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Abstract

Aims

High-flow arteriovenous fistula (AVF) for haemodialysis leads to profound haemodynamic changes and sometimes to

heart failure (HF). Cardiac output (CO) is divided between the AVF and body tissues. The term effective CO (COef) represents
the difference between CO and AVF flow volume (Qa) and better characterizes the altered haemodynamics that may result in
organ hypoxia. We investigated the effects of Qa reduction on systemic haemodynamics and on brain oxygenation.

Methods and results

This is a single-centre interventional study. Twenty-six patients on chronic haemodialysis with high Qa

(>1500 mL/min) were indicated for surgical Qa reduction for HF symptoms and/or signs of structural heart disease on
echocardiography. The included patients underwent three sets of examinations: at 4 months and then 2 days prior and 6 weeks
post-surgical procedure. Clinical status, echocardiographical haemodynamic assessment, Qa, and brain oximetry were
recorded. All parameters remained stable from selection to inclusion. After the procedure, Qa decreased from 3.0 £ 1.4 to
1.3 £+ 0.5 L/min, P < 0.00001, CO from 7.8 + 1.9 to 6.6 + 1.5 L/min, P = 0.0002, but COef increased from 4.6 + 1.4 to

5.3 + 1.4 L/min, P = 0.036. Brain tissue oxygen saturation increased from 56 + 11% to 60 + 9%, P = 0.001.

Conclusions

Qa reduction led to increased COef. This was explained by a decreased proportion of CO running through the

AVF in patients with Qa > 2.0 L/min. These observations were mirrored by higher brain oxygenation and might explain HF
symptoms and improved haemodynamics even in asymptomatic high Qa patients.
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Introduction

Heart failure (HF) is a common complication of end-stage re-
nal disease (ESRD) patients treated by haemodialysis and a
leading cause of their mortality. Practically all heart struc-
tures could be affected by the presence of ESRD, and the
term ‘uraemic cardiomyopathy’ is sometimes used,” although
adequately treated patients do not suffer uraemia. This is due
to a complex of metabolic, endocrine, and haemodynamic
changes typical for advanced chronic kidney disease. Haemo-
dynamic changes include cyclical water retention and the
presence of an arteriovenous fistula (AVF), created as a vas-
cular access for haemodialysis. Surgically created AVFs are

the most recommended haemodialysis vascular access be-
cause their use is associated with better outcomes than the
use of dialysis catheters.? Surgical creation of an AVF leads
to a decrease of systemic vascular resistance (afterload) and
to increase in preload, which, in turn, leads to increased car-
diac output (CO) at the cost of higher myocardial demands of
blood supply.® Although there is no general agreement about
the safe values of AVF flow volume (Qa), nor about the
definition of high-flow AVF, there is little doubt that AVF
flow should be considered too high if signs of HF develop.
Some experts speak of high-flow AVF, when Qa exceeds
1.5-2.0 L/min even if there are no symptoms of HF.*> Qa
can increase due to remodelling, especially of the feeding
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artery and arteriovenous anastomosis, even months or years
after AVF creation. The haemodynamic effects of AVF could
be easily understood by considering the AVF as a systemic
shunt.® Therefore, part of the CO generated by the heart is
used to feed the AVF and not the body’s tissues and organs.
The term ‘effective CO’ is used to better define
haemodynamics in ESRD patients and is defined as the differ-
ence between the (total) CO and AVF flow volume.>® Al-
though AVF increases CO, less is known about the effect of
high-flow AVF on systemic haemodynamics and especially
on COef. High-flow AVF could be responsible for
high-output HF (HOHF), a somewhat counterintuitive HF phe-
notype, characterized by HF symptoms, increased filling pres-
sures and a cardiac index (CI) > 3.9 L/min/m2.” Moreover,
very high values of CO could lead to the development of pul-
monary hypertension, when the pulmonary arteries are not
able to further dilate. The determination of the link between
HOHF and high-flow AVF is based mostly on the experience
with AVF closure.® However, this cannot be generally recom-
mended for ESRD patients on haemodialysis.

Both HF and ESRD are associated with a number of func-
tional and structural brain changes.® Inadequate brain oxy-
genation due to decreased CO, and/or the narrowing of
cerebral arteries, is probably one of the mechanisms respon-
sible for cognitive decline. Recently, brain oxygenation can be
measured non-invasively by near-infrared spectroscopy—by
estimation of regional mixed blood saturation (rSO,) in the
frontal lobe. Cerebral oximetry was analysed in haemodialysis
ESRD patients (without HF), and the mean rSO, values
reached 50%, while in controls, it was 68.5%.'° Lower rSO,
values were linked to cognitive decline in haemodialysis
patients.**? Generally, structural brain changes and cogni-
tive decline are typical for both HF and ESRD populations.
Moreover, our recent study documented an increase of brain
oxygenation during a short-term manual compression of
AVF.B

We hypothesized that AVF flow reduction would result in
improved brain oxygenation due to the improved
haemodynamics and higher effective CO. This study was
aimed at describing haemodynamic changes after AVF
high-flow reduction and at investigating the effects of AVF
flow reduction on brain oxygenation.

Methods

Selection and description of participants

We conducted a prospective single-centre interventional
study. The study was approved by the institutional ethics
committee. All included patients signed the informed consent
and were included between March 2018 and January 2020.

The study conforms to the principles outlined in the
Declaration of Helsinki.

We selected ESRD patients over 18 years of age with a
high-flow AVF (AVF flow volume >1500 mL/min) having at
least one of the following: HF (New York Heart Association
Class Il or higher); and/or structural heart changes on echocar-
diography defined as left ventricular dilatation (left ventricular
end-diastolic indexed volume >70 mL/m?), systolic dysfunc-
tion [ejection fraction (EF) < 50%] or hypertrophy, pulmonary
hypertension (estimated pulmonary artery systolic pressure
>35 mmHg). The selected patients were re-evaluated before
their planned flow-reducing procedure (inclusion visit) and
indicated to undergo surgical AVF flow reduction (banding,
de novo anastomosis or aneurysmorrhaphy) and reviewed
6 weeks thereafter (follow-up visit). If the patients had signs
of water overload at the inclusion visit, dry weight correction
was recommended, and the patient did not continue in this
study. The patients were referred to our Vascular Access Cen-
tre from various haemodialysis units because of HF symptoms
or when the AVF looked too ‘big’.

Exclusion criteria were unstable clinical condition (acute
infection, myocardial infarction, or stroke within last 3 months
prior to inclusion), overt dementia, inadequate acoustic
window for echocardiography, or significant valvular disease.
See Figure 1 for the study design.

Examinations were performed at the same time interval
since their last haemodialysis session to exclude the impact
of hydration status. There were no changes in dry weight set-
tings or medications between the examinations.

Technical information

Echocardiography and AVF ultrasonography were recorded
using a Vivid E9 device (GE Healthcare, USA) and stored for
further analysis. The latter was done off-line by one senior
examiner using the EchoPAC Software (GE Healthcare, USA).

Figure 1 Study design.
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Echocardiographical haemodynamic assessment was per-
formed according to current international guidelines*® and
included the analysis of CO by the left ventricular outflow
tract cross-sectional area and velocity time interval, the esti-
mation of systolic pulmonary artery pressure (maximal pres-
sure gradient of tricuspid regurgitation plus estimated
central venous pressure), and left ventricular ejection frac-
tion (multi-disk method). The same values of the left ventric-
ular outflow tract diameter were used in all examinations.
AVF flow volume (Qa) was measured by ultrasonography in
the brachial artery, as reported elsewhere.'® Effective CO
was calculated as the difference between the measured CO
and AVF flow volume. Furthermore, the percentage of the
CO running through the AVF was also calculated. Obtained
data were used for estimation of the access resistance
(access flow volume divided by the difference between
mean arterial pressure and estimated central venous
pressure), systemic vascular resistance (with the use of the
effective CO) and total vascular resistance (with the use of
total CO). All resistance data were expressed in Wood units.
Basic laboratory data (full blood count and biochemical
analysis) were analysed at both sessions.

The studied group of patients was divided into two
subgroups according to the presence or absence of HF symp-
toms. Additionally, we recorded HF phenotype [(HF with
reduced EF < 40% (HFrEF), HF with mid-range EF 40-50%
(HFrEF), HF with preserved EF > 50% (HFpEF)] as recom-
mended by the guidelines.® Subjects with preserved EF, but
with CI > 3.9 L/min/m? were classified as having HOHF
according to previous studies.”*

Basic laboratory data included blood haemoglobin,
albumin, and total protein.

Cerebral tissue saturation (rSO,) was measured using the
INVOS 5100C Oximetry system (Medtronic, Essex, UK). The
INVOS probe was placed over the dominant frontal lobe
and the value was recorded after 10 min of rest for at least
2 min; the mean value was used for further analysis. The sta-
bility of rSO, was tested in our previous unpublished study
that included a cohort of 40 clinically stable haemodialysis
patients, who were examined twice within 2 weeks. The
resulting intraclass coefficient of variation® was 0.892.

We screened 31 patients and included 26 of them aged
59 + 14 years (7 female), dialysis vintage 6.3 + 4.9 years, all
of them of Caucasian ethnicity. The aetiology of ESRD was hy-
pertension (3 pts), glomerulopathy (3 pts), IgA nephropathy
(3 pts), diabetes mellitus (3 pts), polycystic kidney disease
(3 pts), other inherited syndromes (3 pts), tubulointerstitial
nephritis (3 pts), obstructive nephropathy (3pts), and multi-
ple myeloma (2 pts). Five patients were excluded due to lung
disease being their leading cause of shortness of breath
(n = 1), dementia (n = 1) or inadequate acoustic window for
echocardiography (n = 3).

Heart failure phenotypes in 14 symptomatic patients were
as follows: HOHF eight patients, HFpEF three patients,

HFmrEF one patient and HFrEF two patients. In 12 asymp-
tomatic patients, who were not diagnosed as having HF ac-
cording to the guidelines,® left ventricular EF was >50% in
10 subjects (of them, eight with CI > 3.9 L/min/m), and
two patients had EF 40-50%.

Statistics

Statistical analysis was performed using the STATISTICA
software (StatSoft, USA). The results of continuous variables
are presented as mean * SD; the percentages are reported
for categorical variables. The results from the measurements
[selection vs. inclusion (pre-procedural) visits and inclusion
vs. follow-up] were compared by a paired t test and
P < 0.05 was considered significant. The relations between
regional cerebral tissue oxygenation and echocardiographic
parameters were analysed using the Pearson correlation
analysis.

Results

The baseline characteristics of our 26 included patients are
noted in the ‘Materials and Method’ section and shown in
detail in Table 1. During the observation period, there was
no significant change in included haemodynamic data.

After AVF flow reduction there was a significant decrease
in CO, Cl, estimated pulmonary artery systolic pressure, and
also in the percentage of CO running through the AVF, while
there was an increase in COef, SVR, and access resistance—
refer to Table 1 for details. The change of CO, COef and
percentage of CO running through AVF were interrelated—
although the total CO decreased, the effective CO increased
due to a lower percentage of CO running through the AVF
(Figure 1). Cerebral rSO, increased after the AVF flow reduc-
ing surgery (from 56 + 11% to 60 + 9%, P = 0.001). However,
this rSO, increase did not have a significant relationship to
any of the haemodynamic data.

Only 54% (n = 14) of the included patients had HF
symptoms and thus a real diagnosis of HF; in the other half,
surgical AVF flow reduction was indicated due to the
pathological findings on echocardiography (defined earlier).
In patients indicated for symptomatic HF, New York Heart
Association classification improved (from 2.0 = 1.0 to
1.3 + 0.6, P = 0.00005). Asymptomatic patients had the
following echocardiographic abnormalities at inclusion:
diastolic dysfunction 75%, pulmonary hypertension 67%, left
ventricular hypertrophy 67%, left ventricular dilatation 42%,
and decreased EF 17%. At baseline, asymptomatic patients
significantly differed from symptomatic ones by lower pulmo-
nary artery pressure and by higher systemic mean arterial
pressure, refer to Table 2 for details.

ESC Heart Failure 2021; 8: 2165-2171
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Table 1 Haemodynamic and clinical changes after AVF flow reduction

Parameter Selection Baseline Follow-up P value baseline vs. follow-up
Serum albumin (g/L) ND 38+ 6 39+5 0.27
Total blood protein (g/L) ND 67 £9 69 £ 8 0.39
Blood haemoglobin (g/L) ND 118 = 15 117 =15 0.94
Mean arterial pressure (mmHg) 110 = 11 104 = 17 99 + 16 0.23

AVF flow (L/min) 3.1 +0.6 3014 1.3+0.5 0.000001
Cardiac output (L/min) 82 +26 7.8 1.9 6.6 + 1.5 0.0002
Cardiac index (L/min/m?) 44 +1.0 41 +0.9 35+0.8 0.0004
Effective cardiac output (L/min) 51+1.5 46 +1.4 53+1.4 0.04
Percentage of CO through AVF 37 £ 13 39 12 219 0.000002
LV ejection fraction (%) 58 = 11 57 £ 12 61 £ 11 0.07
Pulmonary artery systolic pressure (mmHg) 49 + 14 47 =14 36 = 11 0.0002
SVR (Wood units) 20.0 4.2 219 7.7 18554 0.03

TVR (Wood units) 12.8 £ 34 129 £ 3.7 144 + 35 0.08

AVF resistance (Wood units) 44 + 22 36 £ 14 101 =128 0.03

AVF, arteriovenous fistula; LA, left atrium; LV, left ventricle; ND, not done; SVR, systemic vascular resistance (without AVF); TVR, total vas-
cular resistance. Effective cardiac output is the difference of cardiac output and AVF flow volume. No differences between selection and

baseline visits were statistically significant.

Table 2 Differences between symptomatic and asymptomatic patients

Symptomatic HF

Asymptomatic P value of the difference

Serum albumin (g/L) 39.0 £5.6 382 6.4 0.75
Total blood protein (g/L) 69.1 = 8.8 649 £ 94 0.29
Blood haemoglobin (g/L) 116 = 13 121 =12 0.31
Mean arterial pressure (mmHg) 97 x16 111 £ 16 0.048
Brain oxygenation % 53+6 59 + 13 0.14
AVF flow (L/min) 3.0+1.3 3.0+ 1.6 0.91
Cardiac output (L/min) 75+24 79+16 0.69
Cardiac index (IJmin/mZ) 4.0 +1.1 4.1 +0.9 0.66
Effective cardiac output (L/min) 46 +1.7 47 1.2 0.83
Percentage of CO through AVF 40 = 12 40 = 13 0.91
LV ejection fraction (%) 57 =13 57 =10 0.99
Pulmonary artery systolic pressure (mmHg) 52 = 14 40 = 10 0.03
SVR (Wood units) 23+9 21 =4 0.44
TVR (Wood units) 12+4 14 + 4 0.41
AVF resistance (Wood units) 34 £12 39+ 16 0.40

AVF, arteriovenous fistula; CO, cardiac output; LV, left ventricle; SVR,

Discussion

Our study showed that the surgical reduction of a high-flow
AVF increases the effective CO, that is, perfusion of the body
organs and tissues. This somewhat counterintuitive finding
can be explained by a higher percentage of total CO running
through AVF in high-flow fistulas and was confirmed by the
increase in brain oxygenation. This observation can also
explain at least some ‘forward’ HF symptoms, such as
increased fatigue and dizziness in subjects with HOHF. Similar
favourable haemodynamic effects were observed in patients
with HF symptoms as well as in asymptomatic ones.

Heart failure

In our group, only 54% of patients fulfilled the diagnosis of HF
(i.e. symptoms + structural heart diseases on echocardiogra-
phy). The remaining 46% of asymptomatic patients had echo-
cardiographic abnormalities known as HF precursors

systemic vascular resistance, TVR, total vascular resistance.

according to the guidelines®® or pulmonary hypertension.
None of them were evidently frail nor did they suffer from
any limiting orthopaedic problems. Symptomatic patients dif-
fered from asymptomatic ones only by higher pulmonary ar-
terial pressure and by lower systemic arterial pressure.
Although HF is very frequent in haemodialysis patients, its di-
agnosis is tricky, because the symptoms may be caused or
mimicked by frailty or pure water overload (due to inade-
quate setting of the dry weight or lower fluid compliance).
ESRD patients could suffer from all HF phenotypes. However,
their classification only with regard to EF would be mislead-
ing: 11 of 14 symptomatic patients in this study would be
classified as HFpEF, but in fact, 8 of them suffered instead
from HOHF. The latter phenotype, is not, however, men-
tioned in the recent guidelines,** although it has different
haemodynamics and also a better prognosis if the aetiology
is reversed.'® In non-HOHF patients, our study showed HFpEF
to be the prevailing HF phenotype, a finding matched in other
studies.'” The explanation lies in the high prevalence of left
ventricular hypertrophy on ESRD patients. The Acute Dialysis

ESC Heart Failure 2021; 8: 2165-2171
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Quiality Initiative XI workgroup proposed recently a new def-
inition of HF in ESRD patients.'® These include three
elements: (1) echocardiographic evidence of structural or
functional heart abnormalities; (2) shortness of breath occur-
ring in the absence of pulmonary disease; and (3) response of
congestive symptoms to ultrafiltration. However, this classifi-
cation did not consider the role of the AVF on HF develop-
ment nor the level of pulmonary hypertension.

Half of the patients were free of HF symptoms, and the
indication of AVF flow reduction was based solely on struc-
tural heart changes. This makes our findings clinically impor-
tant, because asymptomatic high-flow AVFs are not referred
for surgical reduction in many centres. Interestingly, symp-
tomatic patients differed from asymptomatic ones only by
higher pulmonary artery pressure and lower mean systemic
arterial pressure.

Haemodynamic changes

The relation between AVF flow volume and CO is not linear.
Basile et al. showed that it is better characterized by the
third-order polynomial regression model and the function is
steeper if AVF flow is higher than 2000 mL/min.> Similar ob-
servations were made in our study—prior to surgery, AVF
flow volume represented as much as 38% of CO; after the
surgery this was ‘only’ 20%, refer also to Figure 2. Thus,

one net effect of high-flow AVF is a reduced effective CO;
the other is a high cardio-pulmonary recirculation due to an
increase in the total CO. After AVF flow reduction, there
was a significant increase of the systemic vascular resistance.
Low systemic vascular resistance was linked to significantly
increased mortality in the largest study of HOHF patients of
various aetiologies.*”

Pulmonary circulation and right ventricle

Pulmonary ‘over-circulation’ due to CO increase has been ob-
served also in animal models, where the creation of an
aortocaval fistula led to the development of pulmonary
hypertension accompanied by a significant decrease in pul-
monary vascular resistance, but an increase in end-diastolic
right ventricular pressure and work index.*® Our study shows
that hyperkinetic pulmonary hypertension is also seen in
humans as a consequence of high-flow AVF. Reddy et al.?°
documented right ventricular dilatation after AVF creation
(which even predicted mortality), but no increase in pulmo-
nary artery pressure. However, Reddy et al. examined the
patients after a median of 2.5 years, and Qa was not pre-
sented. Pulmonary hypertension affects about 50% of ESRD
patients and is associated with a higher mortality.> More-
over, pulmonary hypertension is usually symptomless in this
frequently frail population. Based on the results of this study,

Figure 2 Relation between cardiac output, arteriovenous fistula flow, and the percentage of cardiac output running through the fistula. The interre-
lationship between fistula flow (Qa), cardiac output (CO), and the percentage of cardiac output running through the fistula instead of feeding tissues is
depicted. Note that Qa increase above >2.0 L/min is associated with steeper rise of CO due to increasing Qa/CO ratio. Hence, organ perfusion de-
creases in patients with Qa > 2.0 L/min. Calculation of only CO instead of effective CO leads to incorrect feeling of organ hyperperfusion in the routine
care. Red dots represent patients that fulfilled the criteria of high-output heart failure.

Qa/co [%]
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we believe that preventing high-flow AVF could decrease the
frequency of pulmonary hypertension in ESRD patients.

Brain hypoxia

Regional or global brain ischemia is a frequent complication
of ESRD.2 The brain is evidently not able to ensure adequate
oxygenation by autoregulation. Various mechanisms have
been hypothesized, including stenoses of the brain arteries,
anaemia, metabolic changes, and HF.?? Haemodialysis pa-
tients suffering from HF had lower and unstable rSO, values
during haemodialysis, but the values before and after this
procedure did not differ.?® Therefore, it seems probable that
rSO, values remain low during the time periods between
haemodialysis, which could contribute to the worsening of
cognitive functions as the brain critically depends upon an
adequate oxygen supply. The increase of rSO, after the AVF
flow reduction in this study and also during a short manual
compression® could probably be attributed to improved
haemodynamics, and in particular to the increased effective
CO. In other words, the low values of brain rSO, in our
patients with high-flow AVF could be explained by a ‘systemic
steal’ as suggested by Amerling et al.® However, the relation
of rSO, change to the change of any haemodynamic values
was not shown to be significant. Similarly, the detrimental
effect of AVF flow on a transplanted kidney has been docu-
mented in haemodialysis patients.?*?> Renal arteries (both
native or transplanted) have a physiologically low-resistant
flow pattern like brain arteries and AVF. Thus, a flow compe-
tition of several low-resistant parts of the arterial tree could
represent another involved mechanism. In this study, the
increase in brain oxygenation was not numerically profound.
However, it should be pointed out that both studies that
compared cognitive function and rSO, found a significant
linear relation between these two variables.***?

Limitations

The main limitations that affected this study include limita-
tions of non-invasive haemodynamic measurements and
of non-invasive cerebral oximetry. However, repetitive
right-heart catheterization could not be ethically approved
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