondary patency 
(patency with intervention), the numbers increase to 82% at one year 
and 80% at two years. However, there is substantial heterogeneity 
between studies (65). 

Patency and complication risk across access types 
A forearm AVF has always been and still is the preferred choice(63, 64). 
However, creation of a functioning forearm fistula is not always 
possible due to anatomical reasons. For the creation of a radio-cephalic 
fistula, a minimal diameter of 2 mm is recommended for both the artery 
and the cephalic vein(64). Upper arm AVF have higher patency 
compared to forearm AVF(66, 67). Arteriovenous grafts (AVG) do not 
require maturation but are associated with higher risks of thrombosis, 
infections, hospitalisation, and death(68, 69). When comparing patency 
for upper arm AVF and AVG, data is conflicting. In retrospective 
studies, upper arm AVF had a better patency(66, 70). However, 
randomised controlled trials (RCT) have not been able to demonstrate a 
difference between upper arm AVF and AVG(71-73). Whether this is 
due to patient selection or differences in time of follow up is unclear. 
One RCT did however demonstrate an increased need of interventions 
for AVG(71). CVC have consistently been associated with a high risk of 
infection and increased morbidity and mortality in retrospective 
studies (69, 74) and they have for long been considered a last hand 
alternative(64, 75). 
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Factors affecting patency 
The choice of access is not the only factor affecting patency. One 
prominent factor is the surgeon's experience, with patency rates 
increasing as experience increases(76, 77). Regarding patient specific 
factors female sex(78, 79), age, chronic obstructive pulmonary disease, 
smoking(78, 80), and diabetes(81) have all been associated with 
impaired patency. The most studied entities are, however, vessel size 
and quality in terms of peak velocity, arterial resistance and venous 
distensibility(79, 82, 83). 

Epidemiology 
A study within the Dialysis Outcome and Practice Patterns Study 
(DOPPS) program demonstrated a significant difference in choice of 
access when comparing the United States of America (US), Japan, 
Europe and Australia/New Zealand (ANZ). The proportion of upper arm 
AVF has always been higher in the US than Europe/ANZ and Japan. 
There is, however, an increase in the proportion of upper arm AVF in 
both the US and Europe/ANZ over time, whereas forearm AVF 
continues to be the predominant choice in Japan(84). Data from Italy 
demonstrates a variety between regions. This study also indicates that 
more forearm AVF are created when a nephrologist is involved in the 
access creation(85). 

What do the guidelines say? 
Due to an increase in the use of CVC and AVG, the National Kidney 
Foundation launched the “Fistula First” campaign in 2003 with the goal 
of increasing the use of native AVF in the US(86). This might be one of 
the reasons behind the increase of upper arm AVF seen in DOPPS. 
Another consequence was the creation of fistulas that never 
matured(86). In 2019, the Kidney Disease Outcomes and Quality 
Initiative (KDOQI) updated its recommendations to a more nuanced and 
individualised approach, taking the patients access life-plan into 
consideration(63): 

“The right access, for the right patient, at the right time, for the right 
reasons.” 

The European Society for Vascular Surgery (ESVS) still prefers AVF 
over AVG and recommends CVC only when the creation of AVF or AVG 
is impossible or when life expectancy is limited(64). Interestingly, the 
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grading of evidence differs between guidelines: The ESVS has a level 1A 
recommendation for native AVF as the preferred choice. In KDOQI, the 
same recommendation is graded as “Expert opinion”. Due to the low 
level of evidence and the complexity of the subject, KDOQI leaves many 
decisions up to the clinician’s “best clinical judgement”(63). 

Haemodynamic and cardiac effects of arteriovenous 
accesses 
The creation of an AV-access leads to an increased venous return to the 
right atrium(61, 87). An increase in right ventricle diameter after AV-
access creation has been demonstrated(87, 88) and was associated 
with increased mortality(87). However, in a prospective study, there 
was no change of the systolic pulmonary arterial pressure. The 
increase in right ventricle diameter was correlated with overhydration 
and not access flow(88).  

Normal cardiac output (CO) at rest is approximately 5000ml/min(89). 
An increase in access flow will cause an increase in CO, especially if 
flow exceeds 2000ml/min(90, 91). In prospective studies, left 
ventricular mass index (LVMI) increased following access creation(92-
94). Early changes are more marked if access flow exceeds 
600ml/min(92), a level traditionally used as part of the definition of 
maturation(75). In a study with longer follow up, however, changes of 
LVMI or NT-proBNP did not correlate with access flow(94). Available 
data suggest that the presence of an AVF at the time of transplantation 
may increase the risk of heart failure development later on(95). It has 
also been shown that elective access ligation after kidney 
transplantation can reverse an increase in LVMI(87, 96, 97). 

In some patients, high access flow will lead to high-output cardiac 
failure. Several studies and case series have demonstrated 
improvement of heart failure symptoms after ligation or flow reduction 
of AVF with high flow. In these studies, the proportion of upper arm 
fistulas has been high(98-101). However, there is no clear definition of 
what is considered high flow. A recent attempt to perform a meta-
analysis on how access flow impacts cardiac function could only 
demonstrate clear effects on reversal of symptoms. Due to the 
heterogenicity of the included studies, it was not possible to conduct a 
formal meta-analysis(102). 
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In recent years, the harm of AV-accesses and the cardiac risk they pose 
have been discussed. Most studies in the field are retrospective and 
focusing on AVF with high access flow or are case studies on highly 
selected patients. It is therefore unclear how accesses affect the risk of 
heart failure development in a real-life setting. To correctly interpret 
their impact, factors involved in the choice of access need to be 
evaluated. 
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Material and methods 

General statistical methods 
In all studies, data is presented as mean ±standard deviation (SD), 
median and inter-quartile range (IQR) or numbers (n) and proportions 
(%) as appropriate. Odds ratios (OR) and hazard ratios (HR) are 
presented with a 95% confidence interval (CI). The level for statistical 
significance was set as p<0.05. 

Common principles Studies I and II 
Studies I and II were both conducted with a crossover design in 
prevalent, stable haemodialysis patients, in which patients acted as 
their own controls to minimise confounding. The outcomes in both 
studies were intradialytic changes of NT-proBNP and TnT during a 
single haemodialysis session. In both studies blood samples were 
taken before haemodialysis, 180 minutes after start of haemodialysis 
and at the end of the haemodialysis session. Cardiac biomarker levels 
taken during or after treatment were corrected for 
haemoconcentration. In study I, albumin was used for correction 
[Biomarkeradjusted=Biomarkermeasured/(Albuminend/Albuminstart)]. In study 
II, erythrocyte volume fraction (EVF) was used for correction for 
haemoconcentration(103). For comparison between the studies, the 
data from study I has been reanalysed with cardiac biomarkers 
adjusted for EVF.  

NT-proBNP was not normally distributed, hence, Wilcoxon signed rank 
test was used for comparison between sessions. For analyses of 
correlations, Spearman’s rank correlation coefficient was calculated. 

Study I 
Adult, stable haemodialysis patients in Umeå were randomised to start 
with either a low-flux or a high-flux dialyser and underwent one 
haemodialysis session. The following week, they underwent another 
session with the other dialyser. For patients treated with 
haemodiafiltration as their regular dialysis modality, a third session 
was performed with haemodiafiltration. All study sessions were 
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performed at the first session of the week. Apart from NT-proBNP and 
TnT, BNP was analysed using a point of care analysis. 

Study II 
Study II was designed based on the knowledge gained from study I and 
new results linking the increase in NT-proBNP to ultrafiltration rate. 
This study used IDWG relative to body weight in percent (hereafter 
IDWG). An ultrafiltration rate of 0.6 IDWG/h was proposed as cut-off 
(104). Study II was a multicentre, crossover study performed at five 
haemodialysis centres in Sweden. Inclusion criteria were IDWG ≥2.5% 
and ultrafiltration rate ≥0.72 IDWG/h. Exclusion criteria included age 
<18 years, clinical instability, not being able to give informed consent or 
not able to undergo treatment with low-flux dialyser due to medical 
reasons. 

Each patient underwent one session with their ordinary and one 
session with the prolonged treatment time. The prolongation was 
aimed to achieve at least a 20% reduction of the ultrafiltration rate 
compared with the standard session, or optimally an ultrafiltration rate 
≤0.6 IDWG/h. The study sessions were performed on the weekday the 
participants were most likely to reach their target weight and fulfil the 
inclusion criteria. All haemodialysis sessions in the study were 
performed with low-flux dialysers. Dialysis prescription, including 
blood pressure medication, remained otherwise unchanged. 

Baseline variables and comorbidities were collected by the principal 
investigator at each centre. Echocardiograms and electrocardiographs 
were considered if they were performed within one year from the study 
under stable conditions. No new echocardiograms were performed. 

Case report/ Paper III 
Paper III reports the case of a young man with decompensated heart 
failure due to high flow in his upper arm fistula. 
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Common method and population in studies IV 
and V 
Swedish Renal Registry (SRR) 
The SRR is a national register covering most of the nephrology units in 
Sweden. Patients can be registered at any stage of chronic kidney 
disease (CKD) and information is updated prospectively(105). Each 
registered patient has a personal identification code in the register that 
is linked to their national personal identity number, making it possible 
to link the data to other national registers. 

Vascular accesses have been registered since 2011, and the registry 
data has demonstrated good validity and completeness(106). Each 
access is registered with an access-specific code linked to the person's 
identification code in the register. Details concerning access creation, 
complications requiring intervention, flow measurements, and first 
usage are registered. 

Comorbidities are registered in the SRR at start of first KRT and not 
updated thereafter. Registration is made after clinical consideration 
from the treating nephrologist. The variables heart failure and atrial 
fibrillation were added to the variable list in 2023. Until then, it was 
only possible to register these diagnoses as “other heart disease”. 

Swedish National Patient Register (NPR) 
The NPR holds information about the diagnoses set by the treating 
clinician at each hospitalisation and outpatient visit in specialised care, 
using international classification of diagnosis (ICD-10) code. 
Registration is automated and mandatory. For studies IV and V, we 
combined data from both the outpatient and inpatient part of NPR, 
using both primary and secondary diagnoses. The NPR has an overall 
high diagnostic accuracy, but with substantial variation depending on 
diagnosis and cohort(107). 
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Cohort 
In studies IV and V, all patients who had a haemodialysis access 
created between 2013-2022 were included. Patients were excluded if 
they only had a non-tunnelled catheter registered. In study IV, both 
prevalent and incident patients were included. In study V, patients with 
pre-existing heart failure and haemodialysis any time before study start 
were excluded. Figure 3 illustrates the connection between the two 
cohorts.  

 

Figure 3 Inclusion and exclusion criteria of patients in studies IV and V. 

Definitions 
In SRR, AVF are recorded as radiocephalic, brachiocephalic, 
brachiobasilic transposed in one or two seances, proximal 
radiocephalic, radio-basilic, ulnar, and femoral. AVG are recorded as 
radial, brachial loop, brachial straight upper arm, femoral, and 
thoracic. Since we were interested in access locations and the 
supposed consequent flow, we regrouped the AV-accesses in 1) 
forearm AVF from radial or ulnar artery, 2) upper arm AVF from the 

Included Study V

Swedish Renal Registry (SRR)

All patients receiving an access for haemodialysis 2013–2022

Patients with solely non-tunnelled catheters

Duplicates, invalid data

Heart failure before access

Included Study IV

Haemodialysis before study
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brachial artery, 3) AVG in the upper extremity regardless of placement 
and 4) others (e.g. lower limb, thoracic). CVC formed a separate group. 

Comorbidities were considered present if they were noted either in the 
SRR or the NPR. They were considered as prevalent if registered before 
the date of access creation and as incident if registered after the date of 
access creation. 

Vintage was defined as time since start of first KRT in study IV and start 
of haemodialysis in study V. 

Data curation 
If the same patient received the same type of access more than once at 
the same date, it was considered a duplicate. We then kept the entry 
with the most data. If the same patient received more than one access 
type the same day, CVC was considered first, forearm AVF second and 
upper arm AVF or AVG third, following an assumed clinical decision 
path. 

Study IV 
Apart from definitions above, patients who never received an AV-
access were recorded as “CVC-only”. 

Change in proportion of type of AV-access over time as well as patient 
characteristics at time of access creation was analysed using ANOVA. 
Patient related factors affecting the choice of first access were analysed 
using chi-square test for nominal data and logistic regression for 
continuous variables. 

Study V 
Access flow can be measured in different ways. One option is duplex 
ultrasound where the flow is measured in the brachial artery(108). 
Another option is in-access measurement. The most common method 
for in-access measurements is a dilution method where a bolus of 0.9% 
saline is injected in the access and a change in haemoconcentration is 
measured by ultrasound(109). It is easily available and can be 
performed in most haemodialysis units. The results of both methods 
have a high correlation(110). For the analysis of access flow, we used 
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the maximum, registered flow regardless of mode of measurement, 
accepting a possible over-estimation of actual flow.  

Risk of heart failure development according to access group was 
analysed using Cox regression. Association between access flow and 
risk of heart failure was assessed using restricted cubic splines that 
allowed us to treat access flow as a continuous variable and evaluate 
for non-linearity. Sex, age, vintage, previous KRT, and comorbidities 
were used as covariates. All covariates were updated at the time of 
access creation. Accesses were censored at the time of creation of a 
new access in the same patient. Patients were followed until diagnosis 
of heart failure, death, transplantation or change to peritoneal dialysis. 

Ethics 
All studies were performed according to the Helsinki declaration. Study 
I was approved by the Ethical Review Board, Umeå (Dnr 2012-42-31M) 
and revised by the Swedish Ethical Review Authority for study II (Dnr 
2022-03861-02 and Dnr 2023-06921-02). Approval for studies IV and V 
were obtained from the Swedish Ethical Review Authority (Dnr 2023-
00124-01). Patients in study I and II provided written, informed 
consent. For the publication of the case report, written informed 
consent was obtained from the patient and his parents. Patients in 
studies IV and V have consented to their registration in the SRR. All 
data has been handled pseudonymised.   
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Results 

Study I 
In this study, 31 patients with a mean age of 62±14 years were 
included. Median vintage on haemodialysis was 26 (min 2, max 192) 
months, 32% of the patients had a residual urinary output less than 500 
ml/d. Selected baseline data and levels of cardiac biomarkers are 
described in Table 1. During haemodialysis with low-flux dialyser, NT-
proBNP and TnT increased significantly (p<0.001 for both). All cardiac 
biomarker levels decreased during haemodialysis with high-flux 
dialyser or haemodiafiltration. Results are presented in Figure 4. 
During treatment with low-flux dialyser, there was no difference in the 
increase in cardiac biomarkers between patients with or without 
residual urinary output. 

To allow comparison between studies in this thesis, data was 
reanalysed with correction for EVF instead of albumin. The correction 
factor for albumin was 0.98 ±0.099 and the correction factor when 
using EVF was 0.99 ±0.090. The adjusted values did not differ 
depending on method (p=0.195 for NT-proBNP and p=0.212 for TnT.) 
The increase during treatment with low flux dialyser remained 
significant for NT-proBNP and TnT (p<0.001 for both).  

There was no correlation between ∆NT-proBNP and ultrafiltration rate 
(R=0.109, p=0.580). When comparing patients with (n=25) and without 
(n=5) ultrafiltration there was no difference in ∆NT-proBNP (p=0.706) 
or ∆TnT (p=0.957).  
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Figure 4 Change of cardiac biomarkers during haemodialysis treatment with 
low-flux dialyser, high-flux dialyser and haemodiafiltration, adjusted for 
haemoconcentration with correction for change in EVF.  
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Study II 
Of 238 screened patients, 111 (46.6%) did not fulfil the inclusion criteria 
of IDWG ≥ 2.5% or ultrafiltration rate ≥0.72 IDWG/h. Another 49 
(20.6%) fulfilled at least one of the exclusion criteria and 13 (5.5%) did 
not consent to participation. In total, 65 patients were initially included; 
however, one centre lost 9 patients between inclusion and recruitment. 
Another 15 were excluded during the study, leaving 41 for the final 
analysis. 

Of the included patients, 28 (68.3%) were men and 13 (31.7%) women. 
The mean age was 63.5±14.8 years and the median vintage 32.9 (IQR 
44.5) months. Selected baseline data and levels of cardiac biomarkers 
are described in Table 1 together with data from study I for 
comparison. 

All patients achieved a reduction in ultrafiltration rate of at least 20%. 
To achieve an ultrafiltration rate below 0.6 IDWG/h, a mean time of 
423±139 minutes was needed. Due to practical constrains only 12 
patients reached the prespecified target. 

We could confirm our previous findings that NT-proBNP and TnT 
increase during haemodialysis treatment (p<0.001 for both markers 
during both treatments). As demonstrated in Figure 5, there was no 
difference in ∆NT-proBNP or ∆TnT between standard and prolonged 
treatment (p=0.967 for NT-proBNP and p=0.823 för TnT). When 
analysing only patients achieving the target ultrafiltration rate there 
was a tendency towards statistical significance for ∆NT-proBNP 
(p=0.062) but after examining actual levels, it was only deemed 
clinically significant for one patient. 
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  Study I n=31  Study II n=41  

  n % n % 

Male 17 54.8 28 68.3 
Female 14 45.1 13 31.7 
Diabetes 17 54.8 18 43.9 
AV-access 16 51.6 15 36.6 

  Mean SD Mean SD 
Age (years) 62 14 63.5 14.8 
Vintage (months) 41 41 32.9 44.5 
IDWG (%) 1.8 1.5 4.3 1.3 
Ultrafiltration rate (IDWG/h) 0.48 0.41 0.97 0.18 

  Median IQR Median IQR 
NT-proBNP(ng/l) at start 6232 17627 5850 20950 
TnT (ng/l) at start 67 65 70 44 
∆NT-proBNP (ng/l) 914 2559 2244 6342 
∆TnT (ng/l) 5 9 5 9 

 

Table 1 Comparison of cardiac biomarkers and selected baseline 
characteristics between studies I and II. Cardiac biomarkers are corrected for 
change in EVF. For study I results are presented for the session with low-flux 
dialyser and for study II for the session with ordinary treatment time. 

 

 

 
Figure 5 Comparison of change in cardiac biomarkers between haemodialysis 
with high vs lower ultrafiltration rate.  
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Case report/Paper III 
Paper III presents a case of a young man with elevated NT-proBNP and 
progressive symptoms of heart failure without evident overhydration 
or change in IDWG. The patient had an upper arm AVF with a high flow. 
After ligation of the upper arm AVF and creation of a forearm AVF that 
resulted in lower access flow, heart failure symptoms resolved and NT-
proBNP decreased from levels >70000 ng/l to <5000 ng/l. 

Study IV 
The analysis included data on 9706 patients and 17832 accesses. Of 
these patients, 14.3% had haemodialysis before study start, either 
historically or present. Flow chart for inclusion and exclusion in 
studies IV and V is presented in Figure 7. Even though neither the total 
number of accesses created or the patients age at access creation 
(p=0.377) changed over time, the proportion of created upper arm AVFs 
(p=0.042) and AVG (p=0.007) increased. The proportion of forearm AVF 
consequently decreased (p<0.001). However, forearm AVF was still the 
most common access and accounted for 62.9% of first AV-accesses 
during the study period.  

When analysing all accesses, there were several differences between 
the groups. In the group receiving forearm AVF, patients had larger 
body size, less comorbidities, shorter vintage, fewer previous accesses 
and there was a lower proportion of women.  

When analysing first AV-access and CVC-only, age increased the 
probability of remaining on CVC (OR 1.004 per year, 95% CI 1.002-
1.007). Age did not differ significantly between different types of AV-
accesses. The factors that had an impact on the probability of receiving 
different access are illustrated in Figure 6. 
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Figure 6 Factors that increase the probability of receiving different access. AV: 
arteriovenous. AVF: arteriovenous fistula. AVG: Arteriovenous graft. PD: 
peritoneal dialysis. HD: Haemodialysis 
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Swedish Renal Registry (SRR)

All patients receiving an access for haemodialysis 2013 –2022

n=10170

Missing ID n=78

Invalid data n=1

Patients with solely non-tunnelled catheters n=385

Duplicate accesses n=142

Heart failure before first access

Patients n=1925

Accesses n=3439

Included Study IV

Patients n=9706

Accesses n=17832

AV-accesses n=8104

Catheters n=9728

Included Study V

Patients n=6579

Accesses n=11238

AV-accesses n=5453

Catheters n=5785

Accesses created after first heart failure diagnosis

Accesses n=745

Haemodialysis before study

Patients n=1202

Accesses n=2410

Figure 7 Inclusion and exclusion of patients in studies IV and V 
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Study V 
After excluding prevalent haemodialysis patients and patients with 
prevalent heart failure from the cohort from study IV, 6579 patients 
with 11238 accesses remained (see Figure 7). During the observed 
period, 1593 (24.1%) developed heart failure. 

There was a lower risk of heart failure development with forearm AVF 
(HR 0.772, 95% CI 0.685-0.870, p<0.001), upper arm AVF (HR 0.735, 
95% CI 0.649-0.984, p <0.001) and AVG (HR 0.799, 95% CI 0.649-0.984, 
p=0.04) compared to CVC.  When comparing only AV-accesses in the 
upper limb, with forearm AVF as reference, there was no significant 
difference compared to upper arm AVF (HR 0.957, 95% CI 0.821-1.115, 
p=0.57) or AVG (HR 1.044, 95% CI 0.842-1.294, p=0.70). Risk of heart 
failure development depending on type of AV-access is illustrated in 
Figure 8. 

The access groups differed significantly in maximal flow (p<0.001). 
There was however a clear overlap. The correlation between access 
flow and risk of heart failure development was U-shaped (p<0.001 for 
non-linearity). There was a significant increase in hazard ratio with 
flows below approximately 1000 ml/min. At the other end of the 
spectrum, higher flows did not reach significance until flow exceeded 
approximately 4500 ml/min. However, only 336 patients had access 
flow exceeding 3000 ml/min. Figure 9 illustrates the association of 
heart failure and access flow, analysed as a categorical variable. 
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Figure 8 Cox regression curve for risk of heart failure development depending 
on type of arteriovenous access. AVF: arteriovenous fistula. AVG: 
Arteriovenous graft. 

 
Figure 9 Hazard ratios for development of heart failure according to maximum 
access flow with flow categorised in groups and analysed with Cox regression. 
Access flow <1000 ml/min as reference. 
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Discussion 

A main finding in this thesis is that haemodialysis causes an increase in 
the cardiac biomarkers NT-proBNP and TnT. This increase is masked 
when using high-flux dialysers or haemodiafiltration (study I). This 
increase is however not attenuated by lowering the ultrafiltration rate 
in patients tolerating their treatment (study II). Ligating high flow 
fistulas can reverse heart failure symptoms and decrease NT-proBNP-
levels (case report). The use of upper arm AVF and AVG are increasing 
in Sweden, and the choice of access seems to be based on factors 
related to vessel size and quality rather than cardiovascular 
comorbidities (study IV). The risk of heart failure is highest in patients 
with CVC. The location of the AV-access does not impact the risk of 
heart failure but the relation between heart failure and access flow is 
U-shaped (study V). 

Obviously, the relations between cardiac function, tolerability of 
haemodialysis and haemodialysis access are complex. A simplified 
attempt to illustrate this is made in Figure 10. It should be noted that 
the relationships are bidirectional. Haemodialysis access and 
ultrafiltration affect cardiac function, but cardiac function and 
cardiovascular disease also affect the tolerability of ultrafiltration, the 
choice of haemodialysis access as well as the development and 
haemodynamic tolerability of access flow, as indicated by the double-
headed arrows. 
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Figure 10 Factors affecting cardiac function in patients on haemodialysis. 

Do we measure what we think we are 
measuring? 
Heart failure 
As previously stated, heart failure in the general population is well 
defined(12). We also know that haemodialysis related overhydration 
can perfectly mimic heart failure symptoms. The outcome based on 
ICD codes carry the risk of misclassification: On one hand, a patient 
with severe volume overload may get a heart failure diagnosis at the 
emergency/cardiology/internal medicine department. On the other 
hand, we know that haemodialysis patients are at high risk for heart 
failure development by multiple pathways which could be neglected by 
nephrologists in clinical practice.  

Previous studies on haemodialysis patients lacked a clear definition of 
heart failure, even when used as outcome(111). Even with strict 
diagnostic criteria for heart failure in the haemodialysis population, 
one must bear in mind that cardiac biomarkers are affected by 
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hydration status(26, 32), haemodialysis treatment (studies I and II) and 
time point of sampling (study I). This equally applies to 
echocardiographs(58, 112-114). All methods give a “here and now”-
picture and must be interpreted in a full clinical context. In 
haemodialysis patients requiring ultrafiltration, echocardiograms 
should preferably be performed the morning after a haemodialysis 
session when patients are fairly euvolaemic and has recovered from 
the acute changes caused by the haemodialysis treatment(16). 

Cardiac biomarkers as surrogate for cardiac strain 
Theoretically, treating overhydration through ultrafiltration might 
decrease the levels of NT-proBNP without changing TnT levels. 
However, we know that haemodialysis itself can lead to myocardial 
hypoperfusion and development of RWMA(54). Since this is correlated 
to ultrafiltration volume and rate, it is reasonable to suppose that 
slower ultrafiltration would attenuate these changes. When measuring 
cardiac strain as change in cardiac biomarkers, this is however not the 
case. 

Both NT-proBNP and TnT can be released due to stress without actual 
necrosis and/or apoptosis of myocardial cells(38, 115). It is possible, 
that both stress and actual myocardial damage is present and may 
recur during haemodialysis treatment, making the optimal timepoint 
for measurement uncertain. Especially TnT may peak hours later(38, 
39). On the other hand, the observed levels of TnT-increase during 
treatment (studies I and II) are far below any diagnostic threshold for 
myocardial infarction(36). When only analysing patients who reached 
the prespecified ultrafiltration rate target in study II, the difference in 
∆NT-proBNP was borderline significant from a statistical point of view. 
However, the difference was only deemed clinically significant in one 
patient, emphasising that observed differences may not always be 
clinically meaningful. It is also possible that measurement of NT-
proBNP and TnT might not be specific enough to demonstrate 
differences caused by change of ultrafiltration rate. However, others 
have found correlations between ∆TnT and both ultrafiltration rate and 
cardiac strain on echocardiograms in patients without known cardiac 
disease. Unfortunately, it is unclear if levels were adjusted for 
haemoconcentration and which dialysers were used(116). 

In both studies I and II some individuals demonstrated a reduction of 
one or both cardiac biomarkers even during low-flux haemodialysis. 
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This indicates the presence of interindividual differences. 
Unfortunately, the study populations in studies I and II were too small 
and access to echocardiograms in study II was limited, precluding 
meaningful subgroup analyses.  

Ultrafiltration rate or fluid overload? 
It is possible that the negative effect attributed to high ultrafiltration 
rate is more related to overhydration than ultrafiltration itself. In 
previous large retrospective cohorts, the risks associated with high 
ultrafiltration rate has been clearly demonstrated(49-51). However, 
others could only demonstrate this in patients with late signs of fluid 
overload(53). Chronic overhydration significantly impacts all-cause 
mortality(117). Over time, both fluid overload as well as episodes of 
fluid depletion(118) and variance in ultrafiltration need(119) increases 
the risk of death and cardiovascular events. Overhydration may 
therefore have a greater impact on cardiovascular remodelling over 
time than the acute effects of ultrafiltration. In study II, target weight 
was carefully adjusted before study start. In the three centres where 
bioimpedance was used to determine the target weight, the difference 
between normohydrated weight and decided target weight was small. 
This indicates a tight regulation of target weight in the participating 
patients. 

Ultrafiltration or haemodialysis? 
The main strength with studies I and II is the crossover design where 
patients act as their own control, minimising confounding. In study II, 
measures were taken to ensure that no changes were made between 
treatments, thereby isolating the factor that we aimed to investigate. 
However, changing ultrafiltration rate was achieved by prolonging 
treatment time. Prolonged time results in longer exposure to the 
extracorporeal circuit. It is possible that this increases the effects of 
shear stress, coagulation, inflammation, and complement activation 
seen in haemodialysis(55), thereby attenuating potential effects of 
reduction of ultrafiltration rate. However, there were no significant 
differences in increase of either biomarker at 180 minutes. 

Ultrafiltration or cardiovascular adaptability? 
One early study on haemodynamic changes during haemodialysis and 
ultrafiltration demonstrated different responses depending on if 
ultrafiltration was performed with or without concurrent diffusion, i.e. 



 

32 

regular dialysis. The main difference was the impaired increase in 
vascular resistance during regular dialysis compared with 
ultrafiltration alone, suggesting that dialysis itself impaired the 
vascular response to ultrafiltration.  It is possible that this effect was 
mediated by the acetate that was used as a buffer at the time of the 
study, and it is therefore unclear if the differences are still valid in 
modern dialysis were bicarbonate is more commonly used. Patients 
were included if they were prone to intradialytic hypotension and there 
were several episodes of hypotension during the observed 
sessions(120). 

More modern data indicates a reduction of cardiac index during 
treatment both during haemodialysis and haemodiafiltration. However, 
the observed change was from supraphysiological towards more 
normal levels as a response to reduction of fluid overload. However, 
measurements were only made at start and end of a single session. 
Also here, overhydration and NT-proBNP but not cardiac index before 
session was prognostic for all-cause mortality(121). 

Cardiac output (CO) is depending on heart rate and stroke volume or 
mean arterial pressure (MAP), central venous pressure (CVP) and total 
vascular resistance (TVR), as follows: 

𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑥𝑥 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 = 𝐶𝐶𝐶𝐶 =
𝑀𝑀𝑀𝑀𝑀𝑀 − 𝐶𝐶𝐶𝐶𝐶𝐶

𝑇𝑇𝑇𝑇𝑇𝑇
 

To maintain cardiac output during ultrafiltration the reduction in 
intravascular volume must be compensated by either plasma refill from 
the extravascular compartment(56) or by haemodynamic adaptations 
such as an increase in heart rate or total vascular resistance. 
Consequently, an individual patient’s tolerance of ultrafiltration 
depends on their capacity to mount these compensatory responses. 
This capacity is influenced by several factors, including medication, 
age, and dialysate temperature. For example, cooling the dialysate may 
reduce the development of RWMA(122) and as previously stated, 
isolated ultrafiltration has a different impact on cardiovascular 
response than haemodialysis and ultrafiltration in combination(120). 
Interestingly, troponin I increased more during haemodialysis when 
ultrafiltration was performed at a constant rate than when the 
ultrafiltration rate was higher at the beginning of treatment and 
gradually reduced towards the end(123). Taken together, these findings 
reflect the complexity of the cardiac effects caused by haemodialysis. 
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Inability to adapt to ultrafiltration will cause intradialytic hypotension, 
a well-known negative prognostic factor(56). In study II, patients who 
were eligible for study inclusion, had a treatment they tolerated well, 
without clinical symptoms such as intradialytic hypotension and 
muscle cramps. Consequently, very few adverse events during both 
haemodialysis sessions were recorded. Some patients were not eligible 
for the study despite high IDWG, since preexisting increase of 
haemodialysis frequency (e.g. four times per week) or a prolongation of 
treatment time resulted in an ultrafiltration rate below inclusion 
criteria. 

AV-access and cardiovascular adaptability 
Adaptation is not only relevant when it comes to tolerability of 
haemodialysis and ultrafiltration. AV-access maturation and increased 
access flow is relying on the possibility of adaption. On one side of the 
spectrum, pre-existing vascular disease, reduced venous 
distensibility(82, 83), and differences in local cellular response(124) 
may inhibit vasodilatation and remodelling, ultimately leading to non-
maturation or limitation of flow. Pre-existing heart failure seems to 
limit patency(80). To generate high access flow, the heart must also be 
able to increase cardiac output. Reduced cardiac function may be an 
explanation why patients with low access flow had an increased risk of 
being diagnosed with heart failure (study V). Low access flow is even 
associated with mortality(125). There are also studies suggesting that 
age, diabetes, female sex, and cardiovascular disease including heart 
failure are correlated with a lower probability of developing high 
access flow(126, 127). 

On the other end of the spectrum, patients with high access flow had an 
increased risk of heart failure, regardless of the fact that they were 
younger and had less comorbidities before access creation (study V). 
The fact that heart failure symptoms can be reversed by ligating high 
flow fistulas is well described in the case report as well as in other, 
more recent publications(99, 128). Possibly, high access flow can be 
tolerated short term. When persistent, it may lead to structural 
changes promoting heart failure development. The upper limit of a 
tolerable access flow likely differs between individuals, both in 
magnitude and duration. In study V, the increased risk was only seen 
with an access flow over 4500 ml/min. However, only a small number 
of patients had an access flow above 3000 ml/min, resulting in 
statistical uncertainty and wide confidence intervals at these levels. 
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Consequently, we cannot define a safe upper limit. Defining a safe 
upper limit will require prospective, structured, long-term follow-up 
with serial biomarker measurements and cardiac imaging. 

Methodological considerations 
Data quality 
In all studies, the quality of the output is inherently dependent on the 
quality of input data. The presented studies differed in the 
methodological challenges related to this aspect. In studies I and II, the 
number of patients was small and the groups heterogenous. However, 
we reached our prespecified sample size for study II and using a 
crossover design corrected for between-subject heterogenicity. The 
prospective nature of these studies made it possible to collect all data 
we deemed necessary. Comorbidities were registered by nephrologists 
who knew the patient, echocardiograms were registered if present 
during a specific period and done under clinically stable conditions to 
assure that we were measuring the chronic structural and functional 
properties. However, this approach limited the number of available 
echocardiograms. 

In the retrospective studies, we were limited to parameters recorded in 
the registers. Theoretically, data can be incomplete or inaccurate. Data 
on accesses in the SRR is, however, well validated(106). Throughout 
data curation we sought to ensure data quality by removing duplicate 
records and manually reviewing outlying values to determine whether 
they represented valid observations. 

Our initial plan was to link data regarding echocardiograms and NT-
proBNP from the Swedish Heart Failure Registry (RiksSvikt). 
Unfortunately, very few of the patients in SRR were registered there 
and those who were had only data before starting KRT. The planned 
linkage was therefore abandoned. 

Data quality is also important when it comes to the interpretation of the 
results on access flow. From clinical experience, we know that 
surveillance protocols differ between units owing to local practice and 
differences in access to surveillance methods. Often, flow 
measurements are performed when a clinical problem arises, implying 
a bias towards lower flows. We attempted to minimize this bias by 
using maximum recorded flows. Nevertheless, a more accurate 
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assessment of the longitudinal effects of access flow on cardiac 
function would be preferable. This would require prospective flow 
measurements and cardiac evaluation obtained at predefined intervals. 

Another limitation is the use of ICD-10 codes, both as outcome and as 
covariables. Unfortunately, NPR does not cover diagnoses set in 
primary care. For haemodialysis patients and cardiovascular diseases 
this is probably a lesser problem since most patients are managed in 
specialised care for these diagnoses. However, to be registered in the 
NPR, the treating physician must register all diagnoses in the patient’s 
medical record. The ICD-10 codes for heart failure do not take the 
severity of the diagnosis into account. Patients managed at the 
haemodialysis units may also be treated for actual heart failure without 
getting a formal diagnosis. For our outcome, “Time with comorbidity” 
might be a more valid parameter than prevalence. We chose to update 
comorbidities at the time of access creation. However, new diseases 
might have developed at any time between the creation of two 
accesses. On the other hand, diseases do not happen overnight. 
Cardiovascular diseases develop over years and decades. All these 
limitations should however affect different types of haemodialysis 
accesses similarly. 

Adjusting for haemoconcentration 
Between study I and study II we changed the method for adjusting for 
changes in plasma concentrations due to haemoconcentration. The 
first paper describing adjustment for haemoconcentration due to 
ultrafiltration used correction for change in body weight, assuming that 
the extracellular volume after haemodialysis is 20% of body 
weight(129). This method is a clear oversimplification, and the 
drawbacks have been clearly described(130). Most importantly, change 
in total body water is not always proportional to change in plasma 
volume, due to vascular refill following ultrafiltration(56). 

In study I we adjusted for changes in plasma albumin. In theory, both 
albumin and cardiac biomarkers stay in the plasma and change to the 
same degree. However, albumin can bind to the extra corporeal circuit, 
leading to small albumin losses during treatment. It is unclear whether 
cardiac markers are affected in a similar manner. The formula 
proposed by Schneditz for correction of substances that remain in the 
intravascular compartment corrects for changes in plasma 
volume(103). It was deemed the best available method in the absence of 
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detailed knowledge of the studied substance(130). The correlation 
between the methods was high and the choice of method did not impact 
the results.  

Choice of covariables 
When designing the studies IV and V, we chose covariables related to 
cardiovascular disease that may impact heart failure development as 
well as the possibility of successful access creation. Unfortunately, we 
did not include smoking status, a known risk factor for both 
cardiovascular disease and AV-access patency(78, 80), as variable to 
extract, even though it is registered in the SRR. Adding this parameter 
would have been informative, both in regard to choice of access (study 
IV) and risk of heart failure development (study V). 

Another caveat is that cardiovascular disease, diabetes and body size 
were used as surrogates for vessel quality and size. Although duplex 
ultrasound is often used in preoperative evaluation before AV-access 
creation, these parameters are not recorded in the SRR. We also lack 
data on patients’ preference, clinicians’ preference and operating 
centre. It therefore remains unclear whether the increase in upper arm 
AVF and AVG is a result of change in practice following international 
recommendations(63) or a result of changes in patient characteristics. 
However, patients who did receive upper arm AVF or AVG were more 
likely to have had haemodialysis before study start. They also had more 
previous accesses when analysing all accesses created (study IV) 
indicating that upper arm AVF or AVG are still primarily used as a 
second or third hand option. 

First access or all accesses? 
In the studies IV and V, we had the option to include only the first 
access in incident patients or all accesses in the analysis. The 
arguments for analysing only first accesses are that it makes the 
analysis easier, eliminates the effects of repeated measurements in the 
same individual, and addresses the fact that previous accesses may 
affect the options for a new access. In study IV we described the whole 
cohort and focused our analysis on the first access during the selected 
period for both incident and prevalent patients. Here, our goal was to 
study factors associated with the choice of access, or in other words, 
answering the question – “How do doctors choose?” The data shows 
that, in general, clinicians still prioritise forearm-AVF and that factors 
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related to vessel size and quality had a higher impact than 
cardiovascular comorbidities. 

While analysing only the first access is an often-used approach, it falls 
short to answer what happens over time. It does not take maturation 
failure and change of access later in the time course into account. 
Updating covariables, including vintage (≤0 at first access), attenuates 
the problem with repeated measurements but does not eliminate it. 
Such an analysis is a balance between oversimplifying and describing 
the effects in everyday clinical life. However, during the work with 
study V, we have analysed all access in prevalent and incident patients 
as well as first access in included prevalent patients. The impact of 
flow was analysed both as a continuous variable and as a categorical 
variable, using different groupings and reference categories. 
Regardless of the method used, the results remained unchanged, 
strengthening the robustness of the results. 

What we do not say 
“CVC are causing heart failure!” 
In study V, patients with CVC had the highest risk of heart failure. Low 
flow in AV-accesses was also associated with increased heart failure 
development. It is of outmost importance that these findings are not 
interpreted as causational. However, it highlights the fact that 
retrospective studies always have a degree of confounding by 
indication that is hard to fully adjust for. 

“Upper arm AVF for all and ultrafiltrate as fast as possible!” 
We could not demonstrate that reducing the ultrafiltration rate was 
beneficial in terms of increase in cardiac biomarkers (study II). 
However, this should be interpreted in light of the fact that the included 
patients were already established on well-tolerated and likely 
optimised ultrafiltration prescriptions. We did not observe a difference 
in the risk of heart failure development when comparing AV-accesses 
(study V), regardless of the fact that patients who received upper arm 
AVF or AVG had more cardiovascular risk factors than patients 
receiving forearm fistulas (studies IV and V). Our findings do not imply 
that we should change practice. Rather, this work reflects that 
clinicians selected a treatment the patients did tolerate.  
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Personal reflections on the research 
area. 

The haemodialysis population is heterogenous and the related 
problems multifaceted. No small adjustment will solve all problems. To 
ultimately improve survival and cardiovascular outcomes in 
haemodialysis, we need to look at all aspects of the care of our patients. 
Historically, the dialysis centre in Tassin, France, has often been used 
as a good example with longer survival compared to other units. Its 
success is often reduced to the low ultrafiltration rates and slower 
blood flow achieved with long, eight-hour dialysis sessions. However, 
one must not forget that there are other aspects to their success, as a 
highly selected group of patients, tight regulation of dry weight, 
educating patients to maintain low IDWG, good control of CKD-MBD, in 
other words, targeting all aspects of the haemodialysis treatment(131). 

Another observation is that current recommendations lean heavily on 
retrospective data. Retrospective studies are vital in areas where 
randomised controlled trials are difficult to perform. However, there is 
a risk of mistaking associations for causations. Retrospective studies 
claim that high ultrafiltration rate is inherently dangerous, although it 
may simply be a marker of high IDWG or describe the fact that patients 
do not get a treatment that they tolerate. It is also claimed that CVC are 
inherently harmful, disregarding that we use CVC in our oldest, most 
fragile patients with limited life expectancy. 

Published studies are of variable quality with heterogenous outcomes 
making direct comparisons and meta-analyses impossible(102, 132). 
The lack of high-quality evidence results in vague guideline statements 
(63) and divergent recommendations across guidelines despite reliance 
on the same evidence base(63, 64). This might also be one of the 
reasons behind the large differences between countries and centres(84, 
85). International differences may also partly be explained by economic 
aspects(133) and interest in access care(85). In the last years, voices 
have been lifted to limit the use of forearm fistulas in some patient 
groups(79), to increase the use of AVG(134), to liberalise the use of CVC 
as a permanent solution(63, 135)  and not to use fistulas in patients 
with reduced cardiac function(61). This demonstrates that the choice of 
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access is not an easy one and needs to be tailored to the individual 
patient. 

After the patient described in the case report, we completely stopped 
creating upper arm AVF at our unit and had a much more restrictive 
approach to AV-access creation in general. A fact that partly explains 
our high CVC use in national comparison(136). Following the results 
from study V, my view broadened, and I was reminded that all accesses 
are valid options in different patients. Upper arm AVF do not 
automatically lead to high flow, and forearm AVF and AVG do not 
completely prevent high flow. In some patients, the need to avoid 
foreign material and the infection risk AVG and CVC entail, is vital. In 
other patients, limiting the need of interventions is more important. The 
data presented in this thesis encourages continued personalised care 
in both dialysis prescription and vascular access choice. For the latter, 
we really should aim for the right access, for the right patient, at the 
right time, for the right reasons. 
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Conclusions 

In this thesis, we showed that NT-proBNP and TnT are dialysable when 
using high-flux dialysers or haemodiafiltration, an important 
consideration when interpreting test results in haemodialysis patients 
in clinical practice. 

We also demonstrated that haemodialysis causes cardiac strain that 
can be measured as increase of cardiac markers. However, reducing 
the ultrafiltration rate does not attenuate the increase in cardiac 
biomarkers in patients who tolerate their ordinary treatment. 
Furthermore, in patients with high IDWG, the time required to achieve 
a low ultrafiltration rate often exceeds what is feasible in most in-
centre haemodialysis units. Instead, emphasis should be placed on 
reducing IDWG. 

We have described that high flow fistulas can cause heart failure and 
elevated levels of NT-proBNP. We have also described that the use of 
upper arm fistulas and arteriovenous grafts is increasing in Sweden. 
However, flow, but not access location itself, seems to impact heart 
failure development. Forearm fistulas still seem to be the primary 
choice. Factors related to vessel size and quality have a larger impact 
on choice of access than pre-existing cardiovascular disease. 

This thesis shows that haemodialysis treatment and haemodialysis 
access affect cardiac health. At the same time, individual factors, 
including cardiovascular disease, influence the tolerance of both 
haemodialysis treatment and haemodialysis access.  
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