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Introduction

Background of hemodialysis
Hemodialysis (HD) is a lifesaving treatment which benefits nearly 2 million people
worldwide1. HD operates by a combination of diffusion and convection. Diffusion is
based on a concentration gradient, and serves for the removal of uremic toxins, as well
as for electrolytes such as potassium and phosphate whose serum levels are often
elevated in patients with end stage renal disease (ESRD). On the other hand, diffusion
also serves for the influx of beneficial substances such as bicarbonate from the
dialysate to the blood of the patients. Next to the concentration gradient between
blood and dialysate, there are several factors which determine the rate of diffusion,
such as the dialysis membrane, the size, charge and protein binding of the solute, the
blood flow rate and the dialysate rate. Convection is the movement of fluid based on a
pressure gradient between the two sides of membrane in the dialyzer. Through
convection, the excess fluid which accumulates in the period between 2 dialysis
sessions (the inter‐dialytic period) is removed from the patient. The amount thus
removed is also called ultrafiltration volume. HD is a particularly efficient, intermittent
treatment, which is able to remove uremic toxins and correct abnormalities in fluid
status, electrolyte and acid‐base balance over a short time period in order to restore
physiological conditions until the next treatment is provided. However, due to the
efficiency of the HD treatment it also induces extreme, rapid changes in the internal
environment of the patient, which may have both immediate clinical consequences
such as intra‐dialytic hypotension due to sudden uncompensated decreases in the
circulating intravascular volume, which may also lead to subclinical organ damage with
cumulative extent of consequence with increases in dialysis vintage2,3. Additionally, the
treatment also poses a combination of circulatory, respiratory and thermal stressors.
While the incidence of catastrophic complications such as acute myocardial infarction
and anaphylactic reactions leading to the need of resuscitation during HD is relatively
low4, that of moderate to severe intra‐dialytic complications such as intra‐dialytic
hypotension, muscle cramps, nausea, vomiting, headache, itching, chest pain, back
pain, fever and chills, is considerably higher. These latter complications, while not
immediately life‐threatening, can nonetheless be painful and debilitating, and, in some
cases, even compromise a patient's long‐term health. The incidence of intra‐dialytic
hypotension is assumed to be around 20% but may vary between 5 to 30% varying
according to the definition. Commonly used definitions include the minimal
intradialytic systolic blood pressure (SBP) (definitions range from 90 to 100 mmHg),
decreases of a certain magnitude (ranging from 20 to 30 mmHg) in SBP from one
measurement to another or from the HD start to a respective intradialytic
measurement, and documented counteractive measures for intradialytic hypotension
(IDH) such as saline administration5. In the HD (HEMO) study, the prevalence of
sessions with IDH when applying different definitions of IDH was compared. While the

9

Chapter 1

overall HEMO study defined IDH as a session requiring a documented intervention
(such as UF reduction or saline) the prevalence of sessions with document IDH was
19.1%, but only 11.3% with defining it based on the occurrence of a nadir SBP less
90 mmHg6. A more recent study assessing 44,801 treatments in 1137 patients, in which
intra‐dialytic hypotension defined IDH as a decrease in SBP by more than 30 mmHg to
a level of less than 90 mmHg, reported an prevalence was 17.2%7. However, even in
the absence of symptoms, HD may lead to reduction in tissue perfusion, which was
shown to cause persistent damage in vital organs such as the heart and brain2,3,8,9.
These damages are eve further aggravated by reduced oxygen delivery to the tissues in
the presence of intra‐dialytic hypoxemia, shown to be present in a substantial fraction
of HD patients causing an increased risk of all‐cause mortality.
The healthy individual’s response to hypovolemia is determined by a constriction of the
resistance and capacitance vessels, as well by an increase in myocardial contractility
and heart rate. The capability for this physiologic response to hypovolemia is often
found impaired in HD patients due to patient‐related factors, such as cardiac
dysfunction and autonomous neuropathy5,10. In addition, thermal stress, induced by HD
leads to a redistribution of blood volume to the vasodilated skin vessels counteracting
the normal response to hypovolemia. For this reason, cooling or individualization of
various aspect of the dialysis treatment (including electrolytes, acid‐base correction,
fluid volume removal and others) has been proposed. Some of these interventions
have shown to increase vascular reactivity, centralize the intravascular blood volume,
as well as to reduce hypoperfusion‐related complications such as cardiac stunning and
white matter lesions in long‐term observations3,11,12. As such, these interventions
provide simple tools to alleviate at least partly the hemodynamic challenge of HD to
the body.
Given the fact that the relatively short duration of conventional dialysis treatments
increases circulatory stress11, the combination of more frequent or extended dialysis
sessions was suggested to lead to a reduction in the hemodynamic burden to the
patient and to associate with a reduction in myocardial stunning13, additionally
reducing interdialytic cardiac strain and left ventricular mass. However, the benefits of
extension and frequency increase need to be balanced against the potential side
effects of these intervention, such as vascular access complications and a decline in
residual renal function in those with high residual urine volumes14, and should be an
decision individualized on a patient level.

Intradialytic hypoxemia in chronic HD patients
Patients with chronic kidney disease (CKD) show a vast spectrum of signs and
symptoms as a resultant of damages in different organs also including heart and brain.
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Recently, pulmonary manifestations associated with CKD have gained increased
attention in clinical practice and research. Links between abnormalities in cardiac and
pulmonary function and renal damage have been established, and it has been
proposed to classify the associated clinical manifestations as “cardio‐pulmonary‐renal”
syndrome15.
In the general population, arterial oxygen saturation is a useful indicator of arterial
oxygenation and a routine measurement for many diagnostic applications.
Consistently, for the study of respiratory pathologies in HD patients, the measurement
of the hemoglobin oxygen saturation is also remarkably valuable. More than 20 years
ago, it has been demonstrated that arterial oxygen saturation decreases during
extracorporeal renal replacement therapy16, and more recently a comparable
observation has been made also for central venous oxygen saturation17.

Current technologies for the measurement of blood oxygenation
A number of devices allow clinicians to assess the blood oxygen saturation. Blood gas
analyzers measure partial pressure of oxygen in blood samples using an electrode to
measure the electric currents generated from a set of oxidation‐reduction reactions.
Once partial pressure of oxygen is obtained the analyzer calculates the oxygen
saturation using empiric models which may differ between manufacturers18. Oxygen
saturation can be measured non‐invasively by optical methods utilizing the fact that
oxygenated and deoxygenated hemoglobin have different light absorption
characteristics. Pulse‐oximetry probes are usually attached to a finger to measure
arterial oxygen saturation either in a static and continuous fashion19,20. Near‐infrared
spectroscopy is used for measurement of regional tissue oxygen saturation21,22. Of
particular relevance to the dialysis field is the measurement of oxygen saturation in the
extracorporeal circuit during dialysis (CritLine Monitor™; CLM, see Figure 1.1). This
device obtains oxygen saturation using different wavelengths and absorption‐based
algorithms. Depending on the vascular access type arterial or central venous oxygen
saturation can be measured.
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Figure 1.1

CritLine Monitor™; CLM. Oxygen saturation, hematocrits, hemoglobin and relative blood
volume displayed on the screen during the HD treatment.

Arterial oxygenation during HD
Arterial oxygenation during HD will be discussed in Chapter 2. In HD patients with
arteriovenous vascular access partial pressure of oxygen can be determined from
measurements in the arterial blood line of the extracorporeal circuit, based on work by
Nielsen and Jensen who reported a high correlation between blood gases in the radial
artery and the arterial line of HD patients with a well‐functioning fistula23.
While intradialytic hypoxemia is well recognized since the early days of HD24–26,
epidemiological data from large populations are missing. Consequently, clinical
correlates of intradialytic hypoxemia are not well understood and associations with
hard clinical outcomes have not yet been assessed. A low arterial oxygen saturation
status is the common terminal pathway of multiple functional and structural
pathologies; sleep apnea, chronic obstructive pulmonary disease, pulmonary edema,
and pulmonary calcification which are particularly prevalent in HD patients27–31.
In individuals dwelling below 1000 m altitude, an arterial oxygen saturation between
96% and 99% is considered normal32. While there is no universally agreed upon
definition of hypoxemia, most references consider arterial oxygen saturation less or
equal to 90% as indicative of hypoxemia33–35. Of note in this context, oxygen supply to
tissues depends not only on arterial oxygen saturation, but also on the hemoglobin
content of the blood, tissue perfusion and on oxygen release from hemoglobin in the
tissues.
While hypoxemia is the common terminal pathway of multiple pathologies, congestive
heart failure (CHF) and sleep apnea, two conditions that very often result in
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hypoxemia, are particularly prevalent in HD patients27–29. Additionally, there is a
growing body of evidence suggesting a considerably high prevalence of chronic
obstructive pulmonary disease in CKD patients30,36. Notwithstanding etiology,
hypoxemia and hypoxia are associated with a host of acute and chronic sequelae
affecting multiple organ systems37–39, including the cardiovascular system40,41, wound
healing42, pro‐inflammatory pathways43, and the central nervous system44. Particularly
sequelae such as inflammation and changes in vascular smooth muscles and
endothelium are known to accelerate arteriosclerosis, which is a commonly found
condition with deleterious consequences in HD patients45,46. Furthermore, hypoxemia
also impairs resilience against reactive oxygen species and may increase erythrocyte
apoptosis (eryptosis)47. Noteworthy, in patients with CHF and sleep apnea it was
observed that not only the frequency, but also the time spent with arterial oxygen
saturation below 90%, the so‐called “hypoxic burden”, is a predictor for a lack of
capability to compensate hemodynamic stress48.
As mentioned above, technological advances made routine continuous measurements
of blood oxygen saturation during HD treatments feasible49. Recent deployment of the
CLM in a large population of U.S. HD patients allowed us to conduct research into
associations between intradialytic arterial oxygen saturation and clinical outcomes. In
Chapter 2, the epidemiology of intradialytic arterial oxygen saturation, and the
associations between arterial oxygen saturation and clinical outcomes were studied.
The association between peridialytic SBP change and arterial oxygen saturation will be
discussed in Chapter 3. In most HD patients’ blood pressure at the end of HD (postHD)
is below starting levels (preHD). While the peridialytic blood pressure decline is mainly
attributed to salt and fluid volume removal50, in some patients, postHD blood pressure
is regularly increasing above the preHD level51,52. This phenomenon termed
intradialytic hypertension is recurrent and persistent in a subset of maintenance HD
patients. While there is currently no universally accepted definition of intradialytic
hypertension, many authors use a peridialytic rise of SBP of ≥10 mmHg as a
threshold53,54. Cohort studies have shown an intradialytic hypertension prevalence of 8
to 13%51,53. Patients suffering from intradialytic blood pressure increase have an
increased risk for hospitalizations and mortality compared to those whose blood
pressure decreases during HD53,54. Park et al. reported in a large cohort study that both
a 30 mmHg peridialytic SBP decrease or any peridialytic SBP rise were associated with
increased mortality rates55. This emphasizes the risks associated with intradialytic
hypertension and the clinical need to identify the underlying mechanisms and study
preventive measures.
Of particular interest in the context of our work are the pathways that result in a SBP
rise in the face of low arterial oxygen saturation. Poor arterial oxygen saturation may
result in tissue hypoxia. Evidence from both humans and rodents indicates that hypoxia
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triggers sympathetic activation and elevation of blood pressure56–59, a peripheral
chemoreflex that has also been reported in healthy subjects and patients with
hypertension, obstructive sleep apnoea and heart failure60. The sensitivity of this
peripheral chemoreflex is particularly enhanced in patients with sleep apnea, which is
highly prevalent in ESRD patients and frequently associated with hypertension61,62.
Additionally, sympathetic overactivity has been observed in HD patients with
intradialytic hypertension63, rendering fluid overload, impaired respiratory function and
ventilation‐perfusion‐mismatch as potential causes or contributing factors at the least
of intradialytic hypoxemia64. It further was hypothesized that intradialytic hypoxemia
may stimulate sympathetic activation directly65,66. Testing this hypothesis of a direct
link would however require simultaneous measurements of arterial oxygen saturation,
sympathetic activity, and blood pressure, during HD, a study that has, to the best of our
knowledge, not yet been done. To evaluate the association between low intradialytic
arterial oxygen saturation and intradialytic hypertension with the data available to us,
we performed extensive analyses reported in Chapter 3.

Central venous oxygenation during HD
Next to arterial oxygenation, central venous oxygenation during HD is also of great
interest and we conducted analyses to evaluate the association between central
venous oxygenation and clinical outcomes. These analyses will be discussed in Chapter
4 and Chapter 5. Central venous oxygen saturation can easily be estimated in HD
patients with central venous catheters where the catheter tip is usually located at the
cavoatrial junction. Central venous oxygen saturation is clinically valuable as it is a
surrogate of pulmonary artery mixed venous oxygen saturation, which reflects cardiac
output, tissue oxygen delivery, and tissue oxygen extraction67. There has been debate
regarding the use of central venous oxygen saturation as a surrogate for mixed venous
oxygen saturation. Animal studies in dogs and pigs have demonstrated a good
correlation between central venous oxygen saturation and mixed venous oxygen
saturation68,69. Human studies have also shown a linear association, however mixed
venous oxygen saturation measurements are consistently lower than central venous
oxygenation70. This is likely due to the fact that the central venous oxygen saturation is
mostly a measure of upper body oxygen consumption while the mixed venous oxygen
saturation includes deoxygenated blood from the lower body and coronary sinus71.
Central venous oxygen saturation measurements are currently used in critical care and
post‐surgery monitoring. Rivers et al. have advocated for early goal directed care in
sepsis, with measurement of central venous oxygen saturation as one of these
measures72. Obtaining central venous oxygen saturation >70% was associated with
improved outcomes 73,74. Studies showed benefits of monitoring central venous oxygen
saturation during high risk surgery, where central venous oxygen saturation guided
fluid and volume resuscitation was associated with improvements in length of intensive

14

Introduction

care unit stay, morbidity and mortality73,74. Low central venous oxygen saturation or
mixed venous oxygen saturation indicate inadequate tissue oxygenation, either from
decreased cardiac output and oxygen delivery or high extraction of oxygen at the tissue
level. Despite a body of literature showing the utility of central venous oxygen
saturation monitoring, data in the dialysis population is scarce.
Central venous oxygen saturation is determined by oxygen delivery to and oxygen
consumption of the arms, head, and upper portion of the torso; the former depends on
the arterial oxygen saturation content and the cardiac output. At rest with stable
arterial oxygen saturation, hemoglobin, and tissue oxygen consumption, central venous
oxygen saturation can serve as a surrogate of cardiac output. Poor oxygen delivery can
be caused by decreased cardiac output, e.g. from CHF or reduced cardiac preload, or
decreased arterial oxygen saturation content, e.g. due to anemia or hypoxemic states.
Oxygen consumption is determined by metabolic status and is altered in sepsis, fever,
exercise and sedation75. Central venous oxygen saturation in the general population is
poorly defined, as obtaining this measurement requires a central venous catheter, and
patients who require central venous catheters placement are generally significantly ill.
One study in healthy subjects found a central venous oxygen saturation of 76.8±5.2%
during cardiac catheterization76.
Studies in non‐uremic populations, have found that abnormal central venous oxygen
saturation levels are associated with worse morbidity and mortality72,74,77–80. In a recent
study in 4,477 ICU patients, it was found that patients with central venous oxygen
saturation levels lower than 60% or higher than 80% had worse outcomes compared
with the patients with central venous oxygen saturation levels between 60% to 80%77.
Central venous oxygen saturation levels in HD patients have not been well described. In
patients who have ESRD with central venous catheters as the vascular access, central
venous oxygen saturation can be easily and continuously obtained during HD
treatments by using the CLM. The CLM is used routinely in Renal Research Institute
dialysis clinics, which allowed us to investigate the central venous oxygen saturation in
maintenance HD patients. In Chapter 4, we evaluated the baseline characteristics of
patients with different levels of intradialytic central venous oxygen saturation and to
examine the associations between central venous oxygen saturation and mortality.
Chapter 5 investigates the associations between intradialytic fluid volume removal and
central venous oxygen saturation. In the majority of HD (HD) patients, residual urinary
output decreases in the early months after dialysis initiation81,82, favoring a positive
fluid balance between two consecutive dialysis sessions. This interdialytic weight gain
results primarily in an expansion of the extracellular volume 83. Excessive and chronic
extracellular volume expansion is associated with cardiovascular morbidity, such as
hypertension, left ventricular hypertrophy, pulmonary congestion, inflammation, and
increased mortality84–87. In most HD sessions, the ultrafiltration rate exceeds the refill
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rate of fluid from the interstitium into the vascular space, resulting in a decline in blood
volume, potentially leading to IDH and decreased perfusion of vital organs88–91.
Fluid overload is a commonly found problem and volume management a major
challenge in the treatment of this population. In the Medicare ESRD population, the
sudden death/cardiac arrhythmias would account for 37% of all deaths in the 2015
United States Renal Data System report. While the prevalence of cardiac disease is
higher in older HD patients, the prevalence of cardiac disease in patients aged
20‐44 years is greatly elevated compared to an age‐matched general population92.
While risk factors operative in the general population such as hypertension, diabetes
mellitus and hyperlipidemia are reported as contributors to the high cardiovascular
mortality, dialysis specific factors such as anemia, hypoalbuminemia, and chronic
inflammation are putting dialysis patients at a substantially higher risk93. CHF is highly
prevalent among ESRD patients, and HD treatment factors such as recurrent
hemodynamic stress due to high ultrafiltration rates, intradialytic cardiac stunning due
to decreased myocardial perfusion, and episodes of IDH may worsen the condition
2,90,94
.
The concurrence of CHF and ESRD makes fluid management particularly challenging.
Not only are these patients more volume sensitive and prone to volume overload, but
CHF patients are particularly prone to hypotension, and fluid removal is limited by IDH
episodes. A common therapeutic response to IDH is to administer saline boluses and
often by the end of treatment patients are unable to attain their prescribed fluid status
target because of saline given or decreases of the ultrafiltration rates. Additionally,
episodes of IDH are not only uncomfortable for patients, but associated with worse
outcomes6.
Central venous oxygen saturation is determined by cardiac output, hemoglobin levels,
arterial oxygen saturation, and oxygen extraction by the organs that drain into the
superior vena cava. Therefore, central venous oxygen saturation may serve as a proxy
of cardiac output, more specifically of upper body blood flow95,96. This relationship has
been recognized for decades and intensivists use central venous oxygen saturation for
directed fluid management in sepsis, trauma, and post‐surgery. A study in 18
maintenance HD patients revealed a significant inverse association between central
venous oxygen saturation at the end of dialysis and ultrafiltration volume corrected for
body weight17, which the authors hypothesized to be due to a reduction of cardiac
output by ultrafiltration 11. However, the dynamical changes of central venous oxygen
saturation relative to ultrafiltration volume corrected for body weight are currently
unclear and we aimed to contribute to the currently published knowledge with the
analyses shown in Chapter 5. In this chapter we aimed to explore the relationship
between intradialytic central venous oxygen saturation changes and ultrafiltration
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volume corrected for body weight in a large and diverse population of chronic HD
patients, employing automated intradialytic minute‐to‐minute measurements of
central venous oxygen saturation during multiple treatments per patient.

Relative blood volume during HD
Chapter 6 will focus on relative blood volume (RBV) during HD. Hematocrit was
measured quasi‐continuously using CLM. The CLM reports the RBV once per minute
throughout the dialysis treatment. The relative blood volume (expressed in % of the
blood volume at the start of dialysis) at time t was calculated as follows:
RBV (%) at time t =

HCT0

‐ 1 x 100 + 100

HCTt

HCT0 and HCTt are the hematocrits at the start of HD and at a given time t during HD,
respectively.
Intradialytic monitoring of RBV has been introduced to clinical routine with the
expectation that it may prevent IDH by allowing the staff or the dialysis machine to
maintain the RBV above a patient‐specific critical level97–100, below which the chance of
IDH was likely to occur. Since some of the technologies derive RBV changes from
measured hematocrit changes, the term “crash‐crit” has been coined. Unfortunately,
no firm evidence for the existence of a specific crash‐crit (or, conversely, a RBV
threshold) has been provided. Andrulli et al. was not able to identify critical RBV levels
for the development of symptomatic hypotension, neither in hypotensive,
normotensive, nor hypertensive patients, showing the variability of RBV across patients
and also across treatments101.
RBV monitoring is in frequent use both in the United States and abroad. However,
there is a glaring paucity of data that associate intradialytic RBV levels with outcomes,
resulting in primarily empirical use of RBV monitoring.
Fluid management in standard in‐center HD has been likened to sailing between Scylla
and Charybdis: on one hand, ultrafiltration is the only means to remove fluid
accumulated between HD treatments and to avoid acute and chronic fluid overload; on
the other hand, excessive fluid removal may impact intradialytic hemodynamic
stability. Indeed, HD‐induced blood volume reduction is considered an important
causal factor of intradialytic cardiovascular instability and depends on rates of
ultrafiltration and vascular refilling102,103. Given these competing factors, it is
conceivable that on a population level and over the course of an HD session certain
RBV ranges are associated with lower (or higher) mortality. While the genesis of the
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RBV curve is easy to understand qualitatively as the relative difference between
ultrafiltration rate and vascular refilling rate, attempts to quantitatively model and
predict RBV dynamics are notoriously complicated and currently not applicable to
routine care104. The matter is further complicated by the absence of randomized
controlled trials looking at the relationship between the attainment of RBV targets and
patient outcomes. In this situation, clinical practitioners who use RBV monitoring resort
to a qualitative and empirical assessment of RBV curves, where flat curves are
considered to indicate fluid overload and steep curves intravascular volume depletion
that may precipitate IDH105,106. In Chapter 6, we will fill this knowledge gap by exploring
the association between achieved intradialytic RBV levels and all‐cause mortality in a
large, diverse, and for the United States representative HD population.

Peridialytic SBP change and pre‐dialysis SBPs among HD patients
In Chapter 7, peridialytic SBP change and pre‐dialysis SBP on mortality among HD
patients will be discussed. Absence of an accepted, normal BP range for dialysis
patients is a major barrier for developing definitions for BP‐related clinical phenomena.
A major concern is which BP parameter to use among HD population: peridialytic,
intradialytic or/and interdialytic BP’s; mainly due to lack of definitive evidence on which
one of these is more strongly associated with outcomes107,108. To date, BP’s pre‐ and
post‐HD BP levels form the basis of the National Kidney Foundation’s Kidney Outcomes
Quality Initiative (KDOQI) guidelines109. Nonetheless, conflicting data exists; although
consistently more studies based on large cohorts of patients showing elevated
mortality in patients with low pre‐dialysis BP, particularly low systolic blood pressure
(SBP); but not with high BP levels110–113). Contrastingly, some large epidemiologic
studies using peridialytic BP changes have shown an inverse J‐shaped or U‐shaped
association with adverse outcomes53,55,111,114.
Although HD is associated with a decline in BP in most of cases, and intradialytic
hypotension remains a major focus of attention; intradialytic increases in BP can occur
in up to 15% prevalent HD patients and are also associated with adverse
outcomes53,54,115. Park et al.55 reported that both SBP decreases or any peridialytic SBP
rise during HD were associated with higher mortality rates.
The pathophysiology of both increases and decreases of BP during HD is not fully
understood and is mostly multifactorial. Factors associated with the development of
intradialytic hypotension include, next to the removal of vast volumes of fluid during
dialysis, an impaired vasoreactivity, a reduced sympathetic response, older age,
atherosclerosis, poor cardiac reserve and removal of vast volume of fluid116,117; while
intradialytic hypertension has been associated with chronic fluid overload, increased
peripheral vascular resistance, among others118,119.

18

Introduction

Despite the vast literature and the evidence regarding pre‐dialysis SBP and peridialytic
SBP changes; not previous data are there exploring the nature of interaction between
pre‐dialysis SBP and peridialytic SBP change with outcomes. The goal of Chapter 7 was
exploring the association between pre‐dialysis SBP and peridialytic SBP changes by
studying both together as continuous variables with all‐cause mortality in a large and
diverse United States representative HD population.
The following aims will be discussed in this thesis:










To assess the epidemiology of intradialytic arterial oxygen saturation, and to
explore associations between arterial oxygen saturation and clinical outcomes.
(Chapter 2)
To study the association between peridialytic SBP change and intradialytic arterial
oxygen saturation in the HD cohort. (Chapter 3)
To evaluate the baseline characteristics of patients with different levels of
intradialytic Central venous oxygen saturation and to examine the associations
between Central venous oxygen saturation and mortality. (Chapter 4)
To explore the relationship between intradialytic Central venous oxygen saturation
changes and ultrafiltration volume corrected for body weight in a large and diverse
population of chronic HD patients. (Chapter 5)
To study the association between achieved intradialytic RBV levels and all‐cause
mortality in a large, diverse, and for the United States representative HD
population. (Chapter 6)
To explore the association between peridialytic SBP change and pre‐dialysis SBP
with all‐cause mortality in HD patients. (Chapter 7)
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Abstract
Background and objectives
Intradialytic hypoxemia has been recognized for decades, but its associations with
outcomes have not yet been assessed in a large patient cohort.
Design, setting, participants, & measurements
This retrospective cohort study was conducted between January 2012 and January
2015. Blood oxygen saturation was recorded every minute during hemodialysis in
patients with arterio‐venous access. A 6‐month baseline period with at least ten
treatments with oxygen saturation measurements preceded a 12‐month follow‐up.
Patients were stratified by the presence or absence of prolonged intradialytic
hypoxemia, defined as oxygen saturation below 90% for at least one third of the
treatment time. Demographic, laboratory, treatment data, and hospitalization and
mortality rates were compared between the groups. Multivariate Cox regression
analysis was employed to assess baseline predictors of all‐cause mortality during
follow‐up.
Results
One hundred (10%) out of 983 patients had prolonged intradialytic hypoxemia. These
patients were older (+3.6 years, 95% confidence interval [95% CI] 0.8 to 6.3), had
longer dialysis vintage (+1.2 years, 95% CI 0.3 to 2.1), and higher prevalences of
congestive heart failure (+10.8%, 95% CI 1.6 to 20.7) and chronic obstructive
pulmonary disease (+13%, 95% CI 5 to 21.2). They also resembled an inflammatory
phenotype, with lower serum albumin levels (‐0.1 g/dl, 95% CI ‐0.2 to 0) and higher
neutrophil‐to‐lymphocyte ratios (+1, 95% CI 0.5 to 1.6). They had lower hemoglobin
levels (‐0.2 g/dl, 95% CI ‐0.4 to 0) and required more erythropoietin (+1374 units per
hemodialysis treatment, 95% CI 343 to 2405). During follow‐up all‐cause hospitalization
(1113 hospitalizations, univariate hazard ratio 1.46 [95% CI 1.22 to 1.73]) and mortality
(89 deaths, adjusted hazard ratio 1.98 [95% CI 1.14 to 3.43]) were higher in patients
with prolonged intradialytic hypoxemia.
Conclusion
Prolonged intradialytic hypoxemia was associated with laboratory indicators of
inflammation, higher erythropoietin requirements, and higher all‐cause hospitalization
and mortality.
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Introduction
While intradialytic hypoxemia is well recognized since the early days of hemodialysis1‐3,
epidemiological data from large populations are missing. Consequently, clinical
correlates of intradialytic hypoxemia are ill‐defined and associations with hard clinical
outcomes have not yet been assessed.
In individuals dwelling below 1000 m altitude, an arterial oxygen saturation (SaO2)
between 96% and 99% is considered normal4. While there is no universally agreed
upon definition of hypoxemia, most references consider SaO2 ≤90% as indicative of
hypoxemia5‐7. Of note, oxygen supply to tissues depends not only on SaO2, but also on
the hemoglobin content of the blood, tissue perfusion and oxygen release from
hemoglobin in the tissues.
While hypoxemia is the common terminal pathway of multiple pathologies, congestive
heart failure (CHF) and sleep apnea are particularly prevalent in hemodialysis
patients8‐10. Additionally, there is growing literature about the prevalence of chronic
obstructive pulmonary disease (COPD) in chronic kidney disease patients11,12.
Notwithstanding etiology, hypoxemia and hypoxia are associated with a host of acute
and chronic sequelae affecting multiple organ systems (13‐15), including the
cardiovascular system (16, 17), wound healing (18), pro‐inflammatory pathways (19),
and the central nervous system (20). Some of these pathologies are highly prevalent in
hemodialysis patients, for example inflammation and changes in vascular smooth
muscles and endothelium, processes that accelerate arteriosclerosis (21, 22).
Hypoxemia also impairs resilience against reactive oxygen species (ROS) and may
increase erythrocyte apoptosis (eryptosis) (23). Noteworthy, in patients with CHF and
sleep apnea it was observed that not only the frequency, but also the time spent with
SaO2 below 90%, the hypoxic “burden”, is a predictor for hemodynamic stress (24).
Technological advances made routine continuous measurement of blood oxygen
saturation during hemodialysis feasible (25). Depending on the type of vascular access,
the Crit‐Line monitor™ (CLM) can determine central‐venous or arterial oxygen
saturation.
Recent deployment of the CLM in a large population of U.S. hemodialysis patients
allowed us to conduct research into associations between intradialytic SaO2 and clinical
outcomes. The goals of this study were (1) to assess the epidemiology of intradialytic
SaO2, and (2) to explore associations between SaO2 and clinical outcomes.
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Materials and methods
Population and study design
This observational retrospective multi‐center data base study was conducted in a
cohort of chronic hemodialysis patients from 17 facilities of the Renal Research
Institute (RRI) between January 2012 and January 2015. These clinics were located in
North Carolina (6 clinics; 108 to 205 meters above sea level), 3 clinics each in California
(8 to 31 meters), Connecticut (20 to 70 meters), and New York City (28 meters), and
1 clinic each in Michigan (220 meters), and Illinois (180 meters). In these clinics, CLM
use is standard care, albeit with some utilization variability related to the phased device
roll‐out. Patients were treated with bicarbonate dialysate and polysulfone membranes.
A 6‐months baseline period and a 12‐months follow‐up period were defined on a
patient level. The baseline period started on the date of a patient’s first SaO2
measurement between January 2012 and September 2014. Patients were censored in
the event of transplantation, treatment modality change, transfer, recovery of kidney
function, or end of study period (January 31st, 2015). Only patients with at least
10 eligible SaO2 measurements during baseline and 6 month of data were included in
the analysis. The study was approved by the New England Institutional Review Board
(#14‐446) which waived the need for informed consent.

Measurement of oxygen saturation
Intradialytic SaO2 was measured by the CLM (Fresenius Medical Care North America,
Waltham, MA, USA), a device approved by the U.S. Food and Drug Administration for
the measurement of hematocrit and oxygen saturation in the extracorporeal circuit. It
reports oxygen saturation 1x/minute. The manufacturer reported accuracy of SaO2
measurement is 2%. CLM data were transferred to the RRI data warehouse and
subsequently to the study database.

Clinical and laboratory data
Laboratory measurements (Spectra Laboratories, New Jersey, NJ, USA) were
downloaded to the RRI data warehouse and extracted to the study database.

Data eligibility
CLM values with the following characteristics were deemed implausible or unreliable
and hence excluded: relative blood volume >102%; SaO2 >100%; hematocrit levels
≤15% or >55%; and data points collected after the end of the prescribed treatment
time. In the absence of acceptable data during more than 50% of the treatment time,
the entire treatment was excluded. Likewise, treatments were excluded if the rate of
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change of relative blood volume was greater than 5 percent points compared to values
10 minutes and 5 minutes earlier on ≥1 occasion, if SaO2 of 50% was recorded more
than 40 times, or the mean intradialytic SaO2 was ≤80%, a level indicative of venous
rather than arterial blood.

Comorbidities
Congestive heart failure (CHF), diabetes, and chronic obstructive pulmonary disease
(COPD) were defined using ICD‐9 codes.

Statistical analysis
Descriptive statistics comprised mean (± standard deviation; SD) for continuous
variables and percentages for categorical variables. Non‐normally distributed variables
were expressed as median (25th, 75th percentile). Statistics of SaO2 variables were
calculated first per hemodialysis treatment, then per patient and finally per group.
Start SaO2 was defined as the mean SaO2 between treatment minutes 5 and 20, and
End SaO2 as the mean SaO2 between the final 20 and 5 minutes; these time intervals
were selected to avoid potential interference with priming and rinsing procedures.
Patients were stratified into 2 groups, based on an a priori definition of prolonged
intradialytic hypoxemia (PIH). Diagnosis of PIH required the presence of hypoxemia,
defined as SaO2 ≤90%, during on average more than 1/3 of the recorded treatment
time. Patients not fulfilling this definition served as controls. We also conducted
investigations using mean SaO2 and the % of treatment time spent with SaO2 ≤90% as
continuous variables. Group comparisons employed Chi‐square, Fisher’s exact and two
sample t‐tests, respectively; mean group differences with 95% confidence intervals
(95% CI) are presented.
Hospitalization rates during follow‐up were calculated as hospitalizations per patient
year, 95% CIs were computed by bootstrapping. Kaplan‐Meier plots and Cox
proportional hazards models were constructed to explore survival characteristics.
To adjust for potential confounders, minimally and fully adjusted Cox models
complemented the crude hazard ratio (HR) analysis. Confounders were selected based
on their documented or hypothesized association with exposure and outcome. We
employed an incremental modeling strategy to assess the stability and spectrum of HR
point estimates. Confounders in the minimally adjusted model were age, gender, and
presence of COPD and CHF. In addition, the fully adjusted model included levels of
serum albumin and hemoglobin, epoetin alfa (EPO) dose, neutrophil‐to‐lymphocyte
ratio (NLR), interdialytic weight gain (IDWG; in kg), post‐HD systolic blood pressure
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(PostSBP), ultrafiltration rate normalized to treatment time and post‐HD weight (UFR),
presence of diabetes, race, and vintage. In a variant of the fully adjusted model we
added body mass index (BMI) or obesity (defined as BMI >30 kg/m2).
Statistical analyses were performed using SAS version 9.3 (SAS Institute, Cary, NC) and
R i386 3.0.2 (libraries: ggplot2, splines, survival, pspline, mgcv, assist) (R Foundation for
Statistical Computing, Vienna, Austria).

Results
Patient characteristics
Out of 1,532 patients with SaO2 measurements, 547 patients (36%) were excluded
because they had less than 10 treatments with eligible CLM recordings during baseline
or less than 6 month of data (Figure 2.1).
1,532 patients with
arterio‐venous access
between 1/1/2012 and
31/9/2014

983 patients in the
analytical data set

Figure 2.1

549 patients excluded
• 2 missing clinical data
link
• 547 had ≤ 10 SaO2
recording during
baseline or ≤6 months
of data

Study flow chart

The final cohort comprised 983 hemodialysis patients with a total of 29,986 treatments
with eligible SaO2 recordings (30.5±12.5 per patient). Age was 62.1±15.2 years, 59%
were male, and 52.6% were white. Dialysis vintage was 3.9±4.1 years, 52.3% were
diabetic, 23.3% had CHF and 8.4% had COPD. Chart review indicated that 16 patients
received supplemental oxygen during in total 96 treatments. Supplemental oxygen flow
rates were documented in 11 patients (range 1.5 to 3 l/min).
Compared to the excluded patients, those in the analytical dataset were more likely to
be white, and to suffer from diabetes, CHF, and COPD. In addition, they had
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significantly lower IDWG, serum bicarbonate, inflammatory markers, received less EPO,
and spent less time below 90% SaO2 (Supplemental Tables S2.2, S2.3).

Baseline SaO2
Across all patients mean intradialytic SaO2 was 92.8±1.8%. On average, patients spent
10% and 3% of their treatment time at SaO2 ≤90% and ≤87%, respectively (Table 2.1).
SaO2 increased from 92.6±1.9% at treatment start to 93.2±1.8% at the end.
Table 2.1

Baseline characteristics of the entire study population and after stratification into groups with
and without prolonged intradialytic hypoxemia

Variables

Patients (N)
Treatments with SaO2
measurements (Number
per patient)
Demographics
Gender (% male)
Race (% white)
Age (years)
BMI (kg/m2)
Obese5 (%)
Oxygen saturation
Mean SaO2 (%)
Median SaO2 (%)
Minimum SaO2 (%)
Maximum SaO2 (%)
SD SaO2 (%)
% of time spent below
90% SaO2 (%)
% of time spent below
87% SaO2 (%)
Start SaO2 (%)
End SaO2 (%)
Comorbidities
Diabetes (%)
CHF (%)
COPD (%)
Treatment related
parameters
Vintage (years)
Pre‐dialysis SBP (mmHg)
Post‐dialysis SBP (mmHg)
IDWG (kg)
IDWG (% of post‐HD
weight)
Treatment time (min)
Ultrafiltration rate
(ml/h/kg)
Ultrafiltration volume (l)
Equilibrated Kt/V
Dialysate sodium (mmol/l)

All patients
Mean±SD

983
30.5±12.5

Prolonged intradialytic hypoxemia
Absent
Difference between
Mean±SD
groups
Mean (95% CI)
100
883
29.6±11.4
30.6±12.7
‐1 (‐3.6 to 1.6)

59.0
52.6
62.1±15.2
28.7±7.7
35.1

53.0
51.0
65.3±13.0
29.5±7.6
41.3

59.6
52.7
61.7±15.4
28.6±7.8
34.3

‐6.6 (‐17.0 to 3.7)
‐1.7 (‐12.4 to 8.4)
3.6 (0.8 to 6.3)
0.9 (‐0.8 to 2.5)
6.9 (‐3.5 to 17.8)

0.201
0.741
0.012
0.302
0.211

92.8±1.8
92.9±1.8
90.4±2.8
94.5±1.4
0.8±0.4
10.3±18.5

89.1±1.6
89.3±1.6
85.2±2.8
92.1±1.2
1.4±0.5
57.6±18.2

93.2±1.3
93.3±1.3
91.0±2.2
94.8±1.1
0.7±0.3
4.9±7.8

‐4.1 (‐4.4 to ‐3.8)
‐4.0 (‐4.4 to ‐3.7)
‐5.8 (‐6.4 to ‐5.2)
‐2.7 (‐2.9 to ‐2.5)
0.7 (0.6 to 0.8)
52.7 (49.1 to 56.3)

<0.0012
<0.0012
<0.0012
<0.0012
<0.0012
<0.0012

2.6±8.7

19.2±20.0

0.7±2.1

18.5 (14.6 to 22.5)

<0.0012

92.6±1.9
93.2±1.8

88.8±1.9
89.7±1.6

93.1±1.4
93.6±1.3

‐4.3 (‐4.7 to ‐3.9)
‐3.9 (‐4.2 to ‐3.5)

<0.0012
<0.0012

52.3
23.3
8.4

56.0
33.0
20.0

51.9
22.2
7.1

4.1 (‐6.1 to 14.1)
10.8 (1.6 to 20.7)
12.9 (5.0 to 21.2)

0.431
0.021
<0.0011

3.9±4.1
146.9±19.4
137.2±18.2
2.3±0.8
2.9±1.0

5.0±4.3
147.2±19.5
139.2±19.7
2.5±0.8
3.0±1.0

3.8±4.1
146.9±19.4
136.9±18.0
2.3±0.8
2.8±1.0

1.2 (0.3 to 2.1)
0.3 (‐3.7 to 4.4)
2.3 (‐1.5 to 6.0)
0.2 (0.0 to 0.4)
0.2 (0.0 to 0.4)

0.0082
0.872
0.242
0.032
0.062

215.9±25.0
8.1±3.0

215.6±24.3
8.6±2.9

216.0±25.1
8.0±3.0

‐0.4 (‐5.6 to 4.8)
0.6 (‐0.1 to 1.2)

0.892
0.072

2.3±0.8
1.5±0.3
137.2±0.5

2.4±0.8
1.5±0.2
137.2±0.4

2.2±0.9
1.5±0.3
137.2±0.5

0.2 (0.0 to 0.3)
0.0 (0.0 to 0.0)
0.0 (‐0.1 to 0.1)

0.052
0.282
0.412

P‐value

Present
Mean±SD

0.442
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Table 2.1 (continued)
Variables

Patients (N)
Laboratory parameters
Serum albumin (g/dl)
Hgb (g/dl)
Serum sodium (mmol/l)
Serum potassium
(mmol/l)
PTH (pg/ml)
Serum calcium (mg/dl)
Serum phosphorous
(mg/dl)
Serum bicarbonate
(mmol/l)
WBC (1000/μl)
Platelets (1000/μl)
NLR
Ferritin (ng/ml)
Transferrin saturation (%)
Serum iron (μg/dl)
Medication
Epo Dose (units per
treatment)
Iron Dose (mg per
treatment)
Patients receiving
supplemental oxygen (%)
Treatments with
supplemental oxygen (%)

All patients
Mean±SD

Present
Mean±SD

Prolonged intradialytic hypoxemia
Absent
Difference between
Mean±SD
groups
Mean (95% CI)
883

P‐value

983

100

4.0±0.3
10.9±0.9
138.8±2.6
4.8±0.5

3.9±0.3
10.7±0.9
138.4±3.0
4.9±0.5

4.0±0.3
10.9±0.9
138.9±2.5
4.8±0.5

‐0.1 (‐0.2 to 0.0)
‐0.2 (‐0.4 to 0.0)
‐0.5 (‐1.1 to 0.1)
0.1 (0.0 to 0.2)

0.0062
0.022
0.132
0.062

549±500
8.9±0.6
5.3±1.2

543±665
8.8±0.7
5.2±1.2

550±478
9.0±0.6
5.3±1.2

‐6 (‐142 to 129)
‐0.2 (‐0.3 to 0.0)
‐0.1 (‐0.3 to 0.2)

0.932
0.012
0.682

23.2±2.0

23.5±2.1

23.2±2.0

0.3 (‐0.1 to 0.7)

0.152

0.1 (‐0.3 to 0.6)
‐8.7 (‐22.1 to 4.7)
1.0 (0.5 to 1.6)
‐43 (‐126 to 40)
‐4.7 (‐6.5 to ‐2.9)
‐11.4 (‐16.0 to ‐6.8)

0.492
0.202
<0.0012
0.312
<0.0012
<0.0012

642 (213 to 976)

0.0064

6.6±3.1
6.7±2.0
6.6±3.2
205.0±62.9
197.2±64.8
205.9±62.7
3.7±2.1
4.6±2.6
3.6±2.0
923±460
884±389
927±467
33.7±8.7
29.5±8.0
34.2±8.7
77.7±22.4
67.5±21.3
78.9±22.2
Median (25th, Median (25th, 75th Median (25th, 75th
75th percentile)
percentile)
percentile)
1584 (610,3240) 2173 (900, 4471) 1531 (603, 3156)
15.1 (7.1, 23.3)

16.8 (7.5, 24.3)

14.7 (7.1, 23.3)

2.1 (‐0.9 to 4.2)

0.414

1.6
N=16
0.3
N=96

1
N=1
0.3
N=8

1.7
N=15
0.3
N=88

‐0.7 (‐2.3 to 1.9)

1.03

0 (‐0.2 to 0.2)

0.613

1

Chi‐square test; 2t‐test;3Fisher’s exact test; 4Wilcoxon test; 5BMI ≥30 kg/m2; SD: standard deviation; CI: confidence interval;
BMI: body mass index; SaO2: arterial oxygen saturation; CHF: congestive heart failure; COPD: chronic obstructive pulmonary
disease; SBP: systolic blood pressure; IDWG: interdialytic weight gain; Hgb: hemoglobin; WBC: white blood cells; NLR:
neutrophil‐to‐lymphocyte ratio; Epo: epoetin alfa

One hundred patients (10.2%) experienced PIH. PIH patients had a significantly lower
mean, median, minimum, maximum, starting, and ending SaO2 and spent on average
58% and 20% of their treatment time at SaO2 ≤90% and ≤87%, respectively. The
variability of SaO2 levels was significantly higher in PIH patients (SD 1.4 vs. 0.7%).
SaO2 declined after dialysis start both in patients with and without PIH, with nadir SaO2
after around 40 minutes (Figure 2.2). SaO2 declined by 0.3 percent points in controls,
and by 0.5 percent points in PIH patients.
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Figure 2.2

Time course of mean arterial oxygen saturation and 95% confidence interval in chronic HD
patients

Associations between PIH and baseline clinical characteristics
PIH was associated with older age, longer dialysis vintage, slightly higher IDWG, and
higher prevalence of CHF and COPD. PIH patients had higher NLR, lower levels of
albumin, hemoglobin, serum iron, and transferrin saturation. They received on average
1,374 units of EPO more per treatment (PIH: mean 3,823 units; non‐PIH: mean 2,449
units; P=0.01). Groups did not differ with respect to gender, race, BMI, pre‐ and post‐
dialytic systolic blood pressure, ultrafiltration volume, UFR, treatment time, serum
bicarbonate, white blood cells, platelet counts, ferritin, and iron dose.

PIH and outcomes during follow‐up
All‐cause hospitalization
We recorded 1,113 hospitalizations, 150 in PIH patients and 963 in the controls,
resulting in 2.21 (95% CI 0 to 3.4) and 1.55 (95% CI 0 to 2.04) hospitalizations per
patient year, respectively. Thus, PIH was associated with 0.66 additional
hospitalizations per patient year (P=0.009). The univariate HR of hospitalization of PIH
was 1.46 (95% CI 1.22 to 1.73; P=0.007).
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All‐cause mortality
Eighty‐nine patients died during follow‐up, 18 in the PIH group and 71 controls. The
mortality rate per 100 patient‐years was 24.1 in the PIH group and 10.2 in the controls.
Univariate Kaplan‐Meier analysis indicated a significantly higher mortality in PIH
patients (P<0.001, log‐rank test; Figure 2.3). Sixty‐nine PIH patients and 668 controls
were censored, due to end of study (PIH N=62; controls N=610) or transfer to another
facility (PIH N=7; controls N=58).

Figure 2.3

Kaplan‐Meier estimates of survival probabilities. Patients were stratified by the presence (PIH)
or absence (control) of prolonged intradialytic hypoxemia. The number of patients at risk is
indicated in the table below the graph. The time to death differs significantly between the two
groups (P<0.001 by log‐rank test)

Analysis treating SaO2 and % of treatment time spent below 90% SaO2 as continuous
variables indicated an almost linear association with all‐cause mortality for both
(Figure 2.4, Supplemental Table S2.1). Multivariate analysis corroborated the higher all‐
cause mortality in PIH patients in unadjusted, minimally and fully adjusted Cox
proportional hazards models (Table 2.2, Supplemental Figure S2.2). Including BMI or
obesity to the fully adjusted model results were materially identical (data not shown).
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A

≤

B

Figure 2.4

Association between intradialytic arterial oxygen saturation and all‐cause mortality. Hazard
ratio for (A) average % of time spent below 90% oxygen saturation during treatments and (B)
mean arterial oxygen saturation. SaO2: arterial oxygen saturation

Table 2.2

Crude and adjusted hazard ratios (HR) for all‐cause mortality. Because of partially incomplete
data six censored patients were not considered in the fully adjusted Cox model.

Outcome Events
All‐cause 89
mortality
a

a

Crude
HR (95% CI)
2.37 (1.41 to 3.97)
b

b

c

Minimally adjusted
Fully adjusted
P‐value
HR (95% CI)
P‐value
HR (95% CI)
P‐value
0.001 2.07 (1.22 to 3.51) 0.007 1.98 (1.14 to 3.43) 0.02
c

Unadjusted model. Adjusted for age, gender, COPD and CHF. Adjusted for age gender, race, vintage,
COPD, CHF, diabetes, albumin, hemoglobin, Epoetin alfa Dose, NLR, IDWG, post‐dialysis SBP and UFR
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CI: confidence interval; COPD: chronic obstructive pulmonary disease; CHF: congestive
heart failure; NLR: neutrophil‐to‐lymphocyte ratio; IDWG: interdialytic weight gain;
SBP: systolic blood pressure; UFR; ultrafiltration rate
Sensitivity analysis
To explore the influence of CHF and COPD on outcomes we performed a sensitivity
analysis. First, the hospitalization rates were computed in both groups with and
without patients with COPD or CHF, respectively. While the hospitalization rate in
controls was unaffected by excluding COPD or CHF patients, it decreased in the PIH
group (Supplemental Table S2.4). Second, we calculated the HR of death without COPD
or CHF patients; interestingly, the HR increased from 1.98 to 2.21 (Supplemental
Table S2.5).

Discussion
Our research in a large cohort of chronic hemodialysis patients indicates a high rate of
intradialytic hypoxemia, with 10% experiencing prolonged intradialytic hypoxemia
(PIH), a condition characterized by hypoxemia lasting more than 1/3 of the dialysis
treatment time. Our main finding is a significant association between PIH and clinical
outcomes, most notably all‐cause hospitalization and mortality. Moreover, PIH patients
showed a laboratory profile compatible with an inflammatory phenotype, and
significantly higher EPO use. CHF and COPD were more prevalent in PIH patients.
Hypoxemia during hemodialysis has been recognized since the early days of dialysis26‐
. Over the years several mechanistic explanations have been put forward. Sleep
apnea is highly prevalent in dialysis patients and hypoxemia has been observed in
patients while sleeping on dialysis33,34. Reduced respiratory drive has been
incriminated, since CO2 may diffuse from the blood into the dialysate, resulting in
decreased partial pressure of CO2. As breathing is tightly controlled by chemoreceptors
which respond to the partial pressure of CO2 as well as pH in the blood and
cerebrospinal fluid, a reduction in CO2 tension may result in hypoventilation and
hypoxemia35. Fluid overload, pulmonary congestion, and pulmonary calcification may
affect oxygen diffusion, resulting in reduced blood oxygenation; therefore, approaching
dry weight should improve SaO2. Indeed, Anand36 found a positive relationship
between the slope of the relative blood volume curve, an indirect marker of volume
status, and change in SaO2 indicating a contribution of volume overload to hypoxemia.
In our study, SaO2 at the end of dialysis was above starting levels and PIH patients had
a slightly higher IDWG, pointing towards fluid status as a factor impacting SaO2. Age‐
related changes of the respiratory system, such as a reduced neuro‐mechanical link
32
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between chemosensors, brain stem and respiratory muscles, may impact blood
gases37. In that context it is noteworthy that PIH patients were older, had a longer HD
vintage, and a higher SaO2 variability, possibly reflecting respiratory control instability.
Previous studies related a high variability and decrease of SaO2 during dialysis to
intradialytic hypotension38,39. Unfortunately we can neither corroborate nor refute this
observation, because hypotensive episodes were not uniformly documented. Of note,
we did not observe a difference in blood pressure between the two groups. Although a
contribution of intradialytic hypoxemia to the morbidity and mortality of hemodialysis
patients has been hypothesized26,40,41, this study shows – to the best of our knowledge
‐ for the first time an association between adverse clinical outcomes and intradialytic
hypoxemia. The decision to perform a dichotomous analysis and take 1/3 of treatment
time below 90% as threshold was based on the “hypoxic burden” concept described in
patients with CHF. The notion of “prolonged intradialytic hypoxemia” was developed in
appreciation of this concept24. Since CLM use is standard care in the participating
clinics bias by indication is highly unlikely.
Intermittent hypoxemia has been subject of considerable research. While modest and
acute intermittent hypoxemia may have beneficial effects, severe and chronic
intermittent hypoxemia appears to be pathogenic42. Chronic intermittent hypoxia
results in impaired baroreceptor function, vasodilation, high blood pressure, and
increased production of ROS43. While ROS activate protective transcription factors like
hypoxia inducible factor‐1α (HIF‐1α) and nuclear factor (erythroid derived 2)‐like 2
(Nrf2), they also stimulate pro‐inflammatory transcription factors, like nuclear factor κB
(NFκB) and activator protein 1 (AP1). At low or moderate ROS concentrations pathways
essential for repair and survival predominate, high ROS levels promote inflammation
and injury20. While we have no data on ROS in our population, it is tempting to
speculate that the inflammatory laboratory phenotype observed in PIH patients may be
related to oxidative stress. Of note, oxidative stress also impairs erythrocyte function;
in particular it may result in reduced cell deformability and thus contribute to an
increased erythrocyte removal from the circulation and thus reduced life span44,45.
Given the fact that hypoxia is the primary stimulus for EPO production, showing higher
EPO utilization in PIH patients seems counterintuitive. PIH patients not only had a
higher EPO use but also lower hemoglobin levels, indicating some degree of EPO
resistance. An obvious link may exist between the EPO hyporesponsiveness and the
aforementioned inflammatory phenotype of PIH patients, which may result in limited
iron availability, a reduced number of EPO receptors, and impaired EPO receptor
signaling46. Recent evidence suggests that hypoxemia may impact erythrocyte
resilience against oxidative stress. The erythrocyte ROS resilience depends on the
availability of reduced glutathione (GSH), which is recycled from glutathione disulfide
(GSSG) through the action of glutathione reductase and nicotinamide adenine
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dinucleotide phosphate (NADPH) as a substrate. Glucose entering the erythrocytes is
subject to metabolism in two pathways, the Embden‐Meyerhof pathway (EMP), the
source of adenosine triphosphate (ATP), and the hexose monophosphate pathway
(HMP), the sole source of NADPH in erythrocytes. Deoxygenized hemoglobin favors
EMP substrate fluxes over HMP, resulting in reduced NADPH synthesis and eventually
less resilience to oxidative stress47. Against this physiological background we
hypothesize that hypoxemia‐induced impaired erythrocyte ROS resilience may result in
shortened erythrocyte life span, a recognized cause of EPO resistance48. Testing this
hypothesis will require carefully designed in vitro and clinical studies.
Our study has limitations, first and foremost its observational nature, which prevents
conclusions concerning causality. Second, longer follow‐up periods are desirable. Third,
we have no data which would allow us to address the hypotheses formulated above in
greater detail. Lastly, we have no information on baseline SaO2 and scarce records of
supplemental oxygen use during dialysis, an intervention which clearly affects SaO2.
Carefully conducted prospective trials are necessary to address these limitations.
From a clinical standpoint it will be essential to develop care pathways for PIH patients.
Given the plethora of pathologies resulting in hypoxemia a multidisciplinary approach
including pulmonologists will be critical to translate these findings into improved
patient care.
One potential intervention could be the administration of oxygen during dialysis. While
large and comprehensive trials are missing, a few small studies showed a positive effect
of intradialytic oxygen administration. Diroll38 reported that intranasal oxygen (2
l/minute) normalized SaO2 and blood pressure in a hypoxemic hemodialysis patient. In
a study of 8 hemodialysis patients, intranasal oxygen (2 l/minute) improved SaO2 and
vascular refill49. Yap50 showed in 7 chronic hemodialysis patients that intranasal oxygen
(4 l/minute) protected against an intradialytic SaO2 decline. Taken together, limited
data indicate some desirable effects of supplemental oxygen, but firm conclusions are
currently elusive.

Conclusion
Prolonged intradialytic hypoxemia (PIH) is associated with an inflammatory phenotype,
hyporesponsiveness to EPO, higher hospitalization and mortality. A better
understanding of its pathophysiology, clinical consequences and medical management
requires future carefully designed in vitro and clinical studies.
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Supplementary material

Figure S2.1

All‐cause mortality hazard ratios and 95% confidence intervals for age, gender, COPD, CHF and
prolonged intradialytic hypoxemia (PIH)

Table S2.1

Hazard ratios of all‐cause mortality in categories of % of hemodialysis treatment time spent
below or equal to 90% SaO2

% of time spent ≤SaO2 90%
>5
>10
>15
>20
>25
>30
>35
>40
>45
>50

Number of patients in category
354
267
215
170
139
115
97
81
67
54

Hazard ratio
(95% Confidence interval)
1.78 (1.18 to 2.70)
1.83 (1.21 to 2.81)
2.04 (1.32 to 3.16)
1.71 (1.06 to 2.75)
1.83 (1.11 to 3.00)
2.17 (1.31 to 3.60)
2.27 (1.34 to 3.86)
2.40 (1.38 to 4.18)
2.30 (1.25 to 4.22)
2.07 (1.04 to 4.12)

P‐value
0.006
0.005
0.001
0.03
0.02
0.003
0.002
0.002
0.007
0.04

Note, the categories are not mutually exclusive, e.g. patients in the last category (>50%) are also included all
previous categories. N=983

42

Intradialytic hypoxemia and clinical outcomes

Table 2.2

Comparison of patients excluded from analysis and the final study cohort. Patients with ≤10
treatments with SaO2 measurements during baseline and ≤6 month of baseline data were
excluded from final study cohort

Characteristics
Patients (N)
Treatments with SaO2 measurements
(number per patient)
Patients with prolonged intradialytic
hypoxemia (%)
Demographics
Gender (% male)
Race (% white)
Age (years)
BMI (kg/m2)
Oxygen saturation
Mean SaO2 (%)
Median SaO2 (%)
Minimum SaO2 (%)
Maximum SaO2 (%)
SD SaO2 (%)
% of time spent below 90% SaO2 (%)
% of time spent below 87% SaO2 (%)
Start SaO2 (%)
End SaO2 (%)
Comorbidities
Diabetes (%)
CHF (%)
COPD (%)
Treatment related parameters
Vintage (years)
Pre‐dialysis SBP (mmHg)
Post‐dialysis SBP (mmHg)
IDWG (kg)
Treatment time (min)
Ultrafiltration rate (ml/h/kg)
Ultrafiltration volume (l)
Equilibrated Kt/V
Laboratory parameters
Serum albumin (g/dl)
Hgb (g/dl)
Serum bicarbonate (mmol/l)
WBC (1000/μl)
Platelets (1000/μl)
NLR
Ferritin (ng/ml)
Transferrin saturation (%)
Serum iron (μg/dl)
Medication
Epo Dose (Units per treatment)
Iron Dose (mg per treatment)

Excluded
Mean±SD

Included
Mean±SD

Difference
Mean (95%CI)

P‐value

547
4.8±6.0

983
30.5±12.5

‐25.7 (‐26.6 to ‐24.8)

<0.0012

15.2

10.2

5.0 (1.4 to 8.6)

0.0061

59.0
44.6
63.0±14.9
29.1±8.0

59.0
52.6
62.1±15.2
28.7±7.7

0.0
‐8.0
1 (‐0.6 to 2.5)
0.4 (‐0.4 to 1.3)

0.961
0.0031
0.232
0.332

92.7±2.7
92.7±2.3
90.0±3.7
94.5±1.8
0.9±0.7
12.8±24.7
3.8±13.2
92.5±2.4
93.0±2.5

92.8±1.8
92.9±1.8
90.4±2.8
94.5±1.4
0.8±0.4
10.3±18.5
2.6±8.7
92.6±1.9
93.2±1.8

‐0.2 (‐0.4 to 0.1)
‐0.1 (‐0.4 to 0.1)
‐0.4 (‐0.8 to 0.0)
0.0 (‐0.2 to 0.1)
0.1 (0.0 to 0.1)
2.7 (0.2 to 4.9)
1.3 (0.0 to 2.5)
‐0.1 (‐0.3 to 0.1)
‐0.2 (‐0.4 to 0.1)

0.162
0.202
0.032
0.792
0.0092
0.032
0.052
0.352
0.172

43.7
13.2
4.2

52.3
23.3
8.4

‐8.6
‐10.1
‐4.2

0.0011
<0.0011
0.0021

3.7±4.0
143.9±19.8
136.1±19.3
2.4±1.0
219.4±27.5
8.3±3.1
2.4±1.0
1.5±0.3

3.9±4.1
146.9±19.4
137.2±18.2
2.3±0.8
215.9±25.0
8.1±3.0
2.3±0.8
1.5±0.3

‐0.2 (‐0.7 to 0.3)
‐3.0 (‐5.1 to ‐1.0)
‐1.1 (‐3.1 to 0.8)
0.1 (0.0 to 0.23)
3.5 (0.7 to 6.3)
0.2 (‐0.1 to 0.5)
0.1 (0.0 to 0.2)
0.0 (0.0 to 0.0)

0.362
0.0042
0.262
0.012
0.012
0.232
0.042
0.652

3.9±0.4
10.7±1.0
23.5±2.4
6.8±2.4
209.6±72.7
4.2±3.1
1019±586
32.5±10.8
71.1±25
Median
(25th, 75th percentile)
2013 (835, 4054)
13.0 (0, 24.4)

4.0±0.3
10.9±0.9
23.2±2.0
6.6±3.1
205.0±62.9
3.7±2.1
923±460
33.7±8.7
77.7±22.4
Median
(25th, 75th percentile)
1584 (610, 3240)
15.1 (7.1, 23.3)

‐0.1 (‐0.2 to ‐0.7)
‐0.2 (‐0.3 to ‐0.1)
0.3 (0.1 to 0.6)
0.2 (‐0.1 to 0.5)
4.6 (‐3.4 to 12.6)
0.5 (0.2 to 0.8)
96 (33 to 158)
‐1.3 (‐2.4 to ‐0.2)
‐6.5 (‐9.2 to ‐3.9)

<0.0012
<0.0012
0.0062
0.202
0.262
0.0012
0.0032
0.022
<0.0012

429 (164 to 698)
‐1.2 (‐3.7 to ‐0.2)

<0.0013
0.0053

1

Chi‐square test; 2t‐test; 3Wilcoxon test; CHF: congestive heart failure; COPD: chronic obstructive pulmonary disease; SBP:
systolic blood pressure; IDWG: interdialytic weight gain; Hgb: Hemoglobin; WBC: white blood cells; NLR: neutrophil‐to‐
lymphocyte ratio; Epo: Erythropoetin alfa
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Table S2.3

Comparison of outcomes during the follow‐up period in patients excluded from analysis and
the final study cohort. Patients with ≤10 treatments with SaO2 measurements during baseline
and were excluded from final study cohort. Note, only patients that had 6 month of data were
included in this analysis

Characteristics
Patients (N)
Outcomes during follow‐up
Hospitalizations per patient year
Deaths per 100 patient years

Table S2.4

Excluded
Mean±SD
427

Included
Mean±SD
983

Difference
Mean (95%CI)

P‐value

1.56±3.20
11.7

1.62±2.81
11.6

‐0.06 (‐0.44 to 0.33)
0.1

0.77
0.96

Comparison of the hospitalization rates of the whole analytical dataset and after exclusion of
patients that have either COPD or CHF

Variables

Prolonged intradialytic hypoxemia

All included
patients

Number of patients
Crude hospitalization
rate
Number of patients

Only patients
without COPD or
Crude hospitalization
CHF
rate

P‐value

Present
Mean (95% CI)
100

Absent
Mean (95% CI)
883

Differenc
Mean (95% CI)

2.21 (0 to 3.4)

1.55 (0 to 2.04)

0.66 (0.07 to 1.34)

0.009

0.39 (‐0.36 to 1.13)

0.34

56

650

1.86 (1.07 to 2.65)

1.47 (1.27 to 1.68)

CI: confidence interval; COPD: chronic obstructive pulmonary disease; CHF: congestive heart failure

Table S2.5

Adjusted hazard ratio (HR) for all‐cause mortality of the whole analytical dataset and after
exclusion of patients that have either COPD or CHF

Population

Population size

Events

All included
patients

983

89

Only patients
without COPD or
CHF

706

30

Confounders

HR
(95% CI)
1.98 (1.14 to 3.43)

age, gender, race, vintage, COPD, CHF,
diabetes, albumin, hemoglobin, Epoetin
alfa Dose, NLR, IDWG, post‐dialysis SBP,
and UFR
age, gender, race, vintage, diabetes,
2.21 (1.00 to 4.90)
albumin, hemoglobin, Epoetin alfa Dose,
NLR, IDWG, postdialysis SBP, and UFR

P‐value
0.02

0.05

CI: confidence interval; COPD: chronic obstructive pulmonary disease; CHF: congestive heart failure; NLR: neutrophil‐to‐
lymphocyte ratio; IDWG: interdialytic weight gain; SBP: systolic blood pressure; UFR; ultrafiltration rate
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Abstract
Background
The pathophysiology of a paradoxical systolic blood pressure (SBP) rise during
hemodialysis is not yet fully understood. Recent research indicated that 10% of chronic
hemodialysis patients suffer from prolonged intradialytic hypoxemia. Since hypoxemia
induces a sympathetic response we entertained the hypothesis that peridialytic SBP
change is associated with arterial oxygen saturation (SaO2).
Methods
We retrospectively analyzed intradialytic SaO2 and peridialytic SBP change in chronic
hemodialysis patients with arterio‐venous vascular access. Patients were followed over
6 months. We defined persistent intradialytic hypertension (piHTN) as average
peridialytic SBP increase >10 mmHg over 6 months. Linear mixed effects (LME) models
were used to explore associations between peridialytic SBP change and intradialytic
SaO2 in univariate and adjusted analyses.
Results
We assessed 982 patients (29,872 HD treatments, 59% males; 53% whites). Pre‐dialysis
SBP was 146.7±26.5 mmHg and decreased on average by 10.1±24.5 mmHg. Fifty‐three
(5.7%) patients had piHTN. piHTN patients had lower intradialytic SaO2, body weight
and interdialytic weight gain. LME models revealed that with every percent point lower
mean SaO2 the peridialytic SBP change increased by 0.46 mmHg (p<0.001). This finding
was corroborated in multivariate analyses.
Conclusion
We observed an inverse relationship between intradialytic SaO2 and the blood pressure
response to hemodialysis. These findings support the notion that hypoxemia activates
mechanisms that partially blunt the intradialytic blood pressure decline, possibly by
sympathetic activation and endothelin‐1 secretion. To further explore that hypothesis
specifically designed prospective studies are required.
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Introduction
In most hemodialysis (HD) patients blood pressure at the end of hemodialysis (postHD)
is below starting levels (preHD). This peridialytic blood pressure decline is attributed to
fluid and salt removal1. However, in some patients, postHD blood pressure is regularly
increased above preHD levels2,3. This phenomenon ‐ termed intradialytic hypertension
(iHTN) ‐ is recurrent and persistent in a subset of maintenance HD patients. While
there is currently no universally accepted definition of iHTN, most authors use a
peridialytic rise of systolic blood pressure (SBP) of ≥10 mmHg as a threshold4,5. Cohort
studies showed an iHTN prevalence of 8 to 13%2,4. iHTN patients have an increased risk
for hospitalizations and mortality compared to those whose blood pressure decreases
during HD4,5. Park et al.6 reported in a large cohort study that both a 30 mmHg
peridialytic SBP decrease or any peridialytic SBP rise were associated with increased
mortality rates6. This emphasizes the risks associated with iHTN and the clinical need to
identify the underlying mechanisms and develop preventive interventions.
While the iHTN pathophysiology is not yet fully understood and likely multifactorial,
observational studies noticed that older age, lower body weight, lower serum
creatinine and albumin levels, as well as the use of more antihypertensive medication
are associated with peridialytic SBP increase4,5. Additionally, an association between
dialysate‐to‐serum sodium gradient and intradialytic change of SBP has been
observed7, indicating a role of diffusive intradialytic sodium gain in the development of
iHTN. Other proposed mechanisms are an activation of the sympathetic nervous
system8, stimulation of the renin‐angiotensin‐aldosterone system (RAAS), increased
endothelin‐1 secretion, dialytic removal of antihypertensive drugs, and variations in
potassium or ionized calcium blood levels9. The potential pathophysiologic pathways of
iHTN and treatment options have been reviewed recently10,11.
In a recent study we found that 10% of chronic HD patients had arterial oxygen
saturation (SaO2) <90% for more than 1/3 of their treatment time, which was
associated with increased hospitalization and mortality rates12. Fluid overload,
impaired respiratory function and ventilation‐perfusion‐mismatch are potential causes
of intradialytic hypoxemia13. Of note, intradialytic hypoxemia may stimulate
sympathetic activation14,15. Given these strands of evidence we set out to test the
hypothesis of an inverse association between peridialytic SBP change and intradialytic
SaO2 in the aforementioned hemodialysis cohort where concurrent measurements of
both peridialytic SBP and intradialytic SaO2 were available.
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Subjects and methods
Population and study design
We conducted this retrospective study in a recently reported cohort of chronic HD
patients from 17 U.S. facilities of the Renal Research Institute (RRI)12. Records between
January 2012 and September 2014 were reviewed. A 6‐months observation period was
defined on a patient level, which started on the date of a patient’s first hemodialysis
with both SaO2 and SBP measurements. Only patients with arterio‐venous access and
at least 10 HD treatments with eligible SaO2 measurements were included in the
analysis. Patients were treated with bicarbonate dialysate and polysulfone membranes.
Patients were censored in the event of kidney transplantation, dialysis modality
change, transfer to outside of RRI, or recovery of kidney function. The study was
conducted in accordance with the Helsinki Declaration and was approved by the New
England Institutional Review Board (#14‐446), which waived the need for informed
consent.

Measurement of oxygen saturation
We measured the intradialytic SaO2 as reported recently12 using the Crit‐Line Monitor
(CLM) (Fresenius Medical Care North America, Waltham, MA, USA), which is approved
by the U.S. Food and Drug Administration for the measurement of hematocrit and
oxygen saturation in the extracorporeal circuit. The CLM reports oxygen saturation
1x/minute. The manufacturer reported accuracy of SaO2 measurement is 2%. CLM data
were automatically transferred to the RRI data warehouse and subsequently to the
study database. The use of CLM is standard care in RRI clinics, albeit with some
utilization variability related to the phased device roll‐out 2012‐2014. CLM values with
the following characteristics were deemed implausible or unreliable and hence
excluded: relative blood volume >102%; SaO2 >100%; hematocrit levels ≤15% or >55%;
and data points collected after the end of the prescribed treatment time. In the
absence of acceptable data during more than 50% of the treatment time, the entire HD
session was excluded. Likewise, the entire treatment was excluded if the rate of change
of relative blood volume was greater than 5 percent points compared to values
10 minutes and 5 minutes earlier on ≥1 occasion, if SaO2 of 50% was recorded more
than 40 times, or the mean intradialytic SaO2 was ≤80%, a level indicative of venous
rather than arterial blood.

Measurement of blood pressure
Across all RRI clinics the staff pays particular attention to the methodology of blood
pressure measurement and follows a standardized protocol, where blood pressure is
obtained by an automated device integrated in the HD machine on the non‐access arm
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with the patient seated in the dialysis chair. For this research we used SBP
measurements that were taken shortly before and after HD.

Clinical and laboratory data
Laboratory measurements (Spectra Laboratories, New Jersey, NJ, USA) were
downloaded to the RRI data warehouse and extracted to the study database.

Comorbidities
Congestive heart failure (CHF), diabetes, and chronic obstructive pulmonary disease
(COPD) were defined using International Classification of Diseases, Ninth Revision
(ICD‐9) codes.

Statistical analysis
Descriptive statistics comprised mean (±standard deviation; SD) for continuous
variables and percentages for categorical variables. SaO2 and SBP related variables
were calculated first per HD treatment, then per patient and finally per group. To avoid
potential interference with priming and rinsing procedures, Start SaO2 was defined as
the mean SaO2 between treatment minutes 5 and 20, and End SaO2 as the mean SaO2
between the final 20 and 5 minutes.
Peridialytic SBP change was calculated as postHD SBP – preHD SBP. In line with current
literature we defined iHTN as a peridialytic SBP increase ≥10 mmHg and piHTN as
average peridialytic SBP increase ≥ 10mmHg throughout the entire 6‐months
observation period. Patients were stratified based on the presence or absence of
piHTN. We compared characteristics of piHTN and non‐piHTN patients by computing
mean group differences with 95% confidence intervals (95% CI).
Using linear mixed effects (LME) models we also explored on a continuous scale the
association between peridialytic SBP change and mean intradialytic SaO2 or the fraction
(%) of treatment time spent with a SaO2 ≤90%. Here, the peridialytic SBP change was
the outcome variable and SaO2 indicators the exposure. Variables were calculated per
patient on a treatment level. We conducted unadjusted and adjusted analyses.
Confounders were selected based on their documented or hypothesized association
with exposure and outcome. In the minimally adjusted model we included age,
diabetes, interdialytic weight gain (IDWG) in % of postHD weight, ultrafiltration rate,
preHD SBP and epoietin alfa dose as additional independent variables. The fully
adjusted model included in addition race, gender and vintage in addition.
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Statistical analyses were performed using SAS version 9.3 (SAS Institute, Cary, NC) and
R i386 3.0.2 (R Foundation for Statistical Computing, Vienna, Austria).

Results
Patient characteristics
Out of 1,532 patients with SaO2 measurements, 550 patients (36%) were excluded
because they had less than 10 HD sessions with eligible SaO2 recordings (Supplemental
Figure S3.1). The final analytical cohort comprised 982 chronic HD patients with 29,872
HD treatments with eligible SaO2 measurements.
Detailed patient characteristics are depicted in Table 3.1. Briefly, age was 62.1±15.2
years, 59.1% were male, and 52.6% were white. Dialysis vintage was 3.9±4.1 years,
50.7% were diabetic, 23.3% had CHF and 8.4% had COPD.
Table 3.1

Characteristics of the entire study population and after stratification into groups with and
without persistent intradialytic hypertension
Persistent Intradialytic
Variables
All patients
Difference between
Hypertension
Groups, Mean (95% CI)
Present
Absent
Patients, N (%)
982 (100)
53 (5.4)
929 (96.4)
n.a.
Number of treatments with SaO2
29,872
1,266
28,606
n.a.
measurements
Demographics
Men,%
59.1
45.3
59.9
‐14.6 (‐29.3 to 0.2)
Race, % white
52.6
52.8
52.6
0.2 (‐13.8 to 14.2)
Age, years
62.1  15.2
63.9  15.4
61.9  15.2
1.9 (‐2.4 to 6.3)
Vintage, years
3.9  4.1
3.7  3.8
3.9  4.1
‐0.3 (‐1.4 to 0.9)
2
BMI, kg/m
28.7  7.7
26.2  5.7
28.8  7.8
‐2.6 (‐4.4 to ‐0.9)
Obese, %
35.1  47.8
19.2  39.8
36.0  48.0
‐16.8 (‐29.6 to ‐4.0 )
Post Weight, kg
82.1  22.7
69.7  17. 7
82.7  22.8
‐13.0 (‐14.0 to ‐12.0)
Oxygen saturation, %
Mean SaO2
92.8  2.21
92.1  2.53
92.9  2.19
‐0.8 (‐0.9 to ‐0.6)
% of time spent below 90% SaO2
10.0  23.5
17.9  30.9
9.6  23.1
8.3 (6.6 to 10.0 )
% of time spent below 87% SaO2
2.5  12.2
5.5  18.2
2.4  11.9
3.1 (2.1 to 4.1)
Start SaO2
92.8  2.52
92.0  2.7
92.8  2.5
‐0.8 (‐1.0 to ‐0.7)
End SaO2
93.4  2.30
92.6  2.5
93.4  2.3
‐0.8 (‐1.0 to ‐0.7)
Comorbidities, %
Diabetes
50.7
60.4
50.2
10.2 (‐4.3 to 24.8)
CHF
23.3
26.4
23.1
3.3 (‐9.9 to 16.4 )
COPD
8.4
7.5
8.5
‐1.0 (‐9.3 to 7.3 )
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Table 3.1 (continued)
Variables

Laboratory and treatment‐related
parameters
% of treatments with iHTN
per patient
b
Peridialytic SBP change , mmHg
PreHD SBP, mmHg
PostHD SBP, mmHg
IDWG, kg
IDWG, % of post‐HD weight
Treatment time, min
Ultrafiltration rate, ml/h/kg
Ultrafiltration volume, l
Blood flow rate, ml/min
Serum albumin, g/dl
Hgb, g/dl
WBC, 1000/μl
NLR
Equilibrated Kt/V, g/kg
body weight/day
Creatinine
Dialysate sodium, mmol/l
Serum Sodium, mmol/l
c
Sodium gradient
Serum potassium, mmol/l
Serum bicarbonate, mmol/l
PTH, pg/ml
Ferritin, ng/ml
Serum iron μg/dl
Medication
Epo Dose, U per treatment
Iron Dose, mg per treatment

All patients

Persistent Intradialytic
Hypertension
Present
Absent

Difference between
Groups, Mean (95% CI)

19.1  16.5

61.9  12.1

16.7  13.0

45.2 (41.7 to 48.6 )

‐10.1  24.5
146.7  26.5
136.6  25.0
2.3  1.4
2.9  1.6
203.5  36.4
8.2  4.0
2.3  1.2
438  53
4.0  0.4
10.9  1.3
6.5  3.1
3.6  2.4
1.5  0.4

16.3  22.5
139.2  24.2
155.5  25.0
2.1  1.4
3.2  1.8
198.9  38.7
9.0  4.8
2.1  1.2
431  59
3.9  0.4
10.3  1.2
6.6  2.5
4.6  4.3
1.6  0.4

‐11.3  23.9
147.1  26.5
135.8  24.7
2.3  1.4
2.9  1.5
203.7  36.3
8.1  4.0
2.3  1.2
439  53
4.0  0.3
11.0  1.3
6.5  3.2
3.6  2.3
1.5  0.3

27.6 (26.3 to 28.9)
‐7.8 (‐9.2 to ‐6.5)
19.7 (18.3 to 21.2)
‐0.2 (‐0.3 to ‐0.1)
0.3 (0.2 to 0.4)
‐4.8 (‐7.0 to ‐2.6)
0.9 (0.6 to 1.2)
‐0.2 (‐0.3 to ‐0.1)
‐8 (‐11 to ‐5)
‐0.1 (‐0.2 to ‐0.1)
‐0.6 (‐0.8 to ‐0.5)
0.1 (‐0.4 to 0.6)
1.0 (0.2 to 1.9)
0.1 (0.0 to 0.2)

8.9  3.0
137.2  0.6
138.9  3.2
‐1.8  3.2
4.8  0.6
23.2  2.8
584  561
938  529
78.5  33.3

7.8  2.8
137.0  0.4
138.4  4.1
‐1.3  4.1
4.7  0.7
23.2  2.9
523  458
846  479
72.2  34.3

9.0  3.0
137.2  0.6
139.0  3.2
‐1.8  3.1
4.8  0.6
23.2  2.8
588  566
943  530
78.8  33.4

‐1.2 (‐1.7 to ‐0.6)
‐0.1 (‐0.2 to ‐0.1)
‐0.6 (‐1.4 to 0.2)
0.5 (‐0.4 to 1.2)
‐0.1 (‐0.2 to 0.1)
0.0 (‐0.5 to 0.6)
‐65(‐181 to 51)
‐97 (‐263 to 70)
‐6.6 (‐13.3 to 0.0)

2542  4075
14.8  32.2

3900  4907
20.7  36.7

2482  4024
14.5  31.9

1418 (1144 to 1693)
6.2 (4.1 to 8.3)

Continuous variables are reported as mean ± standard deviation; CI, confidence interval; BMI, body mass
index; SaO2, arterial oxygen saturation; CHF, congestive heart failure; COPD, chronic obstructive pulmonary
disease; SBP, systolic blood pressure; IDWG, interdialytic weight gain; Hgb, hemoglobin; WBC, white blood
cells; NLR, neutrophil‐to‐lymphocyte ratio; Epo, epoetin alfa; iHTN, Intradialytic hypertension; n.a., not
a
2 b
c
applicable. BMI ≥30 kg/m ; postHD SBP ‐ preHD SBP; dialysate sodium concentration – preHD serum
sodium concentration

Peridialytic SBP change and intradialytic SaO2 characteristics
Mean preHD and postHD SBP were 146.7±26.5 and 136.6±25.0 mmHg, respectively. On
average, SBP decreased by 10.1±24.5 mmHg from preHD to postHD. Figure 3.1 displays
the frequency of iHTN. On average patients had iHTN in 19.116.5% of their
treatments.
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Mean intradialytic SaO2 was 92.8±2.2%. On average patients spent 10±23.5% of their
treatment time at SaO2 levels ≤90%.

Figure 3.1

Histogram of percent of HD sessions with intradialytic hypertension. The denominator is the
number of patient‐level HD treatments. The dashed line indicates the population mean.
Intradialytic hypertension was defined as a peridialytic SBP change >10mmHg.

Comparison between piHTN and non‐piHTN patients
Fifty‐three (5.7%) patients had piHTN. A comparison between piHTN and non‐piHTN
patients is displayed in Table 3.1. In piHTN patients peridialytic SBP increased ≥10
mmHg in 62% of treatments. On average peridialytic SBP increased by 16.3±22.5
mmHg, from preHD 139.2±24.2 mmHg to postHD 155.5±25.0 mmHg. In non‐piHTN
patients peridialytic SBP increased ≥10 mmHg in 17% of treatments, and decreased on
average by 11.323.9 mmHg, from preHD 147.126.5 mmHg to postHD 135.824.7
mmHg. piHTN patients were more likely to be female, had lower body weight and BMI,
and were less likely to be obese. Mean, Start and End SaO2 were lower in piHTN
patients. These patients also spent a significantly higher fraction of their treatment
time with a SaO2 <90% and <87%, respectively. IDWG and ultrafiltration volume were
lower in piHTN patients, while IDWG and ultrafiltration rate normalized to postHD body
weight were higher. In piHTN patients serum albumin levels were lower and
neutrophil‐to‐lymphocyte ratios higher. piHTN patients had lower hemoglobin levels
while receiving significantly more epoietin and iron per treatment.
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Correlates of peridialytic SBP change
Results from LME models are listed in Table 3.2. In the unadjusted analysis a one
percent point increase in mean SaO2 was associated with a peridialytic SBP decrease of
0.46 mmHg SBP (p<0.001). A one percent point increase of treatment time spent below
90% SaO2 was associated with a 0.03 mmHg peridialytic SBP increase (p=0.004). These
point estimates remained significant at various levels of multivariate adjustment
(Table 3.2).
Table 3.2

Results of LME models relating indicators of SaO2 (independent variables) with peridialytic SBP
change (dependent variable)

% of treatment time
spent <90% SaO2
Mean SaO2[%]

Unadjusted
Coefficient
P‐value
(95% CI)
2.57
0.004
(0.81, 4.33)
‐0.46
<0.001
(‐0.66, ‐0.25)

a

Minimally adjusted
Coefficient
P‐value
(95% CI)
1.85
0.03
(0.18, 3.53)
‐0.20
0.05
(‐0.41, 0.002)

b

Fully adjusted
Coefficient
P‐value
(95% CI)
1.86
0.03
(0.19, 3.5)
‐0.20
0.05
(‐0.41, 0.003)

a

adjusted for age, diabetes, IDWG % of postHD weight, UFR, preHD SBP and Epoetin alfa Dose; b adjusted for
age, diabetes, IDWG % of postHD weight, UFR, preHD SBP, Epoetin alfa Dose, race, gender and vintage.
IDWG: interdialytic weight gain; SBP: systolic blood pressure; UFR: ultrafiltration rate

Discussion
Our research in a large and diverse population of chronic HD patients shows for the
first time an inverse association between intradialytic SaO2 and peridialytic blood
pressure changes, iHTN, and piHTN.
While observational studies reported several associations of iHTN with clinical
parameters, the exact mechanisms are still not fully understood3,5,10,16‐21. Our study
corroborates recently reported data of iHTN prevalence, where iHTN occurred in 90%
of the patients at least once when observed over 6 months2.
A retrospective analysis of the dry‐weight reduction in hypertensive hemodialysis
patients (DRIP) study revealed that dry weight probing modified the intradialytic blood
pressure slope in addition to lowering the ambulatory blood pressure. Patients whose
dry weight decreased the most during the study changed from flat intradialytic blood
pressure slopes at baseline to steep declines at the end of the trial22. More recently,
bioimpedance measurements have demonstrated that patients with intradialytic SBP
rise were fluid overloaded and had a higher extracellular‐to‐total body water
ratio17,23,24. Those studies concluded that reassessment of dry weight should be the
initial approach in patients with increased postHD SBP. It is important to note that fluid
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overload may reduce alveolar oxygen diffusion, resulting in reduced SaO2 and tissue
hypoxia. In fact, Anand et al.25 found a positive relationship between the slope of the
relative blood volume (RBV) curve, an indirect marker of volume status, and change in
SaO2 indicating a contribution of volume overload to hypoxemia. In our population
piHTN patients had a lower IDWG and UFV in absolute terms, but higher if normalized
to body weight; this finding is explained by their lower postHD weight. Furthermore,
piHTN patients had a lower BMI and a lower fraction of obese patients.
We hypothesize that the activation of at least two pathways may result in a SBP rise in
the face of low SaO2. First, poor SaO2 may result in tissue hypoxia. Evidence from both
humans and rodents indicates that hypoxia triggers sympathetic activation and
elevation of blood pressure26‐29. Peripheral chemoreflex sensitivity is particularly
enhanced in patients with sleep apnea, which is highly prevalent in end stage renal
disease patients and frequently associated with hypertension30,31. Additionally,
sympathetic overactivity has been observed in patients with iHTN8. Further, in vitro
studies have shown that hypoxemia induces endothelin‐1 secretion from endothelial
cells, a process promoted by reactive oxygen species (ROS)32‐34. Kanagy et al.35 have
shown in rats that intermittent hypoxemia triggered a significant increase of
endothelin‐1 plasma levels, causing increased mean arterial pressure35. Another study
in mice observed that endothelin‐1 is a major contributor to the vascular inflammatory
remodeling induced by intermittent hypoxia36. Of note, in patients with sleep‐
disordered breathing hypoxemia is associated with elevated plasma levels of
endothelin‐137 and facilitates endothelial dysfunction38,39. Similarly, iHTN is associated
with severe impairments of endothelial function with altered NO/ET‐1 balance16,40,41. It
is intriguing to speculate, that increased ROS production due to intradialytic hypoxemia
and tissue hypoxia induces endothelin‐1 secretion, consecutive vasoconstriction, and
eventually iHTN. Testing the hypothesis of a direct link between intradialytic hypoxia
and BP changes would require simultaneous measurements of SaO2, sympathetic
activity, BP, and endothelin‐1 levels during HD. To the best of our knowledge this has
not been done yet.
Carvedilol is suggested as treatment for patients with iHTN. Besides to being an alpha‐
and beta‐adrenoceptor antagonist, carvedilol is also a potent antioxidant. Therefore it
may act by preventing the effects caused by hypoxemia on endothelial cells. In a pilot
study carvediol has been shown to reduce intradialytic blood pressure surges by
targeting endothelial cell dysfunction42.
Patients with iHTN are also prone to interdialytic hypertension10,43. It has been shown
that the elevated postHD blood pressure persists for many hours44. Similarly, dialysis
induced hypoxemia has been observed lasting for hours beyond the end of the HD
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session45. Future studies with concurrent measurements of interdialytic SBP and SaO2
would be of great interest.
Admittedly, our study has a few limitations. First, as it is a retrospective observational
study, no conclusions towards causation can be drawn. While we employed a widely
used definition of iHTN based on peridialytic SBP change, a systematic prospective
study of intradialytic blood pressure relative to SaO2 would be important. In addition,
postHD SBP may have been modified by intradialytic interventions like change in
ultrafiltration rate or fluid infusion on some occasions. Unfortunately, data regarding
fluid status (e.g. by using bioimpedance), antihypertensive drugs, and residual renal
function are not recorded in our database; we acknowledge that this kind of data
would have greatly added to our analysis. Lastly, our study is limited to patients with
arterio‐venous access.
In conclusion, this is the first study to report an association between low intradialytic
arterial oxygen saturation and intradialytic hypertension. We hypothesize that low SaO2
may result in sympathetic activation and increased endothelin‐1 secretion, both
processes that would favor a blood pressure rise. Testing this hypothesis will require
specifically designed prospective clinical studies with concurrent biochemical and
physiological measurements. We believe that our results will motivate and encourage
adequately equipped and trained clinical researchers to embark on specialized studies
to that end, since further investigations in the pathophysiological mechanisms behind
intradialytic hypertension and its association with hypoxemia are clearly required.
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1,532 patients with arterio‐
venous access between
1/1/2012 and 31/9/2014
550 patients excluded:
2 missing clinical data link
548 had <10 SaO2 measurements
982 patients in the final
analytical data set
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Abstract
Central venous oxygen saturation (ScvO2) in the superior vena cava is predominantly
determined by cardiac output, arterial oxygen content, and oxygen consumption by the
upper body. While abnormal ScvO2 levels are associated with morbidity and mortality
in non‐uremic populations, ScvO2 has received little attention in hemodialysis patients.
From 1/2012 to 8/2015, 232 chronic hemodialysis patients with central venous
catheters as vascular access had their ScvO2 monitored during a 6‐month baseline
period and followed for up to 36 months. Patients were stratified into upper and lower
two tertiles by a ScvO2 of 61.1%. Survival analysis employed Kaplan‐Meier and adjusted
Cox proportional hazards. Patients in the lower tertiles of ScvO2 were older, had longer
hemodialysis vintage, lower systolic blood pressure, lower ultrafiltration rates, higher
leukocyte counts and neutrophil‐to‐lymphocyte ratios. Kaplan‐Meier analysis indicated
a shorter survival time in the lower tertiles of ScvO2 (P=0.005, log‐rank test). In
adjusted Cox analysis, a 1 percent point decrease in mean ScvO2 was associated with a
4% increase in mortality (HR 1.04 [95% CI 1.01‐1.08], P=0.044). Low ScvO2 is associated
with poor outcomes. Research on the relative contributions of cardiac output and
other factors is warranted to further elucidate the pathophysiology underlying this
novel finding.
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Introduction
The mortality rate of hemodialysis (HD) patients is elevated compared to the normal
population1. The primary cause of mortality is cardiovascular disease (CVD), and there
is evidence that the mechanism for CVD in HD patients differ from the traditional CVD
risk factors in the general population2,3. High ultrafiltration rates (UFR), episodes of
intradialytic hypotension, presence of congestive heart failure (CHF) and left ventricular
hypertrophy (LVH) are some of the factors that have been associated with increased
mortality4,5. Additionally nocturnal hypoxemia in HD patients has been demonstrated
to be associated with worse cardiovascular outcomes6,7.
Mixed venous oxygen saturation (SmvO2) and central venous oxygen saturation (ScvO2)
have been used in critical care to guide fluid resuscitation8. SmvO2 is the oxygen
saturation in the pulmonary artery, which receives blood from the superior vena cava,
the inferior vena cava, and the coronary sinus, and therefore reflects – in the absence
of arterial venous shunts – the aggregated effects of oxygen delivery to and utilization
by the entire body. ScvO2 from upper body central venous catheters (CVC) is the
oxygen saturation of blood in the superior vena cava, which reflects the aggregate of
oxygen delivery to and utilization by the upper body. Although resting SmvO2 and ScvO2
differ due to the higher oxygen extraction in the upper body, the time trends of SmvO2
and ScvO2 are comparable under most circumstances9‐11. While the measurement of
SmvO2 requires pulmonary artery catheterization, ScvO2 can be more easily obtained
from a CVC.
ScvO2 is determined by oxygen delivery to and oxygen consumption of the arms, head,
and upper portion of the torso; the former depends on the arterial blood oxygen
content and the cardiac output (CO). At rest with stable arterial oxygen saturation
(SaO2), hemoglobin, and tissue oxygen consumption, ScvO2 can serve as a surrogate of
CO. Poor oxygen delivery can be caused by decreased CO, e.g. from CHF or reduced
cardiac preload, or decreased arterial oxygen content, e.g. due to anemia or hypoxemic
states. Oxygen consumption is determined by metabolic status and is altered in sepsis,
fever, exercise and sedation12. ScvO2 in the general population is poorly defined, as
obtaining this measurement requires a CVC, and patients who require CVC placement
are generally significantly ill. One study in healthy subjects found a ScvO2 of 76.8±5.2%
during cardiac catheterization13.
Studies in non‐uremic populations, have found that abnormal ScvO2 levels are
associated with worse morbidity and mortality8,14‐18. ScvO2 levels in HD patients have
not been well described. In patients who have ESRD with CVC as vascular access, ScvO2
can be easily and continuously obtained during HD treatments by using the Crit‐Line
monitor TM (CLM). The CLM is used routinely Renal Research Institute HD units, which
allowed us to investigate the ScvO2 in maintenance HD patients. The goals of our study
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were to evaluate the baseline characteristics of patients with different levels of
intradialytic ScvO2 and to examine the associations between ScvO2 and mortality.

Methods
Population and study design
This is a retrospective multi‐center study of a cohort of maintenance HD patients from
17 facilities of the Renal Research Institute (RRI) across the United States between
January 2012 and August 2015. In these clinics, CLM use is part of standard care. All
patients were treated with bicarbonate dialysate and polysulfone membranes. Over
80% of patients had a prescribed dialysate temperature of 37°C. All patients who
received HD via a CVC and had at least 6 months of clinical data and 10 dialysis
treatments with eligible ScvO2 recordings (definition of eligibility see below) were
eligible for inclusion into the study. Therefore our study included both incident and
prevalent HD patients. The CLM was rolled out into dialysis units in a staggered
manner, and we used the first treatment with CLM data as start date of the patients’ 6
month baseline period. Since eligible patients had to contribute 6 months’ worth of
data, by design only those patients who survived for at least 6 months were included
into the study (Figure 4.1). Patient characteristics were assessed over the baseline
period, and mortality was assessed during a follow‐up period for a maximum duration
of three years. Figure 4.2 summarizes the study design. For group comparison patients
were stratified based on the population ScvO2 that separated the top tertile from the
bottom two tertiles. Descriptive statistics of the ScvO2 distribution showed a ScvO2 of
61.1% to be the cut‐off between these two groups. Patients were censored in the
event of kidney transplantation, transfer to a non‐RRI facility, dialysis treatment
modality change, recovery of kidney function, or end of follow‐up.
The study was approved by the New England Institutional Review Board (14‐446) and
conducted in accordance with the Declaration of Helsinki. Informed consent was not
obtained as this was determined not to be human subject research, and we were
working with de‐identified data.
This study has been registered at clinicaltrials.gov (NCT02501044).
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Figure 4.1

HD: hemodialysis, ScvO2: central venous oxygen saturation

Figure 4.2

Data were reviewed starting from January 1, 2012. Due to the staggered deployment of Crit‐
line monitors to dialysis units, patients were enrolled into the study on a rolling basis. The first
hemodialysis treatment with ScvO2 measurements marked the beginning the 6‐month baseline
period. Follow‐up ended with either end of study (August 31, 2015), death, treatment modality
change, recovery of renal function, or transfer to another dialysis facility. ScvO2: central venous
oxygen saturation

Measurement of ScvO2
Intradialytic ScvO2 measurements were obtained by the CLM. The CLM has been
approved by the U.S. Food and Drug Administration (FDA) for the measurement of
hematocrit, relative blood volume, and oxygen saturation in the extracorporeal dialysis
circuit. The CLM measures oxygen saturation 9,000 times per minute and reports the
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mean of these measurements every minute. The manufacturer reported accuracy for
oxygen saturation measurement is 2%. Patients’ mean, median, minimum, maximum,
standard deviation, start‐HD, end‐HD ScvO2 was calculated per treatment and then
averaged across all treatments per patient and subsequently across patients. We chose
to do our analysis using the mean ScvO2 as there was low variability across treatments
for each patient (mean coefficient of variability of 7.5±4%).

Clinical and laboratory data
Laboratory measurements were done at Spectra East Laboratories (Rockleigh, NJ, USA).
The results were downloaded to the RRI data warehouse and extracted to the study
database. Continuous variables were averaged during the baseline period. BMI was
calculated using post‐HD dry weight.

Data eligibility
To ensure appropriate data quality, we included only treatments where mean ScvO2
was below 85%, as higher values are incompatible with central venous blood.13 Mean
ScvO2 measurements less than 25% were excluded because they are considered
incompatible with life.19 Additionally, data points with relative blood volume
measurements above 102% were considered very unlikely, potentially due to saline
administration, and hence excluded. This constituted 3% of all data points.

Comorbidities
CHF, DM, and COPD were defined using International Classification of Diseases ‐ 9
(ICD‐9) codes.

Statistical analysis
Continuous variables are presented as mean ± standard deviation (SD) if normally
distributed and as median (25th, 75th percentile) otherwise. Categorical variables are
presented as percentages of the respective group. Statistics of ScvO2 variables were
calculated on a HD treatment level and then aggregated on a patient level.
Baseline characteristics of exposed and unexposed were compared using chi‐square
test for categorical variables and two‐sample t test for continuous variables, Wilcoxon
Rank‐Sum test were used for non‐parametric variables. Survival characteristics were
compared using Kaplan‐Meier plots, log‐rank test, and Cox proportional hazards
models.
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Statistical analyses were performed using SAS version 9.3 (SAS Institute Inc., Cary, NC)
and R 3.0.2 (libraries ggplot2, splines, survival, pspline; R Foundation for Statistical
Computing, Vienna, Austria).

Results
Baseline patient characteristics
The final analytical cohort comprised of 232 patients with 6,042 HD treatments and
was derived after a deliberate step‐by‐step data cleaning process at the treatment
level. Patients were only excluded in the event that they did not contribute sufficient
data during baseline, either because of end of study, death, treatment modality
change, recovery of renal function, or transfer to another dialysis facility (Figure 4.1).
The initial population comprised of 579 patients with CVC as dialysis access, with a total
of 15,792 HD treatments with ScvO2 measurements from January 1, 2012 until August
31, 2015. We excluded 3,650 treatments (23%) as they had a mean ScvO2 of greater
than 85% and 25 treatments (0.16%) as they had a mean ScvO2 of less than or equal to
25%. We also excluded 4,185 treatments (26.5%) that occurred after the 6‐month
baseline period. This left us with 579 patients and 7,937 HD sessions, from which we
excluded 347 patients with 1,895 HD treatments from the subsequent analysis because
they had less than the required 10 HD treatments with ScvO2 recordings and/or less
than 6 months of follow up (Figure 4.1). Out of the 155 patients excluded for not
having 6 months of follow up time, 79 were due to death.
In our study population, the mean age was 62.7±15.7 years, dialysis vintage was
2.9±4.6 years, 56 % were white, 48.3% were male, 59% had diabetes mellitus (DM),
22% had CHF, and 10.3% had chronic obstructive pulmonary disease (COPD) (Table
4.1). Median follow‐up time was 431 days.
During baseline, ScvO2 was recorded in 26±13.3 HD treatments per patient. On a
population level the ScvO2 was normally distributed with a mean of 58.7±7.3%. Analysis
of intradialytic ScvO2 dynamics across all patients indicated that on average ScvO2
slightly increased over the first 60 minutes of treatment, and then progressively
declined below starting levels towards the end of HD (Figure 4.3).
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Table 4.1
Variables

Baseline characteristics of all patients, lower tertiles and upper tertile
All patients
Lower Two Upper Tertile Group Difference
Mean±SD
Tertiles
Mean±SD
Mean (95% CI)
Mean±SD
Patients [N]
232
154
78
Number of eligible HD
26.1±13.3
26.1±13.1
26.1±13.8
0.0 (‐3.8 to 3.6)
treatments during baseline
[per patient]
Demographics
Age [years]
62.7±15.7
66.0±13.8
56.2±17.3
9.8 (5.3 to 14.2)
Race [% white]
56.0
53.9
60.3
‐6.4
Gender [% male]
48.3
48.1
48.7
‐0.6
Vintage [years]
2.9±4.6
3.3±5.1
2.0±3.6
1.3
2
BMI [kg/m ]
28.1±6.9
28.6±7.0
27.3±6.5
1.2 (‐0.7 to 3.2)
ScvO2 saturation [%]
Mean ScvO2
58.7±7.3
54.9±5.3
66.3±4.2 ‐11.4 (‐12.6 to ‐10.1)
Median ScvO2
59.1±7.3
55.2±5.3
66.6±4.2 ‐11.4 (‐12.7 to ‐10.1)
Minimum ScvO2
48.4±9.7
44.4±8.9
56.3±5.7 ‐11.9 (‐13.8 to ‐10.0)
Maximum ScvO2
65.2±6.2
62.0±4.6
71.5±3.6
‐9.5 (‐10.6 to ‐8.4)
SD ScvO2
3.4±1.1
3.6±1.1
2.9±0.8
0.7 (0.4 to 0.9)
Start ScvO2
59.1±7.4
55.4±5.6
66.5±4.4
‐11.1 (‐12.4 to ‐9.8)
End ScvO2
57.3±7.8
53.5±6.2
64.8±4.8
‐11.3 (‐12.7 to ‐9.8)
End – Start ScvO2
‐1.8±3.6
‐1.9±3.7
‐1.7±3.5
‐0.2 (‐1.2 to 0.8)
Comorbidities [%]
Diabetes
59.0
60.4
56.4
4.0
CHF
22.0
21.4
23.1
‐1.7
COPD
10.3
11.0
9.0
2.0
Treatment parameters
Pre‐dialysis SBP [mmHg]
146.4±22.0
143.7±22.9
151.7±19.1 ‐8.0 (‐14.0 to ‐2.1)
Post‐dialysis SBP [mmHg]
140.3±20.1
137.8±20.5
145.5±18.2 ‐7.6 (‐13.0 to ‐2.2)
Peridialytic SBP change
‐6.1±11.9
‐6.0±11.7
‐6.4±12.4
0.4 (‐2.9 to 3.7)
[mmHg]
IDWG [kg]
2.0±0.8
1.9±0.8
2.1±0.8
‐0.12 (‐0.3 to 0.1)
IDWG relative to
2.6±0.9
2.5±0.9
2.8±1.0
‐0.3 (‐0.6 to ‐0.1)
post‐dialysis weight [%]
UFV [l]
1.9±0.8
1.9±0.79
2.0±0.8
‐0.1 (‐0.4 to 0.1)
Normalized UFV [mL/kg]
25.3±9.7
24±8.9
28±10.7
‐4(‐6.6 to ‐1.4)
Post‐dialysis weight [kg]
77.4±20.4
79.0±21.4
74.3±18.1
4.6 (‐0.9 to 10.2)
Treatment time [minutes]
219.0±23
217.7±23.8
221.5±21.1
‐3.7 (‐10.1 to 2.5)
Equilibrated Kt/V
1.5±0.3
1.5±0.3
1.5±0.2
0.0 (‐0.1 to 0.1)
Laboratory parameters
Hgb [g/dl]
10.6±0.9
10.6±0.9
10.6±0.96
0.0 (‐0.3 to 0.3)
Serum sodium [mmol/l]
138.6±3.1
138.6±3.2
138.7±2.8
‐0.1 (‐0.9 to 0.7)
Serum potassium
4.7±0.6
4.6±0.6
4.7±0.4
‐0.1 (‐0.2 to 0.1)
[mmol/l]
Intact PTH [pg/ml]
518.3±481.1 538.3±498.3 478.6±445.4 59.7 (‐72.9 to 192.2)
Serum bicarbonate
23.4±2.2
23.3±2.3
23.7±2.2
‐0.4 (‐1.0 to 0.2)
[mmol/l]
Leukocytes [1000/µl]
7.0±2.0
7.2±2.1
6.6±1.7
0.6 (0.1 to 1.1)
Platelets [1000/µl]
212.9±63.9
216.9±65.1
205.1±61.3
11.8 (‐6.5 to 30.1)
NLR
4.4±2.6
4.6±2.8
3.8±2.0
0.79 (0.2 to 1.4)
Serum albumin [g/dl]
3.8±0.4
3.7±0.4
3.8±0.4
‐0.1 (‐0.2 to 0.04)
Ferritin [ng/ml]
780.5±510.2 798.8±487.9 744.7±552.9 54.1 (‐86.8 to 195.0)
Transferrin saturation [%]
30.7±9.5
29.8±8.9
32.6±10.5
‐2.8 (‐5.4 to ‐0.2)

P‐ value

a

0.953

a

0.001
b
0.357
b
0.924
c
0.0136
a
0.207
n.a.
n.a.
n.a.
n.a.
a
<0.001
n.a.
n.a.
0.62
b

0.560
b
0.775
b
0.626
a

0.009
a
0.006
a
0.820
a

0.249
a
0.007
a

0.173
a
0.003
a
0.102
a
0.235
a
0.610
a

0.962
a
0.782
a
0.292
a

0.376
a
0.165
a

0.019
a
0.204
a
0.015
a
0.165
a
0.45
a
0.036

95% CI, 95% confidence interval; SD, standard deviation; ScvO2, central venous oxygen saturation; BMI, body
mass index; CHF, congestive heart failure; COPD, chronic obstructive pulmonary disease; SBP, systolic blood
pressure; UFV, ultrafiltration volume; IDWG, interdialytic weight gain; Hgb, hemoglobin; PTH, parathyroid
a
b
c
hormone; NLR, neutrophil‐to‐lymphocyte ratio; n.a., not applicable. t test; Chi‐square test; Wilcoxon test
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Figure 4.3

Time course of mean ScvO2 during hemodialysis in all patients (green), lower two tertiles (red)
and upper tertile (blue). The respective 95% confidence intervals are indicated in gray

ScvO2 as a dichotomous outcomes
Comparison of baseline characteristics between upper and lower tertiles
Patients were stratified into upper tertile (N=78) and lower two tertiles (N=154); a
mean ScvO2 level below 61.1% during baseline period separated the two groups. A
comparison of baseline characteristics between upper and lower tertiles is presented in
Table 4.1. The patients in the lower tertiles were older (66.0±13.8 years vs. 56.2±17.3
years, P<0.001), had longer dialysis vintage (3.3±5.1 years vs. 2.0±3.6 years, P=0.031),
lower pre‐dialysis systolic blood pressure (SBP) (143.7±22.9 mmHg vs. 151.7±19
mmHg, P=0.009), lower post‐dialysis SBP (137.8±20.5 mmHg vs. 145.5±18.2 mmHg,
P=0.006), and had lower normalized UFR (6.8±2.4 ml/kg/hr vs. 7.7±2.9 ml/kg/hr,
P=0.015). Furthermore, lower tertile subjects had higher leukocyte counts (7.2±2.1 *
1000/µl vs. 6.6±1.7 * 1000/µl, P=0.019) and higher neutrophil‐to‐lymphocyte ratio
(NLR) (4.6±2.8 vs 3.8 ±2.0, P=0.015). There was no statistically significant difference in
comorbidities of DM, CHF or COPD.
Mortality between upper and lower tertiles
During the 36‐month follow‐up period, there were a total of 54 deaths, 45 in the lower
two tertiles and 9 in the upper tertile. Mortality rate was 24.1/100 patient years in
lower two tertiles and 9.0/100 patient years in upper tertile (P=0.005). Univariate
Kaplan‐Meier analysis indicated a significantly shorter survival among lower tertile
patients (P=0.005, log‐rank test) (Figure 4.4).
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Figure 4.4

Kaplan‐Meier estimates for survival probabilities in exposed (red) and unexposed (blue)
cohorts, respectively. Median follow up for the lower two tertiles was 428 days while the
median follow up time for the upper tertile was 432 days. The number of patients at risk is
indicated in the table below the graph. The time to death differs significantly between the two
groups (P=0.0051, log‐rank test

ScvO2 as a continuous variable
In unadjusted Cox analysis, for every 1 percent point decrease in mean ScvO2 there was
an associated 6% increase in mortality (HR 1.06 (1.03‐1.10)). There was no material
change in the results after adjustment for age, gender, comorbidities (COPD and CHF),
log vintage, inflammatory markers (albumin, NLR), hemoglobin and erythropoietin dose
(HR 1.04 (1.01‐1.08)) (Table 4.2).
Table 4.2

Crude and adjusted hazard ratios for all‐cause mortality for a 1% decrease in central venous
oxygen saturation.
a

Outcome
All‐cause
mortality

b

c

Crude
Minimally Adjusted
Fully Adjusted
Events
HR (95% CI)
P Value
HR (95% CI)
P Value
HR (95% CI)
P Value
54
1.06 (1.03 to 1.10) <0.001 1.05 (1.02 to 1.09) 0.003 1.04 (1.01 to 1.08) 0.0437
a

b

HR, hazard ratio. Unadjusted model; Adjusted for age, gender, chronic obstructive pulmonary disease and
c
congestive heart failure; Adjusted for age, gender, chronic obstructive pulmonary disease, congestive heart
failure, albumin, hemoglobin, erythropoietin dose, neutrophil to lymphocyte ratio and log vintage

Correlates of ScvO2
Figure 4.5 depicts the relationship between ScvO2 and patient characteristics that were
found to differ between the two groups. Mean ScvO2 across patients was plotted
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against age, log vintage, body mass index (BMI), interdialytic weight gain (IDWG)
relative to post‐HD weight, post‐HD SBP, and NLR. As vintage was not normally
distributed, it was log transformed. Age, BMI, log vintage and NLR were negatively
associated with ScvO2, while post‐HD SBP and IDWG were positively correlated with
ScvO2. While all correlates were statistically significant except for ScvO2 and log vintage
(P=0.9), correlation coefficients were relatively low.

Figure 4.5

Correlates of central venous oxygen saturation with respect to patient characteristics. Each
point represents one patient; the depicted data points represent the respective parameter
averages during the 6‐month baseline period. (A) Age; (B) Log vintage; (C) Body mass index; (D)
Interdialytic weight gain relative to post‐dialysis body weight; (E) Post‐dialysis systolic blood
pressure; (F) Neutrophil‐to‐lymphocyte ratio
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Discussion
Our study indicates that in chronic HD patients with CVC as vascular access, lower
ScvO2 levels are associated with poorer survival.
Despite the relative ease with which ScvO2 can be obtained in HD patients with CVC as
access, to date only small studies have examined this key indicator of cardiac function.
Cordtz et al.20 in 2008 evaluated 20 HD patients and classified them as either
hypotension prone or hypotension resistant and measured their ScvO2 at treatment
initiation and end. The authors found a significant decrease in ScvO2 in hypotension
prone patients. Harrison et al.21 investigated 18 HD patients and found a strong inverse
correlation between ScvO2 at the end of dialysis and ultrafiltration volume normalized
to post‐HD body weight. A recent review of intradialytic oxygen saturation did not
identify any previous research examining the association between ScvO2 and patient
survival.22
In the study by Harrison et al. the mean ScvO2 was 63.5±13% pre‐HD and 56.4 ±8%
post‐HD21, whereas in the study by Cordtz et al. the initial ScvO2 was 52.2±6.7% in
hypotension prone and 49.7±6.9% in hypotension resistant patients.20 While these
studies focused on ScvO2 at HD start and end, we examined ScvO2 continuously
throughout the HD session. The ScvO2 levels found in our study are below the levels of
70% observed in healthy subjects13, but consistent with those reported in HD patients.
The exact etiology of low intradialytic ScvO2 in HD patients is not well established, but
may be partially explained by the lower hemoglobin levels, and the higher prevalence
of cardiac dysfunction and pulmonary hypertension in HD patients.
In our cohort, when ScvO2 was assessed throughout the entire HD treatment, on
average ScvO2 increased slightly over the first hour and then progressively declined
during the remaining treatment time. The determinants of ScvO2 can be visualized by
rearrangement of the familiar form of Fick’s law and replacement of SmvO2 with ScvO2,
and CO with upper body blood flow (UBBF), which results in the following equation
ScvO2 = SaO2-

100 * Upper body oxygen consumption
K * Hgb * UBBF

with ScvO2 and SaO2 in %, upper body oxygen consumption in ml/min, Hgb in g/l, UBBF
in l/min, and K being 1.34, the amount of oxygen (in ml) bound per g of hemoglobin.
Therefore, there are four components which may change during HD and that will cause
a decrease in ScvO2; (i) increased tissue oxygen consumption; (ii) a decrease in SaO2,
(iii) a decrease in hemoglobin concentration, and (iv) a decrease in upper body blood
flow. An increase in oxygen consumption can occur due to an increase in metabolic
rate. A small study done in maintenance HD patients found that whole body energy
expenditure, measured by indirect calorimetry, increased during HD23. However, to
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what extent the upper body energy expenditure changes during HD is currently
unknown. It would be of interest to know if oxygen consumption by the brain, by far
the largest consumer of oxygen in the upper body, changes during HD. Intradialytic
SaO2 has been demonstrated to decrease during the first hour of HD; unfortunately we
do not have SaO2 levels in these patients24. While HD patients have lower hemoglobin
levels than the general population, during HD as UF occurs and the relative blood
volume decreases, hemoglobin levels generally rise due to hemoconcentration25. We
suspect that a reduction in CO and consequently a decrease in upper body blood flow
is the predominant driving factor leading to a drop in ScvO2. The almost linear relation
between cerebral perfusion and CO has been recently reviewed26. When faced with
any of the other possibilities in a patient with intact cardiac function, there should be a
compensatory response in CO27. There is growing literature on depressed CO during HD
treatment due to poor vascular refill and regional wall motion abnormalities
(RWMA)28,29. In fact, a recent study using intradialytic magnetic resonance imaging of
the heart demonstrated that systolic contractile function fell during HD, with all
12 patients experiencing some degree of segmental left ventricular dysfunction along
with evidence of decreased intravascular volume and an inadequate heart rate
response30.
ScvO2 in patients with sepsis, post‐surgery, and trauma has been examined, with
studies finding that abnormal ScvO2 levels are associated with increased morbidity and
mortality.15,16,18 However, the ESRD population is unique in many aspects, and the
results of prior studies in other populations therefore may not be fully applicable.
We and others have observed a left shift of the ScvO2 distribution in HD patients
compared to healthy subjects, possibly related to anemia and lower CO. Therefore we
refrained from defining comparison groups based on ScvO2 levels obtained in healthy
subjects but rather used ScvO2 tertiles obtained from our large HD population, where a
ScvO2 of 61.1% separated the top from the bottom two tertiles13,31. In a review of
literature, ScvO2 levels below 64.4% were associated with morbidity post‐surgery, and
values below 62% were associated with mortality in patients with pulmonary
hypertension18,32. In the trauma setting, ScvO2 <65% on initial evaluation in the
emergency room predicted higher blood loss and greater severity of injuries.16 We
complemented this binary analysis with a continuous spline analysis of the association
between ScvO2 and hazard ratio for all‐cause mortality; that analysis indicated that
mean ScvO2 levels below 63% were associated with increased mortality.
Our finding that patients with lower ScvO2 were older may reflect the poorer cardiac
function expected in older subjects. Of note, the prevalence of CHF increases with age,
as does CHF mortality33. On univariate analysis, age was an independent risk factor for
mortality. However, even after adjustment for age in our analysis, ScvO2 as a
continuous variable remained a significant predictor of mortality.
While the correlation coefficients were low, we identified several significant
correlations between ScvO2 and patient variables such as the association between
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lower ScvO2 levels and longer dialysis vintage. We speculate that this finding may be
related to recurrent hemodynamic stress and cardiac injury caused by HD. McIntyre et
al. demonstrated that HD induced RWMA in a subset of maintenance HD patients.
While at baseline there was no difference in left ventricular ejection fraction (LVEF)
between patients who developed RWMA and those that did not, at 1 year follow‐up,
the group of patients that developed RWMA during HD had significantly lower resting
LVEF.5
In our study, lower tertile patients had lower pre‐HD and lower post‐HD SBP, a finding
possibly related to low CO. Of note, an association between low pre‐HD SBP and
mortality has been repeatedly shown34,35. It is interesting to note that in our study the
prevalence of CHF did not differ between lower and upper tertiles. Unfortunately, no
routine echocardiography assessments were available in our patients, so we cannot
comment on the possibility of deficient documentation, classification or misdiagnosis
of CHF. One intriguing possibility is that we may be identifying a group of patients
without clinically overt signs and symptoms of CHF at rest, who however have reduced
cardiac reserve or autonomic dysfunction and are unable to mount the necessary
increase in sympathetic response and CO when faced with the hemodynamic stress of
HD28,36.
The main limitation of our study is its observational nature, which prevents any
conclusions related to causality. As mentioned earlier, routine echocardiograms are
unfortunately not available in our study population, making potentially very insightful
correlational analyses of ScvO2 and cardiac structure and function impossible. Lastly,
we appreciate that ScvO2 measurements may be altered by changes in catheter tip
position due to changes in body position; however, we have no indication that this may
affect one of the two groups disproportionally and created any bias.
Considering a recent review of this topic, we believe that this is the largest study to
date examining the epidemiology of ScvO2 in maintenance HD patients22. CVC are used
as vascular access in the majority of U.S. patients starting HD.1 While this situation is
certainly not desirable, the presence of a CVC allows us to measure ScvO2, a vitally
important physiological parameter. This additional diagnostic opportunity may be
particularly important in the incident period, the time with the highest cardiovascular
morality rate.1 In fact, a recent study published by Mancini et al. demonstrates that
variability in SaO2 is associated with intradialytic hypotension37. This supports the
potential role of oxygen saturation monitoring during dialysis.
In conclusion, our research shows that routine measurement of ScvO2 during HD
provides a novel window into patients’ biology that may help to improve our care for
this vulnerable patient population.
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Abstract
Background
Cardiac disease is highly prevalent in hemodialysis patients. Decreased tissue perfusion,
including cardiac, due to high ultrafiltration volumes (UFV) is considered to be one
driver of cardiac dysfunction. While central venous oxygen saturation (ScvO2) is
frequently used as an indicator of cardiac output in non‐uremic populations, the
relationship of ScvO2 and UFV in hemodialysis patients remains unclear. Our aim was to
determine how intradialytic ScvO2 changes associate with UFV.
Methods
We conducted a 6‐months retrospective cohort study in maintenance hemodialysis
patients with central venous catheters as vascular access. Intradialytic ScvO2 was
measured with the Critline monitor. We computed treatment‐level slopes of
intradialytic ScvO2 over time (ScvO2 trend) and applied linear mixed effects models to
assess the association between patient‐level ScvO2 trends and UFV corrected for body
weight (cUFV).
Results
We studied 6,042 dialysis sessions in 232 patients. In about 62.4% of treatments ScvO2,
decreased. We observed in nearly 80% of patients an inverse relationship between
cUFV and ScvO2 trend, indicating that higher cUFV is associated with steeper decline in
ScvO2 during dialysis.
Conclusions
In most patients higher cUFV volumes are associated with steeper intradialytic ScvO2
drops. We hypothesize that in a majority of patients the intradialytic cardiac function is
fluid dependent, so that in the face of high ultrafiltration rates or volume, cardiac pre‐
load and consequently cardiac output decreases. Direct measurements of cardiac
hemodynamics are warranted to further test this hypothesis.
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Introduction
Cardiac disease accounts for over 40% of mortality in end stage renal dialysis (ESRD)
patients. While the prevalence of cardiac disease is higher in older hemodialysis (HD)
patients, the prevalence of cardiac disease in patients aged 20‐44 years is greatly
elevated compared to an age‐matched general population1. While traditional risk
factors such as hypertension, diabetes mellitus and hyperlipidemia are contributors,
dialysis specific factors such as anemia, hypoalbuminemia, and chronic inflammation
have also been incriminated2. Congestive heart failure (CHF) is highly prevalent among
ESRD patients, and HD treatment factors such as recurrent hemodynamic stress due to
high ultrafiltration rates (UFR), intradialytic cardiac stunning due to decrease
myocardial perfusion, and episodes of intradialytic hypotension (IDH) may play a role in
CHF pathogenesis3‐5.
The concurrence of CHF and ESRD makes fluid management particularly challenging.
Not only are these patients more volume sensitive and prone to volume overload, but
CHF patients are particularly prone to hypotension, and fluid removal is limited by IDH
episodes. A common therapeutic response to IDH is to administer saline boluses and
often by the end of treatment patients are unable to attain their prescribed fluid status
target. Additionally, episodes of IDH are not only uncomfortable for patients, but
associated with worse outcomes6.
Central venous oxygen saturation (ScvO2) is determined by cardiac output, hemoglobin
levels, arterial oxygen saturation, and oxygen extraction by the organs that drain into
the superior vena cava. Therefore, ScvO2 may serve as a proxy of cardiac output, more
specifically of upper body blood flow7,8. This relationship has been recognized for
decades and hence intensivists use ScvO2 for directed fluid management in sepsis,
trauma, and post‐surgery. In the renal field, a study in 18 maintenance HD patients
revealed a significant inverse association between ScvO2 at the end of dialysis and
ultrafiltration volume corrected for body weight (cUFV)9. However, the dynamical
changes of ScvO2 relative to cUFV are currently unclear.
The goal of our study was to explore the relationship between intradialytic ScvO2
changes and cUFV in a large and diverse population of chronic HD patients, employing
automated intradialytic minute‐to‐minute measurements of ScvO2 during multiple
treatments per patient.

Subjects and methods
Population and study design
This retrospective multi‐center study utilized routinely collected data from
maintenance HD patients dialyzed in 17 U.S. facilities of the Renal Research Institute
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(RRI) between January 2012 and August 2015. In these clinics, the Critline monitor
(CLM; Fresenius Medical Care, Waltham, MA) was used as part of standard of care. All
patients were treated with bicarbonate dialysate and polysulfone membranes.
As the CLM was introduced into RRI clinics on a rolling basis, patient recruitment also
occurred on a rolling basis. Patient characteristics, ScvO2 and other clinical factors were
monitored for 6 months starting with the first hemodialysis treatment with eligible
ScvO2 readings. Only patients with at least 10 hemodialysis treatments with eligible
ScvO2 recordings were included in the final analysis.

Data eligibility
Only patients with documented CVC were included in this study. To ensure sound CLM
data, we included only treatments with a mean ScvO2 below 85%, as higher values are
likely from patients inappropriately documented as having CVC and instead likely have
fistulas/grafts and therefore are arterial. Mean ScvO2 levels below 25% are considered
incompatible with life and were thus excluded. ScvO2 measurements concurrent with a
relative blood volume (RBV) above 102% may indicate CLM readings e.g. during saline
administration and were thus excluded. ScvO2 measurements concurrent with a
relative blood volume (RBV) above 102% may indicate CLM readings e.g. during saline
administration and were thus excluded. As rapid changes in RBV may also be due to
administration of saline which may impact ScvO2 measurements, we performed a
sensitivity analysis excluding treatments where RBV increased by more than
5 percentage points compared to the preceding 5 minutes on one or more occasions.

Measurement of ScvO2
Intradialytic ScvO2 measurements were done by the CLM. The CLM is approved by the
U.S. Food and Drug Administration (FDA) for the measurement of hematocrit and
oxygen saturation in the extracorporeal dialysis circuit. The CLM automatically
measures oxygen saturation 9,000 times per minute and reports an average 1x/minute.
As per the manufacturer, the CLM accuracy for oxygen saturation measurement is
within 2%.

Assessing the relationship between ScvO2 and cUFV
In order to explore the association between ScvO2 and cUFV on a population level, we
employed linear mixed effects models (see detailed description below) to combine
multi‐level data, starting from a treatment level, to a patient level, and lastly to the
population level. First, we calculated on a treatment level the trend of ScvO2 over time
based on 1x/minute ScvO2 recordings. We then assessed the patient level association
between cUFV and ScvO2 trend by computing the slope of ScvO2 over cUFV across all
treatments in a given patient. Lastly, this association was quantitated on a population
level by combining all patient level results.
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Clinical and laboratory data
Laboratory measurements (Spectra Laboratories, NJ) were downloaded to the RRI data
warehouse and extracted to the study database. Clinical data were retrieved from
electronic health records. Continuous clinical variables were averaged over the
6‐months observation period. Body mass index was calculated using post‐HD weight.

Comorbidities
CHF, diabetes, and chronic obstructive pulmonary disease (COPD) were defined using
International Classification of Diseases ‐ 9 codes.

Statistical analysis
Continuous variables are presented as mean ± SD when normally distributed and as
medians (interquartile range) otherwise. Categorical variables are presented as
percentages of the group from which they were derived. Statistics of ScvO2 variables
were calculated first per HD treatment, then per patient across all his/her treatments,
and then per group.
Patients were stratified into two groups based on the direction (positive or negative
slope) of the ScvO2/cUFV. Point estimates and 95% confidence intervals of the group
differences are reported.
Since we had repeated ScvO2 measurements from all patients available, we employed
linear mixed effects models that considered both fixed and random effects to evaluate
the relationship between ScvO2 and cUFV on a population level. The model takes into
account that each patient has a random intercept and slope for the relationship
between ScvO2 and cUFV; the fixed effects produces estimates of population intercept
and slope.
Statistical analyses were performed using SAS version 9.3 (SAS Institute Inc., Cary, NC)
and R 3.0.2 (libraries ggplot2, nlme); R Foundation for Statistical Computing, Vienna,
Austria. The study was approved by the New England Institutional Review Board
(14‐446), and conducted in accordance with the Declaration of Helsinki. This study is
registered at clinicaltrials.gov (NCT02501044).

Results
Baseline characteristics
Between January 1st 2012 and August 31st 2015, 579 patients with central venous
catheters (CVC) as vascular access received 7,937 HD treatments at the 17 U.S. RRI
clinics. Of these, 232 patients with 6,042 HD sessions met our inclusion criteria of at
least 10 baseline HD treatments with ScvO2 readings and 6 months of follow up time
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(Supplemental Figure S5.1). Patients contributed on average 25±13.3 treatments with
ScvO2 measurement. Patient age was 62.7±15.7 years, dialysis vintage 2.9±4.6 years,
56% were white, and 48.3% were males (Table 5.1).
Table 5.1
Variable

Patients, N (%)
HD treatments with ScvO2
measurements
Demographics
Age [years]
Race [% white]
Gender [% male]
Vintage [years]
2
BMI [kg/m ]
ScvO2 [%]
Mean ScvO2
Median ScvO2
Minimum ScvO2
Maximum ScvO2
SD ScvO2
Comorbidities [%]
Diabetes
CHF
COPD
Treatment Parameters
Pre‐dialysis SBP [mmHg]
Post‐dialysis SBP [mmHg]
IDWG [kg]
IDWG [% of post HD weight]
UFR [ml/kg/hr]
UFV [l]
Corrected UFV [mL/kg]
Post dialysis weight [kg]
Difference between post
dialysis weight and EDW (kg)
Treatment time [minutes]
Equilibrated Kt/V
Laboratory Parameters
Serum albumin [g/dl]
Hgb [g/dl]
Serum sodium [mmol/l]
Serum potassium [mmol/l]

232
26±13.3

Negative ScvO2
trend
Mean±SD
181 (78)
27.4±13.7

Positive ScvO2
trend
Mean±SD
51 (22)
21.1±10.3

Difference between
groups
Mean (95% CI)
n.a.
6.4 (2.9 to 9.9)

62.7±15.7
56±0.5
48.3±0.5
2.9±4.6
28.1±6.9

62.5±15.2
56.4
45.9
2.7±3.9
28.2±6.8

63.6±17.7
54.9
56.9
3.6±6.6
27.6±7.3

‐1.1 (‐6.0 to 3.8)
1.5 (‐13.6 to 17.0)
‐11.0 (‐26.1 to 4.7)
‐0.9 (‐2.9 to 1.0)
0.6 (‐1.6 to 2.9)

58.7±7.3
59.1±7.3
48.4±9.7
65.2±6.2
3.4±1.1

58.3±7.1
58.6±7.1
48.0±9.4
64.9±6.0
3.4±1.0

60.3±8.1
60.7±8.0
50.0±10.6
66.5±6.9
3.3±1.3

‐2.0 (‐4.3 to 0.3)
‐2.0 (‐4.3 to 0.2)
‐2.0 (‐5.0 to 1.0)
‐1.6 (‐3.5 to 0.3)
0.1 (‐0.3 to 0.5)

59.0
22.0
10.3

58.0
23.2
11.6

62.8
17.7
5.9

‐4.8 (‐19.8 to 10.6)
5.5 (‐6.7 to 17.3)
5.7 (‐2.7 to 13.0)

146.4±22.0
140.3±20.1
2.0±0.8
2.6±0.9
7.1±2.6
1.9±0.8
25.3±9.7
77.4±20.4
0.2±1.3

146.7±20.8
140.2±19.0
2.0±0.8
2.7±0.9
7.3±2.5
2.0±0.8
26.0±9.5
77.9±20.8
0.3 ±1.3

145.5±25.8
140.7±23.8
1.8±1.6
2.4±1.0
6.6±2.9
1.7±0.8
22.9±10.2
75.9±19.3
‐0.1 ± 1.3

1.2 (‐6.7 to 9.0)
‐0.5 (‐7.7 to 6.7)
0.2(‐0.008 to 0.5)
0.2 (‐0.06 to 0.5)
0.6 (‐0.2 to 1.4)
0.3 (0.04 to 0.5)
3.1 (0.05 to 6.1)
2.0 (‐4.4 to 8.4)
0.4 (‐0.1 to 0.8)

219.0±23
1.5±0.3

220.4±23.1
1.5±0.3

214±22.2
1.4±0.2

6.4 (‐0.7 to 13.6)
0.05 (‐0.03 to 0.1)

3.8±0.4
10.6±0.9
138.6±3.1
4.7±0.6

3.8±0.4
10.7±0.9
138.7±3.0
4.7±0.6

3.7±0.5
10.5±0.9
138.7±3.5
4.6±0.5

0.1 (‐0.02 to 0.3)
0.2 (‐0.1 to 0.5)
‐0.005 (‐1.0 to 1.0)
0.04 (‐0.1 to 0.2)

All patients
Mean±SD

95% CI, 95% confidence interval; SD, standard deviation; ScvO2, central venous oxygen saturation; BMI, body
mass index; CHF, congestive heart failure; COPD, chronic obstructive pulmonary disease; SBP, systolic blood
pressure; UFV, ultrafiltration volume; EDW, estimated dry weight; IDWG, interdialytic weight gain; Hgb,
hemoglobin; n.a., not applicable.
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Changes in ScvO2 on a treatment level
We observed treatments where ScvO2 decreased (negative trend) as well as treatments
where ScvO2 increased (positive trend). Figures 5.1a and 5.1b show examples from two
different patients. 62.4% of all treatments showed a ScvO2 decline during dialysis
(Figure 5.2).
(A) Negative trend

(B) Positive trend

Figure 5.1

Changes in central venous oxygen saturation during a hemodialysis treatment for two different
patients. (A) Negative trend (B) Positive trend. Green lines represent actual central venous
oxygen saturation reading, the blue line represents the regression line fitted to the data.

Figure 5.2

Distribution of central venous oxygen saturation trend on treatment level. Dotted line denotes
a slope of zero, meaning no change in central venous oxygen saturation throughout treatment.
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Patient level relationship between ScvO2 trend and cUFV
To analyze the relationship between the ScvO2 trend and cUFV we combined all the
treatment‐level ScvO2 trends and cUFV data on a patient level. Examples are illustrated
in Figure 5.3. Figure 5.3a shows a patient with an inverse (i.e. negative) ScvO2/cUFV
relationship. In this figure each green dot represents one dialysis treatment. Of note,
data points with a ScvO2 trend > 0 indicate treatments where ScvO2 increased. In the
patient depicted in Figure 5.3a a low cUFV (e.g. point 1) was associated with a positive
ScvO2 trend, while a high cUFV (e.g. point 2) was associated with a negative ScvO2
trend, meaning that ScvO2 decreased during those treatments. Therefore in this
patient, with increasing cUFV, the intradialytic ScvO2 trend changed from increasing, to
zero, to decreasing.
In contrast, Figure 5.3b demonstrates a patient with a positive ScvO2/cUFV slope. At
low levels of cUFV (e.g. point 1), the ScvO2 trend is negative (meaning that ScvO2
decreased during the treatment), while at high levels of cUFV the ScvO2 trend is
positive (meaning that ScvO2 increases during the treatment).
(A) Negative relationship

Figure 5.3

(B) Positive relationship

Examples showing changes in central venous oxygen saturation (ScvO2) over corrected
ultrafiltration volume (cUFV) in two patients. Each green dot represents a treatment; blue lines
represent the regression line. (a) negative ScvO2/cUFV relationship where point 1 indicates a
dialysis treatment with low cUFV and a positive ScvO2 trend and point 2 indicates a dialysis
treatment with a high cUFV and a negative ScvO2 trend and (b) positive ScvO2/cUFV
relationship where point 1 represents a low cUFV and a negative ScvO2 trend and point 2
indicates a high cUFV and a positive ScvO2 trend.

A vast majority of patients (80%) showed an inverse ScvO2/cUFV relationship (Figure
5.4), akin to the patient example in Figure 5.3a. Figure 5.5 shows on a population level
the ScvO2/cUFV relationship. Blue lines represent patients with a negative ScvO2/cUFV
slope and red lines those with a positive slope. The purple line represents the
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population fixed effect slope derived from the linear mixed model, slope of ‐ 0.03
(P<0.001). After taking into account fixed and random effects, we find that on a
population level, increasing cUFV is associated with lower ScvO2 trend, meaning that
most patients have a decrease in ScvO2 during dialysis with higher cUFV. The sensitivity
analysis excluding treatments with rapid RBV changes showed a materially identical
slope of the population fixed effect. (Supplemental Figure S5.2)

Figure 5.4

Distribution of ScvO2 / cUFV slopes. The dotted line represents a flat relationship, meaning that
there is no change in ScvO2 trend regardless of the cUFV.

Comparison of patients stratified by ScvO2/cUFV relationship (Table 5.1)
Patients with negative ScvO2/cUFV slopes had higher ultrafiltration volumes (UFV)
(2.0±0.8 vs. 1.7±0.8 L, difference 0.3 L; 95% confidence interval 0.04 to 0.5) as
compared to patients with positive ScvO2/cUFV. There were no differences in the
prevalence of diabetes mellitus, CHF, and COPD or other patient and treatment
parameters.
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Figure 5.5

Linear Mixed Model of central venous oxygen saturation and corrected ultrafiltration. Each line
represents an individual patient, blue lines indicate patients with a negative relationship, and
red lines show patients with a positive relationship. The purple line is population fixed effect
slope derived from the linear mixed model.

Discussion
This is the to‐date largest study exploring the relationship between ScvO2 and cUFV in
chronic HD patients. The main finding of this research in a diverse population of
chronic hemodialysis patients is an inverse relationship between intradialytic ScvO2
change and cUFV, meaning that most patients at high cUFV experience a more
pronounced intradialytic ScvO2 decline.
We hypothesize that this finding is driven by a decline in cardiac preload when UFR
exceeds plasma refill rate. This preload reduction may result in a drop in stroke volume,
cardiac output, and decreased tissue perfusion such as decreased cardiac
microcirculation leading to an increase in stunned myocardial segments.
In the absence of measurements of cardiac output and upper body blood flow (UBBF),
our hypothesis is based on the following rationale. The CVC tip typically resides at
either the superior vena cava or the right atrium10. Therefore the oxygen saturation in
the venous blood flowing in a CVC resembles ScvO2. The physiological determinants of
ScvO2 can be appreciated by rearranging Fick’s equation. While the original Fick’s
equation was used to calculate cardiac output based on measurements of mixed
venous oxygen saturation (SmvO2) in the pulmonary artery, the equation also holds
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true for local territories of the circulation where the oxygen saturation of the
outflowing venous blood is known. Compared to the “classical” Fick’s equation, in our
case SmvO2 has been replaced with ScvO2, and cardiac output with UBBF.
The rearranged equation is:
100 *Upper body oxygen consumption
ScvO2 = SaO2 –

K * Hgb * UBBF

It becomes clear from that rearranged Fick equation that a decrease in ScvO2 can be
due to (1) a decrease in arterial oxygen saturation (SaO2), (2) an increase in upper body
oxygen consumption, (3) a decrease in hemoglobin (Hgb) level, and (4) a decrease in
UBBF. K is a constant that describes the amount of oxygen carried by Hgb. Recent
studies in HD patients reported a biphasic intradialytic SaO2 dynamic, where an initial
SaO2 drop is followed by a rise, so that SaO2 returns to above starting levels by the end
of dialysis11,12. Therefore, changes in intradialytic SaO2 are unlikely to explain the
intradialytic ScvO2 decrease. At rest, the brain is by far the largest consumer of oxygen
in the upper body. Brain oxygen consumption appears to be stable, except in extreme
situations such as general anesthesia or stroke; therefore it is reasonable to assume
that brain oxygen consumption does not change materially during HD13,14. Because of
ultrafiltration Hgb levels generally rise during HD, making Hgb an unlikely candidate to
explain the ScvO2 drop observed in the majority of HD patients.
This leaves us with a decline in UBBF as the most plausible explanation for the ScvO2
drop. In situations where UFR outpaces plasma refill rate from the interstitial to
intravascular space, right ventricular preload and stroke volume will drop and – if not
compensated for by a sufficient increase in heart rate – a decline in cardiac output will
ensue. A decline in cardiac output has recently been shown in an elaborate study
utilizing cardiac magnet resonance imaging (MRI) during dialysis.15 In this study stroke
volume and cardiac index declined during dialysis, and the degree of decline was
inversely and significantly corrected with UFV. Importantly, in this study the number of
stunned myocardial segments was positively correlated with UFV. In another study that
compared cardiac parameters during conventional and extended HD found that in
extended HD, UFR was lower and UFV was not significantly different, there was less
pronounced decrease in cardiac output compared to conventional HD.16 Therefore, not
only is the absolute change in UBBF important, but also the rate of the change likely
plays a role.
As depicted in Figures 5.3 to 5.5, ScvO2/cUFV associations differ widely between
individual patients. Additionally, there is large variation in cUFV across treatments per
patient. This variation may be due to timing of treatment (after a short or long
interdialytic interval), early termination or extra HD treatments, and changes in residual
renal function during the study period. On a population level the fixed effect derived
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from the linear mixed model indicates that ScvO2 decreases once cUFV exceeds 5
mL/kg body weight (Figure 5.5). This cUFV translates into an UFV of 400 mL in an 80 kg
patient. This is in line with the aforementioned MRI study by Buchanan et al., where
stroke volume and cardiac index fell at even smaller UFV.
Of note, a minority of patients showed a positive ScvO2 trend with higher cUFV. We
hypothesize that those patients may actually be well above their dry weight while
being prescribed a too low UFV. In the presence of excess fluid in the interstitial
compartment and thus elevated interstitial hydrostatic pressures, the plasma refill rate
can keep up with UFR and hence prevents a decline in cardiac preload and cardiac
output.17,18 It is important to appreciate that fluid overload and interdialytic weight
gain (the main determinant of UFV) are not necessarily correlated.19 While these
population‐level results are important, we of course consider the inter‐individual
variability in the ScvO2/cUFV relationship (Figure 5.5). To what extent a patient’s
ScvO2/cUFV relationship is associated with outcomes warrants further studies.
Our study expands the results of Harrison et al.9 In their study of 18 prevalent HD
patients the authors measured ScvO2 at the end of HD and found that higher cUFV was
associated with low ScvO2. However, only examining end‐dialysis ScvO2 levels precludes
an assessment of intradialytic ScvO2 dynamics. Therefore, we chose to expand that
research and determined the association between ScvO2 trend throughout the entire
dialysis and cUFV. Based on their findings, Harrison et al. hypothesized that ScvO2 may
serve as a marker of circulatory stress induced by ultrafiltration. Our findings in a
12 times larger patient population with multiple treatments per patient support that
notion. As a next step it will be important to directly test this hypothesis by
comprehensive hemodynamic studies during dialysis.
In our study cohort only very limited data regarding blood recirculation is available.
Depending on catheter type and tip location, recirculation has been estimated
between 0 – 23%20. The effect of blood recirculation on ScvO2 is currently unclear.
However, we expect this to be limited, given the poor solubility of oxygen in plasma
and the resultant minimal oxygen transfer across the dialyzer membrane21.
Our study suggests that ScvO2 could evolve into a novel marker to monitor
hemodynamic response to HD. In addition, it is conceivable that ScvO2 could serve as
input into a system that controls the UFR. A recent study also supports the role of
oxygen monitoring during HD as the researchers found that variability of SaO2 to be
associated with IDH in both patients with arteriovenous fistula and CVCs22. Such a
control system could prevent undue ScvO2 drops by appropriate UFR adjustments; this
could benefit in particular those with frequent episodes of intradialytic hypotension
and incident HD patients, who have both a high morbidity and mortality and frequently
use CVC as vascular access1,23.
Admittedly, our study has a few limitations. First, as it is retrospective in nature, thus
we are unable to determine causality. Additionally, no technical means (e.g.
bioimpedance) to quantitate patients’ fluid status are routinely available in U.S. dialysis
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facilities. Knowledge of the fluid status would have allowed us to further explore the
association between the patient ScvO2 and cUFV, since this relationship may be
influenced by the vascular refilling dynamics, and, consequently, by fluid status and
“dry” weight. We do not have echocardiograms on these patients, so the relationship
between ScvO2/cUFV and cardiac output remains conjectural. Also we do not have the
availability of arterial oxygen saturation in these patients, since pulse oximetry is not
done as part of standard of care in our dialysis facilities. While intradialytic blood
pressures were not routinely captured in our EHR database, we do have pre and post
SBP. Our analysis shows that these SBPs were neither clinically nor statistically different
between the two groups (Table 5.1). Lastly, the exact positions of the CVC tips are
unknown to us, since our electronic health records do not report the related chest
X‐ray findings. Strengths are the diversity and large number of patients studied the
availability of multiple HD sessions per patients, and automatic and frequent
intradialytic ScvO2 measurements.
In conclusion, cUFV and intradialytic ScvO2 dynamics are inversely correlated, so that
high cUFV is associated with a ScvO2 decrease in the majority of our HD patients. We
hypothesize that a decline in ScvO2 reflects a reduction in cardiac output. Future
studies with direct hemodynamic measurements are warranted to further elucidate
the relation between ScvO2 dynamics and circulatory stress on dialysis, and their
relation with outcome.
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Supplemental material

Figure S5.1

Study flow diagram.

Figure S5.2

Linear Mixed Model of central venous oxygen saturation and corrected ultrafiltration
A) without sudden relative blood volume increase and B) with sudden relative blood volume
increase. Each blue line represents an individual patient, while the purple line is population
fixed effect slope derived from the linear mixed model.
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Abstract
Background
Relative blood volume (RBV) monitoring is widely used in hemodialysis patients, yet the
association between intradialytic RBV and mortality is unknown.
Methods
Intradialytic RBV was recorded 1x/minute during a 6‐month baseline period; all‐cause
mortality was noted during follow‐up. RBV at 1, 2, and 3 hours into hemodialysis served
as predictor of all‐cause mortality during follow‐up. We employed Kaplan‐Meier
analysis, univariate and adjusted Cox proportional hazards models for survival analysis.
Results
We studied 842 patients. During follow‐up (median 30.8 months) 249 patients (29.6%)
died. The following hourly RBV ranges were associated with improved survival: first
hour, 93‐96% (hazard ratio [HR] 0.58; 95% confidence interval [CI] 0.42‐0.79); second
hour, 89‐94% (HR 0.54; 95% CI 0.39‐0.75); third hour, 86‐92% (HR 0.46; 95% CI 0.33‐
0.65). In about one third of patients the RBV was within these ranges and in two‐thirds
above. Subgroup analysis by median age (≤/>61 years), sex, race (white/non‐white),
pre‐dialysis systolic blood pressure (SBP; ≤/>130 mmHg), and interdialytic weight gain
(≤/>2.3 kg) showed comparable favorable RBV ranges. Patients with a 3‐hour RBV
between 86‐92% were younger, had higher ultrafiltration volumes and rates, similar
intradialytic average and nadir SBP, and hypotension rates, lower post‐dialysis SBP, and
a lower prevalence of congestive heart failure when compared to patients with an RBV
above 92%. In the multivariate Cox analysis RBV ranges remained independent
significant outcome predictors.
Conclusion
Specific hourly intradialytic RBV ranges are associated with lower all‐cause mortality in
chronic hemodialysis patients.
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Introduction
In hemodialysis patients adequate volume control is one of the major challenges.
Between consecutive treatments, interdialytic weight gain (IDWG) results primarily in
expansion of the extracellular volume (ECV)1. Excessive and chronic ECV expansion is
associated with cardiovascular morbidity, such as hypertension, left ventricular
hypertrophy, pulmonary congestion, inflammation, and increased mortality2‐5. In most
hemodialysis sessions, the ultrafiltration rate (UFR) exceeds the refill rate of fluid from
the interstitium into the vascular space, resulting in a decline in blood volume,
potentially precipitating intradialytic hypotension (IDH) and decreased perfusion of
vital organs6‐9.
Intradialytic monitoring of relative blood volume (RBV) has been introduced with the
expectation that it may prevent IDH by allowing the staff or the dialysis machine to
maintain the RBV above a patient‐specific critical level10‐13. Since some of the
technologies derive RBV changes from measured hematocrit changes, the term “crash‐
crit” has been coined. It was hoped that there would be a patient‐specific critical RBV
that could be identified, below which IDH would be more likely to occur. Unfortunately,
no firm evidence for the existence of a reproducible patient‐specific crash‐crit (or,
conversely, RBV threshold) has been established. Andrulli et al.14 were not able to
identify critical RBV levels for the development of symptomatic hypotension, neither in
hypotensive, normotensive, nor hypertensive patients, showing the variability of RBV
across patients and also across treatments. The randomized controlled Crit‐Line
Intradialytic Monitoring Benefit (CLIMB) Study15 tested the hypothesis that the
availability of hematocrit‐based intradialytic RBV monitoring with the Crit‐Line monitor
(CLM) as a voluntary adjunct to clinical care would decrease morbidity associated with
ultrafiltration in comparison with patients managed using conventional clinical care.
The primary outcome was hospitalization and the study team developed an intricate
monitoring and intervention protocol that called for specific steps when certain pre‐
defined clinical and RBV threshold criteria were met. The study failed to yield positive
results; in fact, the use of RBV monitoring was associated with increased morbidity and
mortality.
Several manufacturers offer devices that allow for a continuous measurement of RBV
during hemodialysis and therefore RBV monitoring is frequently used to assist volume
management during dialysis. However, there is a paucity of data that associate attained
intradialytic RBV levels with outcomes, resulting in primarily empirical use of RBV
monitoring. The goal of our research was to fill this knowledge gap by exploring the
association between attained intradialytic RBV levels and all‐cause mortality in a large
and diverse hemodialysis population.
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Materials and methods
Population and study design
This multi‐center observational retrospective study was conducted in maintenance
hemodialysis patients from 17 facilities of the Renal Research Institute (RRI) across the
United States between January 2012 and December 2016. The CLM was deployed to
the RRI dialysis clinics on a rolling basis and is standard of care. A 6‐month baseline
period and an up to 54‐month follow‐up period were defined on a patient‐level
(Supplemental Figure S6.1). We used the first treatment with eligible CLM data as start
date of the baseline period. All patients who had at least 10 eligible CLM recordings
during the baseline period were included in the study. A treatment time of less than
200 minutes was the only exclusion criterion. Patient characteristics were assessed
during baseline. All‐cause mortality was recorded during follow‐up. The New England
Institutional Review Board (#14‐446) waived the need for informed consent.

Relative blood volume calculation
The RBV (expressed in % of the blood volume at the start of dialysis) at time t is
calculated as follows:
RBV (%) at time t = 100 x HCT0 / HCTt
HCT0 and HCTt are the hematocrits at the start and at a given time t during
hemodialysis, respectively. Hematocrit was measured quasi‐continuously using the
CLM (Fresenius Medical Care North America, Waltham, MA, USA). The CLM reports the
RBV 1x/min. The RBV data were electronically transferred to an RRI data repository and
the study database. Patients’ RBVs were calculated per treatment and then averaged
across all treatments per patient and subsequently across patients. We used RBV at 1,
2, and 3 hours into the hemodialysis session as outcome predictors. To that end we
averaged the RBV data between minutes 50 and 70, 110 and 130, and 170 and 190,
respectively.

Blood pressure measurement
In RRI clinics blood pressure is automatically measured every 30 minutes
oscillometrically. We calculated average pre‐dialysis, post‐dialysis, and intradialytic
systolic blood pressure (SBP) and report nadir SBP and IDH rate; IDH was defined as
intradialytic SBP <90 mmHg16. Intradialytic SBP during baseline was available in 10,181
treatments in 219 patients.
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Laboratory data
Laboratory measurements (Spectra Laboratories, New Jersey, NJ, USA) were
downloaded to the RRI data warehouse and extracted to the study database.

Comorbidities
Congestive heart failure (CHF), diabetes mellitus (DM), and chronic obstructive
pulmonary disease (COPD) were documented using ICD‐9 codes in the patients’
electronic health records.

Statistical analysis
Descriptive statistics comprised means (± standard deviation; SD) for continuous
variables and percentages for categorical variables.
To explore the association between all‐cause mortality and RBV at 1, 2, and 3 hours, we
built Cox proportional hazards models with spline terms, allowing us to model non‐
linear effects of RBV as a continuous variable and its relationship with all‐cause
mortality at these three hourly time points. This spline analysis allowed us to identify
hourly RBV ranges associated with hazard ratios (HR) significantly below (“favorable”)
or above (“unfavorable”) 1.0, respectively.
For additional analysis we stratified patients into 2 groups depending on them being
within the “favorable” 3‐hours RBV range or not. Survival characteristics were
compared using Kaplan‐Meier plots, log‐rank tests, and Cox proportional hazards
models. Minimally and fully adjusted Cox models complemented the crude survival
analysis. The minimally adjusted model included age, sex, CHF, and COPD, respectively.
In addition, the fully adjusted model included serum albumin and hemoglobin, the
neutrophil‐to‐lymphocyte ratio (NLR; an inflammatory marker [17]), UFR, pre‐dialysis
SBP, diabetes, and race. Patients were censored in the event of kidney transplantation,
transfer to a non‐RRI facility, dialysis treatment modality change, or end of follow‐up.
We report also baseline descriptive statistics, group differences and 95% confidence
intervals in patients within or outside the “favorable” 3‐hours RBV range, respectively.
To further explore these findings and to account for possible bias considering only 3
hours and not the full treatment time, we examined the association between all‐cause
mortality and RBV by relative elapsed treatment time, with total treatment time
defined as 100%. We used 25%, 50%, 75% and 100% of treatment time elapsed by
averaging the RBV between 21 to 30%, 46 to 55%, 71 to 80% and 91 to 100% of the
total treatment time, respectively.
Additionally, we also examined the association between RBV slope and all‐cause
mortality. RBV slope was computed using simple linear regression with an intercept at
100% RBV (per definition the initial RBV).

95

Chapter 6

We also conducted a sensitivity analysis excluding patients with RBVs below the
favorable hourly RBV ranges.
Statistical analyses were performed using SAS version 9.4 (SAS Institute, Cary, NC) and
R i386 3.0.2 (library: ggplot2, splines, survival) (R Foundation for Statistical Computing,
Vienna, Austria).

Results
Patient baseline characteristics
We studied 842 patients with a total of 28,119 dialysis sessions with eligible RBV
recordings during a 6‐months baseline, resulting in 33.4±13.8 eligible sessions per
patient (Table 6.1). Age was 61.0±14.8 years, dialysis vintage was 3.9±4.1 years, 50.6%
were white, 62% males, 55.8% had diabetes, 24% CHF, and 9.4% COPD. Intradialytic
RBVs were 97.9±1.9%, 94.8±2.6% and 93.1±3.3% after 1, 2, and 3 hours, respectively.

Intradialytic RBV and all‐cause mortality
During the median follow‐up of 30.8 months, 249 patients (29.6%) died. HRs for all‐
cause mortality were significantly < 1.0 in patients with 1‐hour RBV 93‐96%, 2‐hour
RBV 89‐94%, and 3‐hour RBV 86‐92%. Approximately 65% of the patients attained RBVs
above, 32% within, and around 2.5% below these RBV ranges (Table 6.2). RBV ranges
associated with HRs significantly >1.0 were 97‐100% (1‐hour), 95‐99% (2‐hours), and
93‐99% (3‐hours) (Figure 6.1; Figure 6.2). Multivariate Cox analysis corroborated the
lower HRs for all‐cause mortality in those patients whose RBV fell inside these RBV
ranges (Table 6.3). Analysis by percent of elapsed treatment time instead of by hours
showed materially identical results (Supplemental Figure S6.2). Subgroup analyses by
median age (≤ / >61 years), race (white, non‐white), sex, pre‐dialytic SBP (≤130 / >130
mmHg), and IDWG (≤ / >2.3 kg) showed comparable favorable RBV ranges (Table 6.4).
Kaplan‐Meier analysis and Cox proportional hazards models indicated a significantly
better survival in patients with 3‐hours RBVs inside 86‐92% compared to those patients
outside (Figures 6.3 and 6.4).
Analysis on the RBV slope and all‐cause mortality showed significantly increased HR
with a slope between ‐2.47 to ‐0.34 %/hr, and significantly reduced HR with slope from
‐5.18 to ‐3.04 %/hr (Figure 6.5).
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Table 6.1

Baseline characteristics of all patients and after stratification into two groups based on the
attained relative blood volume (RBV) 3 hours into the hemodialysis treatment.
RBV inside 86‐
92% at 3 hours
into dialysis

Group Difference
Mean (95% CI)

842
33.4±13.8

RBV outside
86‐92% at 3
hours into
dialysis
569
33.7±13.4

273
32.7±14.5

n.a.
‐1.0 (‐3.0 to 1.0)

61.0±14.8
50.6
62.1
3.9±4.1
29.8±8.2
55.8
24.0
9.4
146.3±20.1
136.6±18.5
134.9±19.3
115.2±18.1
13.6
2.4±0.8
2.9±1.0

63.6±14.1
51.5
63.8
3.9±4.1
29.8±8.6
57.1
26.2
8.3
146. 5±20.4
137.8±19.1
135.2±21.6
116.1±20.2
14.7
2.2±0.8
2.7±0.9

55.7±14.9
48.7
58.6
3.7±4.2
29.9±7.6
53.1
19.4
11.7
145.7±19.6
134.2±16.8
134.4±14.6
113.9±14.1
12.6
2.7±0.8
3.3±0.9

‐7.9 (‐9.9 to ‐5.8)
‐2.8 (‐4.5 to 9.9)
‐5.2 (‐2.0 to 12.4)
‐0.2 (‐0.8 to 0.4)
0.12 (‐1.0 to 1.3)
‐4.0 (‐3.1 to 11.3)
‐6.8 (0.7 to 12.5)
3.4 (‐0.07 to 0.00)
‐0.7 (‐3.7 to 2.1)
‐3.6 (‐6.1 to ‐1.0)
‐0.8 (‐6.2 to 4.6)
‐2.2 (‐7.3 to 2.9)
‐2.1 (‐8.2 to 4.1)
0.5 (0.4 to 0.6)
0.6 (0.5 to 0.7)

2.4±0.8
7.7±2.7
85.7±23.5
227.5±18.0
1.5±0.2
10.9±0.9
3.9±0.4
138.8±2.6
4.8±0.5
552.8±498.8
23.2±1.9
6.7±2.0
206.8±65.0
3.8±2.1
33.0±5.1

2.2±0.8
7.1±2.5
85.7±23.7
228.6±18.1
1.5±0.3
10.9±1.0
3.9±0.4
139.0±2.5
4.7±0.5
546.9±516.3
23.4±1.9
6.6±2.0
203.4±67.7
4.0±2.3
32.4±9.0

2.7±0.8
8.8±2.7
85.7±23.1
225.1±17.4
1.5±0.2
11.0±0.9
4.0±0.3
138.3±2.8
4.8±0.6
565.3±460.3
22.8±1.8
6.7±1.9
214.1±58.3
3.3±1.7
34.1±8.5

0.5 (0.4 to 0.6)
1.7 (1.4 to 2.1)
0.0 (‐3.4 to 3.4)
‐3.4 (‐6.0 to ‐0.8)
0.03 (‐0.00 to 0.07)
0.1 (0.00 to 0.28)
0.07(0.02 to 0.13)
‐0.6 (‐1.0 to ‐0.3)
0.09 (0.02 to 0.17)
18.4 (‐51.2 to 88.0)
‐0.6 (‐0.8 to ‐0.3)
0.1 (‐0.2 to 0.4)
10.7 (1.3 to 20.0)
‐0.7 (‐0.9 to ‐0.4)
1.7 (0.5 to 3.0)

Variable

All patients

Number of patients
Number of eligible hemodialysis
treatments during baseline [per
patient]
Age [years]
White race [%]
Males [%]
Hemodialysis vintage [years]
2
BMI [kg/m ]
Diabetes mellitus [%]
CHF [%]
COPD [%]
Pre‐dialysis SBP [mmHg]
Post‐dialysis SBP [mmHg]
a
Intradialytic SBP [mmHg]
Nadir intradialytic SBP [mmHg]
Treatments with IDH [%]
IDWG [kg]
IDWG relative to post‐dialysis
weight [%]
UFV [l]
UFR [ml/kg/hr]
Post‐dialysis weight [kg]
Treatment time [min]
Equilibrated Kt/Vurea
Hgb [g/dl]
Serum albumin [g/dl]
Serum sodium [mmol/l]
Serum potassium [mmol/l]
Intact PTH [pg/ml]
Serum bicarbonate [mmol/l]
Leukocytes [1000/µl]
Platelets [1000/µl]
NLR
Transferrin saturation [%]

Data are expressed as mean ± SD, or percentage (%). 95% CI, 95% confidence interval; SD, standard
deviation; BMI, body mass index; RBV, relative blood volume; CHF, congestive heart failure; COPD, chronic
obstructive pulmonary disease; SBP, systolic blood pressure; IDWG, interdialytic weight gain; UFV,
ultrafiltration volume; UFR, ultrafiltration rate; Hgb, hemoglobin; PTH, parathyroid hormone; NLR,
a
neutrophil‐to‐lymphocyte ratio; n.a., not applicable. Intradialytic SBP was available in 176 patients, 111 of
them had RBVs outside the 86‐92% range at 3 hours, and 66 patients were within.
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Figure 6.1
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Association between intradialytic RBV and all‐cause mortality. Hazard ratios and 95%
confidence limits of achieved RBV levels after 1 (top), 2 (middle), and 3 (bottom) hours,
respectively.

Relative blood volume during hemodialysis

Figure 6.2

Intradialytic RBV ranges that are associated with hazard ratios significantly below 1.0 for all‐
cause mortality.

Table 6.2

Distribution of patients relative to the RBV ranges by hours into the hemodialysis session.

Favorable RBV range

1 hour
93 to 96%

Above
Within
Below

550 (65.3)
270 (32.1)
22 (2.6)

2 hours
89 to 94%
Number (%) of patients
551 (65.4)
273 (32.5)
18 (2.1)

3 hours
86 to 92%
554 (65.8)
273 (32.5)
15 (1.8)

RBV, relative blood volume

Figure 6.3

Kaplan‐Meier analysis for survival probabilities for RBV achieved after 3 hours (86‐92%).
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Table 6.3

Crude and adjusted hazard ratios (HR) for all‐cause mortality associated with attainment of
favorable RBV ranges after 1, 2, and 3 hours, respectively.
a

Crude model
HR (95% CI)
P‐value
0.57
0.0002
(0.43 to 0.77)
0.52
<0.001
(0.38 to 0.69)
0.43
<0.001
(0.31 to 0.58)

Time (Favorable
RBV Range)
First hour
(93 – 96 %)
Second hour
(89 ‐ 94 %)
Third hour
(86 – 92 %)
a

b

b

Minimally adjusted model
HR (95% CI)
P‐value
0.64
0.003
(0.48 to 0.87)
0.63
0.002
(0.46 to 0.85)
0.57
0.0006
(0.42 to 0.79)

c

Fully adjusted model
HR (95% CI)
P‐value
0.58
0.0005
(0.42 to 0.79)
0.54
<0.001
(0.39 to 0.75)
0.46
<0.001
(0.33 to 0.65)

c

Unadjusted model, Adjusted for age, sex, COPD, and CHF, Adjusted for age sex, race, COPD, CHF,
diabetes, albumin, hemoglobin, NLR, pre‐dialysis SBP, and UFR. CI, confidence interval; COPD, chronic
obstructive pulmonary disease; CHF, congestive heart failure; NLR, neutrophil‐to‐lymphocyte ratio; RBV,
relative blood volume; SBP, systolic blood pressure; UFR, ultrafiltration rate

Figure 6.4
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Forest Plots showing hazard ratios of baseline clinical characteristics and attainment of
favorable RBV ranges after 3 hours. CI: confidence interval; COPD: chronic obstructive
pulmonary disease; CHF: congestive heart failure; NLR: neutrophil‐to‐lymphocyte ratio; RBV,
relative blood volume; SBP: systolic blood pressure; UFR; ultrafiltration rate.
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Figure 6.5

Association between intradialytic RBV slope and hazard ratios for all‐cause mortality. The RBV
slope is expressed in % RBV per hour. Hazard ratios (solid line) and 95% confidence limits
(dashed lines) are shown. The tick marks at the x‐axis represent individual patients.

Patient characteristics relative to RBV level 3 hours into the treatment
We compared clinical, laboratory, and treatment variables between patients who did
and did not attain the 3‐hours RBV of 86‐92% (Table 6.1). RBVs of 273 patients (32.5%)
were within this 3‐hours RBV range, while 554 patients (65.8%) had RBVs above 92%
and 15 patients (1.8%) below 86%. Patients outside the 86‐92% 3‐hour RBV range were
older (64.0±13.9 vs. 55.7±14.9 years, P<0.001), had more frequently CHF (26% vs. 19%,
P=0.03), lower IDWG (2.2±0.8 vs. 2.8±0.8 kg, P<0.001), normalized UFR (7.0±2.4 vs.
9.0±2.8 mL/kg/hour, P<0.001), equilibrated normalized protein catabolic rate (enPCR;
0.9±0.2 vs. 1.0±0.2 g/day/kg, P<0.001), albumin levels (3.9±0.4 vs.4.0±0.3 g/dL;
P=0.003), transferrin saturation (32.4±9.0 vs. 34.1±8.5 %; P=0.007), and higher NLR
(4.1±2.3 vs. 3.3 ±1.7, P<0.001).

Association between RBV, SBP, and intradialytic hypotension
Mean pre‐dialysis SBP, post‐dialysis, intradialytic, and nadir SBP were 146.3±20.1,
136.6±18.5, 135.3±19.0 and 116.2±19.0 mmHg, respectively. Neither pre‐dialysis nor
SBP during dialysis differed between patients who did or did not attain a 3‐hours RBV
of 86 ‐ 92%. Post‐dialysis SBP was significantly higher in patients with RBV outside that
range (Table 6.1, Figure 6.6).
To explore if peridialytic SBP behavior was associated with specific RBV levels, we
stratified patients based on their peridialytic SBP change (post‐HD SBP minus pre‐HD
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SBP). We found that hourly RBV levels were comparable across all groups of peridialytic
SBP change (Supplemental Table S6.1).
Table 6.4

RBV ranges are associated with HRs significantly below 1.0 for all‐cause mortality in clinical
subgroups.

Subgroup
(N)
All patients (842)
Age [years]
≤61 (421)
>61 (421)
Race
White (426)
Non‐white (416)
Sex
Male (523)
Female (319)
Pre‐dialysis systolic blood pressure [mmHg]
≤130 (180)
>130 (662)
Interdialytic weight gain [kg]
≤2.3 (421)
>2.3 (421)

RBV [%]
1 hour
93 – 96

RBV [%]
2 hours
89 – 94

RBV [%]
3 hours
86 – 92

95 – 96
93 – 96

90 – 93
90 – 94

86 – 90
88 – 92

94 – 96
94 – 96

91 – 94
90 – 93

81 – 92
86 – 91

94 – 96
93 – 96

90 – 94
90 – 93

87 – 92
86 – 91

96 – 96
94 – 96

90 – 94
90 – 93

87 – 92
86 – 91

n.s
93 – 96

n.s
89 – 93

90 ‐ 92
85 – 91

RBV, relative blood volume. n.s., not significant

To explore the association between RBV and intradialytic SBP patterns we analyzed
those 219 patients with available intradialytic RBV and SPB data. Seventy‐six patients
(34.7%) were inside the favorable 3‐hours RBV range and 143 (65.3%) outside. Neither
intradialytic average SBP nor nadir SBP and IDH rate differed between these 2 groups
(Supplemental Tables S6.2 and S6.3). Treatment‐level hourly RBVs were comparable
between sessions with and without IDH, respectively (Supplemental Table S6.4).

Intradialytic fluid administration
Acknowledging the possible influence of fluid administration on RBV, we examined
hourly RBV levels in treatments with documented fluid administration; hourly RBV
levels were materially identical (Supplemental Table S6.5). Furthermore, neither fluid
administration rate nor fluid administration rate in the presence of IDH differed
between patients inside or outside the 86‐92% 3‐hour RBV range, respectively
(Supplemental Table S6.3).
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Figure 6.6

Violin plots and box‐whisker plots showing the distribution and comparison of SBP during
baseline between patients who attained RBVs within the favorable 3‐hour RBV range (86‐92%)
and those who did not. The widths of the violin plot represent frequency of measurements.

Sensitivity analysis
To explore the influence of RBVs levels below the favorable RBV ranges on outcomes,
we computed HRs for all‐cause mortality after excluding patients with RBVs below the
lower limits of the hourly favorable RBV ranges. This sensitivity analysis showed
materially identical results (Supplemental Table S6.6, Supplemental Figure S6.3).
To further explore the effect of intradialytic fluid administration on the association
between RBV and all‐cause mortality, we performed a sensitivity analyses in patients
with available intradialytic data. Cox proportional hazards models (crude, minimally,
and fully adjusted models) excluding treatments with fluid administration showed
essentially identical results (data not shown).

Discussion
In this study we explored the association between hourly intradialytic RBV levels and
all‐cause mortality in a large and diverse cohort of chronic hemodialysis patients. The
main finding is that specific intradialytic RBV ranges are associated with significantly
lower all‐cause mortality.
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Since the inception of dialysis, fluid management has been of central concern. Fluid
overload as well as fluid depletion have been related to cardiovascular events and
increased mortality3‐5,8,18,19. Fluid management in standard in‐center hemodialysis has
been likened to sailing between Scylla and Charybdis: on one hand, in patients without
residual kidney function ultrafiltration is the only means to remove fluid accumulated
between hemodialysis treatments and to avoid fluid overload; on the other hand,
excessive fluid removal may impact intradialytic hemodynamic stability. Indeed,
ultrafiltration‐induced blood volume reduction is considered a causal factor of
intradialytic cardiovascular instability, depending on the rates of ultrafiltration and
vascular refilling6,20. Given these competing factors, it is conceivable that on a
population level certain RBV ranges are associated with lower (or higher) mortality.
While the genesis of the RBV curve is easy to understand qualitatively as the relative
difference between UFR and vascular refilling rate, attempts to quantitatively model
and predict RBV dynamics are notoriously complicated and currently not applicable to
routine care21,22. The matter is further complicated by the absence of randomized
controlled trials (RCTs) looking at the relationship between RBV and patient outcomes.
In this situation, clinical practitioners who use RBV monitoring resort to an empirical
assessment of RBV curves, where flat curves are considered to indicate fluid overload
and steep curves intravascular volume depletion that may precipitate IDH23,24.
This study is the first one to investigate the association between RBV levels attained in
routine care and patient survival. We are cognizant of the fact that causality cannot be
derived from observational studies, and that this study cannot provide a
recommendation for certain RBV ranges. Only one RCT explored the clinical use of RBV
monitoring. In the CLIMB Study15 443 participants were randomized to either using RBV
monitoring as a voluntary adjunct to clinical care, or conventional care. Patients
assigned to the intervention arm may have had their ultrafiltration rates adjusted at
the discretion of the staff using a suggested ultrafiltration algorithm, when a pre‐
defined RBV target was reached. While RBV monitoring did not result in a marked
change in UFR, increased hospitalization and mortality rates were noted in the
intervention arm, calling into question the utility of blood volume monitoring. Of note,
the RBV targets used in CLIMB were – to the best of our knowledge – not based on
prior published evidence25.
In an observational study of 308 patients Agarwal26 used relative plasma volume (RPV)
recordings from a single HD treatment to calculate RPV slopes. The author found that
flatter RPV slopes (<1.39% / hour) were associated with higher mortality (HR 1.72).
After adjustment for several covariates, including interdialytic blood pressure, flat RPV
slopes remained a significant predictor (HR 2.46). While it is difficult to compare these
RPV and our RBV results, their directional agreement is notable. In another
observational study, Ficociello et al. reported 64.5% lower all‐cause hospitalization rate
in patients with an end‐dialytic RBV <85% compared to patients with flat RBV [abstract,
National Kidney Foundation meeting, 2015].
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RBV monitoring was introduced with the hope of preventing IDH13,14,27,28. However,
several studies failed to demonstrate any relationship between changes in RBV and
intradialytic blood pressure14,29,30. Most studies intended to find patient‐specific RBVs
associated with IDH, yet no critical RBV levels have been identified11,29. These findings
were corroborated in our study, where in patients who attained the favorable 3‐hours
RBV range IDH rates were not increased, despite higher UFR.
In our study, about two‐thirds of patients attained RBVs above the favorable ranges
and less than 3% of patients were below. These results support reports where a
substantial fraction of patients had minor or no change in RBV during dialysis23,31. Lopot
et al.23 reported that in 30% of their patients RBV did not decline, and Steuer et al.31
reported in 18% of their patients a RBV reduction by less than 5‐percentage points.
In our study, patients with 3‐hours RBV above the upper limits of the favorable range
had clinical signs of fluid overload, such as higher post‐dialysis SBP and a higher
prevalence of CHF (Table 6.1). While plausible, this observation needs corroboration
using objective measurements of fluid status, such as bioimpedance (currently not
available in the U.S. for use in patients). Noteworthy, Agarwal also concluded that
flatter RBV slopes were a sign of fluid overload, consistent with our hypothesis26.
Patients outside the favorable RBV range were older, had higher prevalence of CHF,
lower enPCR, and had lower UFRs compared with those patients within the favorable
range. These findings are consistent with studies showing lower ultrafiltration volumes
and rates in elderly patients32, possibly because this group is particularly vulnerable to
intradialytic morbid events14. Higher age predisposes to comorbidities, including
diabetes and CHF, which may prompt a more cautious approach to fluid removal.
Therefore, it cannot be excluded that higher RBVs indicate intolerance to fluid removal,
which may in part explain the observed association with poor outcomes, despite
extensive adjustment for confounders.
Our study has several strengths, firstly its large and diverse dialysis population, the
substantial number of dialysis treatments, standardized care protocols, automated RBV
and blood pressure recordings, and the long follow‐up period. While observational
studies are ill‐suited to guide general protocols for clinical practice, our results are
valuable for the planning of future trials designed to attain (or avoid) specific RBV
levels, e.g., by using automatic UFR feedback control.
Study limitations are mainly due to its observational nature. Objective indicators of
fluid status (e.g. bioimpedance) are missing; these would allow a more extensive
probing into the relationship between RBV and fluid status. Second, data were
incomplete for intradialytic blood pressure and for fluid administration, and the dialysis
staff was not blinded to RBV data. Despite statistical adjustments for baseline
characteristics, residual confounding cannot be ruled out. Lastly, we acknowledge the
lack of quantitative data on residual kidney function (RKF), that could have an impact
on RBV behavior. However, the long HD vintage of our population makes substantial
RKF unlikely33,34. Also, substantial RKF would result in less IDWG, lower UFR and
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consequently flatter RBV curves. Since RKF is associated with better survival, the
presence of RKF would have increased the odds for better outcomes with flatter RBV,
contrary to what we have observed.
In conclusion, our study indicates that specific intradialytic RBV ranges are associated
with all‐cause mortality in hemodialysis patients. These findings may serve as a
valuable basis for future clinical trials into the relationship between RBV profiles, fluid
status as determined by objective methods, and patient outcomes.
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Supplemental material
Table S6.1

Mean hourly RBV levels in relation to peridialytic SBP changes. The peridialytic SBP change was
calculated as post‐HD SBP minus pre‐HD SBP.

Peridialytic SBP change [mmHg] Number of patients
Decreased between 0‐30
Decreased >30
Increased

592
58
192

RBV
First hour [%]
96.9
96.0
97.3

RBV
Second hour [%]
94.9
93.8
95.5

RBV
Third hour [%]
93.0
91.8
93.7

RBV, relative blood volume; SBP, systolic blood pressure.
Table S6.2

Intradialytic SBP levels based on the attained RBV 3 hours into the hemodialysis treatment. SBP
data are expressed as average ± SD.

Group (number of patients)
RBV inside 86‐92%
3 hours into dialysis (N=76)
RBV outside 86‐92%
3 hours into dialysis (N=143)
Difference (95% CI)
P‐value

Intradialytic SBP (mmHg)

Intradialytic nadir SBP (mmHg)

134.2 ± 16.2

114.5 ± 16.1

135.9 ± 20.4

117.1 ± 20.3

‐1.7 (‐6.7 to +3.3)
0.5

‐2.5 (‐7.5 to +2.4)
0.3

CI, confidence interval; RBV, relative blood volume; SBP, systolic blood pressure.
Table S6.3

Rates of IDH and fluid administration in patients inside and outside the favorable 3‐hour RBV
range, respectively. The rates are presented in % of HD sessions.

Group (number of patients)

IDH

RBV inside 86‐92% at 3 hours into dialysis (N=76)
RBV outside 86‐92% at 3 hours into dialysis (N=143)
P‐value

13.1
13.0
0.97

Fluid
administration
16.9
21.1
0.12

IDH and fluid
administration
4.0
4.3
0.74

IDH, intradialytic hypotension; RBV, relative blood volume.

Table S6.4

Hourly RBV levels in session with and without IDH episodes, respectively. Data are presented as
th
th
median and 25 and 75 percentile, respectively.

HD sessions (number of sessions)
With IDH (N=418)
Without IDH (N=2406)

RBV First hour
96.4 (94.5; 98.2)
96.6 (94.6; 98.5)

RBV Second hour
94.3 (91.8; 96.8)
94.4 (91.8; 97.0)

RBV Third hour
93.2 (90.0; 95.9)
92.5 (89.2; 95.5)

IDH, intradialytic hypotension; RBV, relative blood volume.

Table S6.5

Hourly RBV levels in session with and without fluid administration, respectively. Data are
th
th
presented as median and 25 and 75 percentile, respectively.

HD session (number of sessions)
With fluid administration (N=576)
Without fluid administration (N=2248)

RBV First hour
96.3 (94.2; 98.4)
96.6 (94.7; 98.5)

RBV Second hour
94.2 (91.7; 97.3)
94.4 (91.8; 96.9)

RBV Third hour
93.3 (90.1; 96.2)
92.4 (89.2; 95.3)

RBV, relative blood volume.
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Table S6.6

Time
First hour
Second hour
Third hour

Adjusted hazard ratio (HR) for all‐cause mortality of the whole analytical dataset and after
exclusion of patients with RBVs levels below the favorable RBV ranges at first, second, and third
hour, respectively.
All patients
N=842
HR (95% CI)
P‐value
0.58 (0.42 to 0.79)
<0.001
0.54 (0.39 to 0.75)
<0.001
0.46 (0.33 to 0.65)
<0.001

Population after exclusion of patients with RBVs
levels below the favorable ranges
N
HR (95% CI)
P‐value
820
0.56 (0.41 to 0.77)
<0.001
824
0.53 (0.38 to 0.73)
<0.001
827
0.46 (0.32 to 0.65)
<0.001

Adjusted for age, sex, race, COPD, CHF, diabetes, albumin, hemoglobin, NLR, pre‐dialysis SBP, and UFR.
CI, confidence interval; COPD, chronic obstructive pulmonary disease; CHF, congestive heart failure; NLR,
neutrophil‐to‐lymphocyte ratio; SBP, systolic blood pressure; UFR, ultrafiltration rate.

Figure S6.1

Study design.

Figure S6.2

Intradialytic RBV ranges that are associated with hazard ratios significantly below 1.0 for all‐
cause mortality after 25%, 50%, 75% and 100% of the elapsed dialysis treatment time.
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Figure S6.3

112

Results of the sensitivity analysis after exclusion of patients with RBVs below the favorable
hourly RBV ranges. The forest plots show hazard ratios of baseline clinical characteristics and
attainment of favorable RBV ranges after 1 (top), 2 (middle), and 3 (bottom) hours,
respectively.
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Abstract
Background and objectives
Pre‐dialysis systolic blood pressure (pre‐SBP) and peridialytic SBP change have been
associated with morbidity and mortality among hemodialysis patients in previous
studies, but the nature of this interaction is not well understood.
Material & methods
We analyzed pre‐SBP and peridialytic SBP change (post‐SBP minus pre‐SBP) between
1/2001 and 12/2012 in hemodialysis patients treated in U.S. Fresenius Medical Care
facilities. The baseline period was defined as months 4‐6 after hemodialysis initiation,
all‐cause mortality was noted during follow‐up. Only patients who survived the baseline
and had no missing covariates were included. Censoring events were renal
transplantation, modality change, or study end. We fitted Cox proportional hazard
model with a bivariate spline functions for the primary predictors, pre‐SBP and
peridialytic SBP change, with adjustment for age, gender, race, diabetes, access‐type,
relative interdialytic weight gain, body mass index, albumin, equilibrated normalized
protein catabolic rate, and ultrafiltration rate (≥13 or <13 mL/kg body weight/hour).
Results
A total of 172,199 patients were included. We found that a peridialytic SBP rise
combined with high pre‐SBP was associated with higher mortality. In contrast, when
concurrent with low pre‐SBP, a peridialytic SBP rise was associated with better survival.
Conclusion
The association of pre‐SBP and peridialytic SBP change with mortality is complex. Our
findings call for a joint interpretation of pre‐HD SBP and peridialytic SBP change.

114

Systolic blood pressure change and mortality

Introduction
Cardiovascular (CV) mortality remains the most common cause of death among
hemodialysis (HD) patients1,2. In the general population, high blood pressure (BP) is
associated with higher CV risk3,4. Hypertension is common among HD patients with a
prevalence varying between 60‐90%5, and has been associated with increased CV
morbidity and mortality6. Yet, the association between BP and outcomes in the dialysis
population is somewhat controversial1,7‐9. Foley et al.10 reported that both high and low
pre and post‐HD BP were associated with increased mortality among patients with end
stage kidney disease (ESKD) undergoing dialysis.
Absence of an accepted, “normal” BP range for dialysis patients is a major barrier for
developing definitions for BP‐related clinical phenomena. A major concern is the timing
of clinically actionable BP. While some authors advocate for interdialytic BP
measurements (home BP; ambulatory BP monitoring), others favor in‐center BP
measurements (pre‐HD; post‐HD; peridialytic BP change) for clinical decision making.
The problem is further compounded by the lack of definitive evidence which one of
these BP is more strongly associated with outcomes1,8. To date, pre‐ and post‐HD BP
levels form the basis of the National Kidney Foundation’s Kidney Outcomes Quality
Initiative (KDOQI) guidelines11. Nonetheless, conflicting data exists; although
consistently more studies based on large cohorts of patients showing elevated
mortality in patients with low rather than high pre‐HD BP, particularly low systolic BP
(SBP)12‐15. To further complicate matters, some large epidemiologic studies using
peridialytic SBP change (defined as post‐HD minus pre‐HD SBP) have shown a U‐shaped
association with adverse outcomes13,16‐18.
Although during HD a decline in BP is seen in the majority of cases, a peridialytic SBP
increase can occur in up to 15% prevalent HD patients and has been associated with
adverse outcomes18‐20. Park et al.16 reported that both large peridialytic SBP falls and
rises were associated with higher mortality.
The pathophysiology of both increases and decreases of BP, as well as intradialytic BP
variability, is not fully understood and is mostly multifactorial. Factors associated with
the development of intradialytic hypotension include, next to fluid removal during
dialysis, an impaired vasoreactivity, a reduced sympathetic response, older age,
atherosclerosis, and poor cardiac reserve21,22, while intradialytic hypertension has been
associated with chronic fluid overload, increased peripheral vascular resistance, and
intradialytic hypoxemia23, among others24,25.
Despite the notable literature regarding pre‐HD SBP and peridialytic SBP changes, the
nature of interaction between pre‐HD SBP and peridialytic SBP changes with outcomes
has not yet been investigated. The goal of our research was to explore the combined
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association between pre‐HD SBP and peridialytic SBP changes as recorded in the same
HD session and all‐cause mortality in a large and diverse United States HD population.

Materials and methods
Population and study design
This multi‐center observational retrospective study was conducted in a cohort of HD
patients from Fresenius Medical Care North America clinics across the United States
between January 2001 and December 2012. Baseline was defined as the months 4‐6
following HD initiation. Patient characteristics were assessed during baseline, and all‐
cause mortality recorded during follow‐up. Censoring events were change in treatment
modality, renal transplantation, loss to follow‐up, and end of study period. Only
patients who survived baseline and had no missing covariates were included. The New
England Institutional Review Board (#14‐446) waived the need for informed consent.

Blood pressure measurements
Patients visited dialysis facilities on average 3 times per week, and had their BP
measured before each treatment in a sitting position per a standard protocol using an
automated device, either in the doctor’s office or integrated in the HD machine with an
appropriately sized pressure cuff around the non‐access upper arm positioned at heart
level. After HD, BP was taken in a sitting position following the same protocol. We
calculated peridialytic SBP changes as post‐HD SBP minus pre‐HD SBP.

Clinical and laboratory data
Laboratory measurements (Spectra Laboratories, New Jersey, NJ, USA) were
downloaded to the RRI data warehouse and extracted to the study database.

Comorbidities
Diabetes mellitus (DM) and congestive heart failure (CHF) were defined using ICD‐9
codes documented in the patients’ electronic health records.

Statistical analysis
Descriptive statistics comprised mean (±standard deviation; SD) for continuous
variables and percentages for categorical variables. The primary outcome was all‐case
mortality. We fitted several Cox proportional hazard models: (a) two models with
univariate spline terms for pre‐SBP and peridialytic SBP, respectively and (b) one model
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with bivariate spline terms for pre‐HD SBP and peridialytic SBP. All Cox models were
adjusted for age, gender, race, DM, type of vascular access, interdialytic weight gain
normalized to post‐HD body weight (IDWG), body mass index (BMI), albumin,
equilibrated normalized protein catabolic rate (enPCR), and ultrafiltration rate
categories (≥13 or <13 mL/kg body weight/hour).
We conducted two sensitivity analyses, one without CHF patients, and one in CHF
patients only.

Results
Patient baseline characteristics
Our study population included 172,199 patients (Table 7.1). Mean age was 62.1 years,
61.6% were white, 55% were male, 64.2% had diabetes mellitus, 31.9% had CHF, and
29.9.% were using central venous catheter as vascular access.
Table 7.1

Baseline characteristics of all patients.

Variable
Number of patients
Age [years]
Gender [% Male]
Race [% White]
Diabetic [%]
Catheter [%]
Pre SBP [mmHg]
Post SBP [mmHg]
Post SBP ‐ Pre SBP [mmHg]
UFR [ml/kg/hr]
2]
BMI [kg/m
Serum albumin [g/dl]
enPCR [g/kg/day]

All patients
191,446
62.8±14.9
54.9
60.5
61.1
10.9
149.4±19.5
139.5±17.2
‐9.9±13.9
9.3±3.5
28.1±7.5
3.7±0.4
0.9±0.2

Data are expressed as mean ± SD, or percentage (%). SD, standard deviation; BMI, body mass index; SBP,
systolic blood pressure; UFR, ultrafiltration rate; enPCR, equilibrated normalized protein catabolic rate, CVC,
central venous catheter.

Blood pressure caractheristics
Pre‐HD and post‐HD SBP were 149.6±19.3mmHg and 139.6±17.2 mmHg, respectively.
Peridialytic SBP change was ‐10.0±13.3 mmHg.
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Association between pre‐dialysis SBP and peridialytic SBP change with all
cause mortality
The median follow‐up was 25.0 months. During follow‐up, 73,529 patients (42.7%)
died. In Cox models with univariate spline terms a pre‐HD SBP ≤138 mmHg (Figure 7.1)
and a peridialytic SBP change >‐6.9 mmHg (Figure 7.2) were associated with increased
all‐cause mortality.

Figure 7.1

Association between pre‐HD SBP and all‐cause mortality. Mean hazard ratios (HR, solid line)
and 95% confidence interval (dotted lines). Pre‐HD SBP < 138 mmHg (vertical line) is associated
with an HR > 1.0 for all‐cause mortality. The ticks on the x‐axis represent individual patients.

Figure 7.2

Association between peridialytic SBP change and all‐cause mortality. Mean hazard ratios (HR,
solid line) and 95% confidence interval (dotted lines). A peridialytic SBP change < ‐6.9 mmHg
(vertical line) is associated with an HR>1.0 for all‐cause mortality. The ticks on the x‐axis
represent individual patients.
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The joint association of pre‐HD SBP and peridialytic SBP change with all‐cause mortality
was more complex (Figure 7.3). We identified a general trend, namely an increased
mortality in patients with either high pre‐HD SBP and concurrent peridialytic SBP
increase or low pre‐HD SBP and concurrent peridialytic SBP decline.
To translate the non‐linear association depicted in Figure 7.3 into clinically more
applicable discrete thresholds, we analyzed different pre‐HD SBP levels, from a lower
level (110 mmHg) to a higher level (180 mmHg). In the presence of a “normal” pre‐HD
SBP (130 mmHg) a peridialytic SBP increase was associated with increased mortality,
whereas a peridialytic SBP decreased was associated with better survival. In patients
with low pre‐HD SBP any degree of peridialytic SBP increase was associated with better
survival, while a peridialytic SBP decrease was associated with increased mortality
(Figure 7.4). In contrast, for higher pre‐HD SBP a peridialytic SBP increase was
associated with increased mortality, whereas a peridialytic SBP decrease was
associated with better survival (Figure 7.4).
In the multivariate Cox analysis, after adjusting for several cofounders, these results
were corroborated.

Figure 7.3

Contour plot showing the bivariate joint association between pre‐HD SBP and peridialytic SBP
change, and all‐cause mortality. The contour plot can be read like a topographic map, with
lines and colors indicating discrete hazard ratios for all‐cause mortality.

Sensitivity analyses
This sensitivity analysis showed directionally equivalent results (Supplemental Figure
S7.1 and Supplemental Figure S7.2).
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Figure 7.4

Hazard ratios as a function of peridialytic SBP at four levels of pre‐HD SBP. The black lines
indicate the average HRs, the grey areas the 95% confidence intervals.

Discussion
Our study explored the joint association of pre‐HD SBP and peridialytic SBP changes
with all‐cause mortality in over 170,000 U.S. HD patients. The results clearly indicate
that neither pre‐HD nor peridialytic SBP change should be interpreted in isolation but
jointly instead, because the same pre‐HD SBP can be associated with either increased
or decreased mortality, depending on the direction and degree of peridialytic SBP
change. We showed that in the presence of lower pre‐HD SBP a peridialytic SBP rise is
beneficial, while a further peridialytic SBP decline is unfavorable.
Despite decades of research into the association between BP and outcomes in chronic
hemodialysis many basic questions have not been resolved. Unlike the clear association
with high BP and cardiovascular outcomes in the general population, studies done in
dialysis patients showed an inverse relationship of BP recorded before or after
dialysis26‐29. BP recordings obtained before or after HD sessions show high variability30,
poor reproducibility and provide inaccurate estimates of the interdialytic burden. Out‐
of‐dialysis‐unit blood pressure measurements provided superior prognostic
information compared to in‐center blood pressure31. Clinical studies indicate that
ambulatory blood pressure monitoring (ABPM) is predictive of left ventricular
hypertrophy (LVH) and hard patient outcomes32. However, ABPM has not been utilized
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on a large scale in HD patients, primarily because of logistic and financial constraints.
Home BP measurements provide a valuable alternative33‐35, but has gained only limited
traction. A single‐center cross‐sectional study showed that home BP was better than
pre‐HD BP in predicting LVH35. Although the clear advantage of both ABPM and home
BP, these may not be feasible to use for most dialysis patients.
In contrast, in‐center BP measurement is part of regular care and pre‐ and post‐HD BP
measurements are recommended by KDOQI guidelines11. However, conflicting results
regarding their association with mortality have been reported. Port et al.14 analyzed
4,839 prevalent HD patients in the Unites Stated Renal Data System (USRDS) case mix
adequacy study and found that both pre‐ and post‐HD SBP below 120 to 149 mmHg
were associated with increased mortality, whereas only post‐dialysis SBP hypertension
(>180 mmHg) was associated with increased mortality. Other observational studies
have confirmed the “U‐shaped” or “reverse J‐shaped” relationship between BP and
mortality, with the highest risk of death at lower pre‐ and post‐dialysis SBP (generally
<130 mmHg) and only a slight increase, if any, at higher SBP ranges (>180
mmHg)8,13,14,17. These differences in outcomes with pre and post SBP levels may be due
to the different mechanisms influencing these BP changes during hemodialysis. BP
dynamics in HD patients is complex, affected by time on dialysis, comorbidities,
baseline cardiac function, fluid volume, medication, sodium load and other factors that
interplay with one another36 .
Peridialytic SBP increase, also called “intradialytic hypertension” in the event of a
peridialytic SBP increase >10 mmHg, has been recognized as a predictor of outcomes37.
Park et al.16 studied 113,255 U.S. hemodialysis patients from 2001 to 2006 and found a
U‐shaped relationship between peridialytic SBP changes and all‐cause and
cardiovascular mortality. The best survival was seen with moderate declines in SBP (‐30
to 0 mmHg), whereas SBP declines by more than 30 mmHg and any peridialytic SBP
increase were associated with higher mortality. Of note, in a subgroup analysis with
stratification by pre‐HD SBP (<120, 120‐140, 140‐160, >160 mmHg) the authors found
that the aforementioned U‐shaped relationship between peridialytic SBP change and
mortality was not seen in patients with pre‐HD SBP <120 mmHg. In these patients a
peridialytic SBP rise was not associated with better or worse survival. However, the
authors identified an increased mortality in those patients in the event of a peridialytic
SBP decline.
In a post hoc analysis of 443 patients from the Crit‐Line Intradialytic Monitoring Benefit
(CLIMB) Study, Inrig et al.18 found that in patients whose SBP rose or failed to be
reduced with HD had a two‐fold increase in non‐access related hospitalization and
death at 6 months compared to patients with a peridialytic SBP fall. These results were
validated in a sensitivity analysis where the authors excluded patients with a pre‐HD
SBP <140 mmHg. Our results essentially corroborate these findings in patients with a
high pre‐HD SBP. However, because of the 388‐times larger population in our study, we
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were able to further extend the analysis to patients with pre‐HD SBP of 130 mmHg and
below, who clearly showed poor outcomes with peridialytic SBP decline.
In our study, when examining the results in patients with or without documented CHF,
we observed directionally equivalent results compared to the entire population.
Blood pressure behavior is influenced by a variety of patient related factors, such as
comorbidities burden and risk factors as autonomic dysfunction, stiff vasculature,
impaired vasoreactivity, antihypertensive medications; and procedural factors including
ultrafiltration rate, dialysate concentration of sodium and calcium concentrations [36].
The reaction of the resistance and capacitance of vessels during a decline in blood
volume may be impaired during hemodialysis28,36,38. BP changes also occur because of a
decline in preload, impaired cardiac response and reduced constriction of resistance
and capacitance vessels. Depending on patient‐ and treatment‐related factors, the
relative importance of these factors may vary and are difficult to discern for a given
patient without detailed physiological studies.
Our study helps to better understand the effect of BP behavior during HD, as we
identified a subset of patients that could in fact benefit from SBP increases during HD,
those with a low pre‐HD SBP. In these patients a pre‐existing low pre‐HD SBP may
reflect a worse cardiovascular condition with autonomic dysfunction and more
comorbidities or with a too low target weight. Patients low pre‐HD SBP who can
increase their SBP during hemodialysis likely represent a phenotype that is able to
mount a sufficient hemodynamic response in the face of ultrafiltration. This
hemodynamic response may identify patients with a better overall cardiovascular state
that eventually translates into better survival.
On the other end of the spectrum, patients with a high pre‐dialysis SBP may suffer from
chronic fluid overload and vascular stiffness25,39,40. In these patients a further
peridialytic SBP increase could reflect poor fluid removal. Recent studies using
bioimpedance measurements have demonstrated that patients with intradialytic SBP
rise were fluid overloaded and had a higher extracellular‐to‐total body water
ratio24,25,41. These patients would benefit from a more intensive ultrafiltration. Agarwal
et al.42 showed in the DRIP study that dry weight probing with more intensive
ultrafiltration lowered both dialysis BP and ambulatory BP within 4 weeks. Patients
whose dry weight decreased the most during the study changed from flat intradialytic
BP slopes at baseline to steep declines at the end of the trial. Another possibility is that
a rise in SBP during HD could be reflection of increased vascular resistance. Chou et
al.43 demonstrated an increased vascular resistance associated with intradialytic
hypertension. Some studies have implicated an imbalance of vasoconstrictors and
vasodilators to explain this increase in vascular resistance37,44,45.
Our study has several strengths, first and foremost its large and diverse HD population,
the substantial number of baseline HD treatments per patient, standardized care
protocols, automated BP recordings, and the long follow‐up period.
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Some limitations should be addressed. First, its observational nature prevents causal
conclusions. Second, we lack detailed records of intradialytic interventions that may
have impacted post‐HD SBP, such as change in ultrafiltration rate or fluid infusion.
Third, objective indicators of fluid status (e.g. bioimpedance) are missing; these would
allow a more extensive probing into the relationship between peridialytic SBP changes
and fluid status. Fourth, use and timing of antihypertensive drugs are not documented
in our data base; the same is true for residual renal function.
In conclusion, this study reports the joint association between pre‐HD SBP levels and
peridialytic SBP changes with all‐cause mortality. It shows for the first time that
increases in SBP during HD could in fact be beneficial for patients with low pre‐HD SBP.
These findings could aid the identification of different patient phenotypes and lead to a
more patient‐specific treatment. To further our understanding of the underlying
pathophysiology requires specifically designed prospective studies with concurrent
biochemical and physiological measurements.
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Figure S7.1

Contour plot showing the bivariate joint association between pre‐HD SBP and peridialytic SBP
change, and all‐cause mortality in patients with CHF as a documented comorbidity. The lines
and colors indicated discrete hazard ratios for all‐cause mortality.

Figure S7.2

Contour plot showing the bivariate joint association between pre‐HD SBP and peridialytic SBP
change, and all‐cause mortality after exclusion of patients with documented CHF. The lines and
colors indicated discrete hazard ratios for all‐cause mortality.
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The mortality rates of hemodialysis (HD) patients are substantially higher compared to
those in the general population1. While traditional risk factors operative in the general
population such as hypertension, diabetes mellitus and hyperlipidemia are reported as
contributors to the high cardiovascular mortality, factors commonly found in this
population such as anemia, hypoalbuminemia, and chronic inflammation, and dialysis‐
specific factors such as chronic fluid overload, uremia and those associated with the
treatment per se, are putting dialysis patients at a substantially higher risk2.
With the investigations presented in this thesis we aimed to provide a deeper insight
into the pathophysiological effects of the HD treatment, for which we had novel
information measured by the Crit‐Line monitor™ (CLM). These information included
continuous measurements of blood oxygen saturation and relative blood volume (RBV)
at very high frequency during HD3. In the context of the measurements of blood
oxygen saturation it is of note that depending on the type of vascular access, the CLM
can determine central‐venous or arterial oxygen saturation. Deployment of the CLM in
a large population of U.S. HD patients allowed for conduction of research into the
potential clinical relevance of intradialytic blood oxygen saturation and RBV. The
studies presented in this thesis focused on the associations between intradialytic
measurements reflecting arterial and venous oxygen saturation, systolic blood pressure
(SBP), and RBV with clinical outcomes. In Chapter 2 and Chapter 3, the associations of
intradialytic arterial oxygen saturation with clinical outcomes such as intradialytic
hypertension, hospitalization and mortality were studied. The relationship between
central venous oxygen saturation and mortality and ultrafiltration volume corrected for
body weight are discussed in Chapter 4 and Chapter 5. Intradialytic RBV was also
associated with patient survival, which was studied in Chapter 6. Lastly, the relation
between peri‐dialytic SBP and outcome was investigated in Chapter 7.
Chapter 2 and Chapter 3 dealt with arterial oxygen saturation during HD. In Chapter 2,
our research in a large cohort of chronic HD patients indicates a high rate of
intradialytic hypoxemia, with 10% of studied patients experiencing prolonged
intradialytic hypoxemia, a condition characterized by hypoxemia, defined by an arterial
oxygen saturation below 90% lasting for more than 1/3 of the dialysis treatment time.
For these patients we report a significant association between prolonged intradialytic
hypoxemia and the clinical outcomes all‐cause hospitalization and mortality. Moreover,
patients suffering from prolonged intradialytic hypoxemia showed a laboratory profile
compatible with an inflammatory phenotype, and significantly higher epoetin alfa use.
Notably, also congestive heart failure (CHF) and chronic obstructive pulmonary disease
were more prevalent in patients presenting with prolonged intradialytic hypoxemia.
Hypoxemia during HD has been recognized as a problem in the treatment since the
early days of dialysis4–10. Over the years several mechanistic explanations have been
put forward: One suggestion was leukocyte trapping with bioincompatible membranes
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amongst patients receiving standard acetate HD. Another was independent of the
membrane and suggested that the metabolic effects of acetate could at least partially
be responsible for the observed hypoxemia11. Another reason may also be sleep apnea,
both central and obstructive, a condition highly prevalent in dialysis patients, which has
been observed in patients while sleeping on dialysis12,13. Another plausible theory
focuses on intradialytic CO2 loss which results from diffusion from the blood into the
dialysate, with a subsequent decreased partial pressure of CO2 and a resulting
respiratory drive. As breathing is tightly controlled by chemoreceptors which respond
to the partial pressure of CO2 as well as pH in blood and cerebrospinal fluid, such a
reduction in CO2 tension may result in hypoventilation and hypoxemia14.
An additional explanation for the occurrence of hypoxemia can be found in fluid
overload causing pulmonary congestion which may affect oxygen diffusion, resulting in
reduced blood oxygenation. Consequently, approaching the post‐dialysis target weight
during dialysis should improve arterial oxygen saturation. In our study, arterial oxygen
saturation at the end of dialysis was generally above starting levels, and patients
suffering from prolonged intradialytic hypoxemia had a slightly higher interdialytic
weight gain, pointing towards fluid status as a determinant of arterial oxygen
saturation. Also age‐related changes of the respiratory system, such as a reduced
neuro‐mechanical link between chemosensors, brain stem and respiratory muscles,
may impact ventilatory drive15. In that context it is noteworthy that patients with
prolonged intradialytic hypoxemia were older, had a longer HD vintage, and a higher
arterial oxygen saturation variability, possibly reflecting an instability of respiratory
control. Previous studies related a high variability and decrease of arterial oxygen
saturation during dialysis to intradialytic hypotension16,17. In the study reported in
Chapter 2, hypotensive episodes were not sufficiently documented. However, we did
not observe a difference in pre‐ and post‐SBP and the changes during HD between the
two groups.
Although a relationship between intradialytic hypoxemia and the morbidity and
mortality of HD patients has been hypothesized4,18,19, the results of the study presented
in Chapter 2 are to the best of our knowledge the first to show an association between
adverse clinical outcomes and intradialytic hypoxemia. Notably these findings were
consistent with reports from patients with CHF and sleep apnea, where it was observed
that not only the frequency, but also the time spent with arterial oxygen saturation
below 90%, the hypoxic “burden”, is a predictor for hemodynamic stress20. The
decision in Chapter 2 to perform a dichotomous analysis and consider one third of the
treatment time below 90% as the predefined diagnostic threshold was based on the
“hypoxic burden” concept described in these patients with CHF. The notion of
“prolonged intradialytic hypoxemia” was developed in appreciation of this concept20.
In Chapter 3, our research in a large and diverse population of chronic HD patients also
showed for the first time a lower risk with higher intradialytic arterial oxygen saturation
and intradialytic hypertension (defined as a peridialytic SBP increase ≥10 mmHg), and

130

General discussion

persistent intradialytic hypertension (defined as average peridialytic SBP increase
≥10mmHg throughout the entire 6‐months observation period). Of note, our data are
consistent with a report of intradialytic hypertension occurring at least once over an
observation period of 6 months in 90% of patients21. While it was hypothesized that a
rise in SBP is caused by fluid overload more detailed investigations are currently
underway22–24.
Fluid overload may reduce alveolar oxygen diffusion, resulting in reduced arterial
oxygen saturation which partly explains the association between arterial oxygen
saturation and intradialytic SBP rise. Anand et al. found a positive relationship between
the slope of the RBV curve, an indirect marker of volume status, and change in arterial
oxygen saturation indicating a contribution of volume overload to hypoxemia25.
Consistently, in our population those with persistent intradialytic hypertension patients
had interdialytic weight gains indicating higher fluid overload after the interdialytic
period. However, also reciprocal mechanisms may explain the relation between
intradialytic SBP rise and arterial oxygen saturation. First, poor arterial oxygen
saturation may result in tissue hypoxia. Evidence from both humans and rodents
indicates that hypoxia triggers sympathetic activation and elevation of blood
pressure26–29. As a prime example in the published literature an increased peripheral
chemoreflex sensitivity has been reported in patients with sleep apnea, which is also
highly prevalent in end stage renal disease patients and frequently associated with
hypertension30,31 whereas also sympathetic overactivity has been observed in patients
with intradialytic hypertension32. Secondly, in vitro studies have shown that hypoxia
induces endothelin‐1 secretion from endothelial cells, a process promoted by reactive
oxygen species33–35. Kanagy et al. have shown in rats that intermittent hypoxia
triggered a significant increase of endothelin‐1 plasma levels, causing increased mean
arterial pressure36. Another study in mice observed that endothelin‐1 is a major
contributor to the vascular inflammatory remodelling induced by intermittent
hypoxia37. Of note, in patients with sleep‐disordered breathing hypoxemia is associated
with elevated plasma levels of endothelin‐138 and facilitates endothelial
dysfunction39,40. It is intriguing to speculate, that increased reactive oxygen species
production due to intradialytic hypoxemia and tissue hypoxia induces endothelin‐1
secretion, consecutive vasoconstriction, and eventually intradialytic hypertension.
Testing these hypotheses to explain the link between intradialytic hypoxemia and
blood pressure changes would require simultaneous measurements of arterial oxygen
saturation, sympathetic activity, blood pressure, and endothelin‐1 levels during HD,
which should be addressed in future studies and remains speculative in the light of our
studies.
Chapter 4 focused on the relation between changes in central venous oxygen
saturation and survival in HD patients and found that that in chronic HD patients lower
central venous oxygen saturation levels are associated with poorer survival. Central
venous oxygen saturation is easily obtained in HD patients with central venous
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catheters, as the catheter tip is usually located at the cavoatrial junction. Central
venous oxygen saturation is clinically valuable as it is a surrogate of pulmonary artery
mixed venous oxygen saturation, which reflects cardiac output, tissue oxygen delivery,
and tissue oxygen extraction41.
The central venous oxygen saturation levels found in our study was normally
distributed with a mean of 58.7±7.3%, which is substantially lower as compared to the
levels of around 70% of that observed in healthy subjects42, but consistent with those
reported in HD patients43. The exact etiology of low intradialytic central venous oxygen
saturation in HD patients is not well established but may be partially explained by the
lower hemoglobin levels, and the higher prevalence of cardiac dysfunction and
pulmonary hypertension in HD patients.
The determinants of central venous oxygen saturation can be visualized by
rearrangement of the familiar form of Fick’s law44 and replacement of mixed venous
oxygen saturation with central venous oxygen saturation, and cardiac output with
upper body blood flow, which results in the following equation with central venous
oxygen saturation (ScvO2) and arterial oxygen saturation (SaO2) in %, upper body
oxygen consumption in ml/min, hemoglobin (Hgb) in g/l, upper body blood flow (UBBF)
in l/min, and K being 1.34, the amount of oxygen (in ml) bound per g of Hgb.
ScvO2 = SaO2-

100 * Upper body oxygen consumption
K * Hgb * UBBF

As outlined in Chapter 4 there are four components which may change during HD and
cause a decrease in central venous oxygen saturation; (i) increased tissue oxygen
consumption; (ii) a decrease in arterial oxygen saturation, (iii) a decrease in hemoglobin
concentration, and (iv) a decrease in upper body blood flow. We suspect that a
reduction in cardiac output and consequently a decrease in upper body blood flow is
the predominant driving factor leading to a drop in central venous oxygen saturation.
The almost linear relation between cerebral perfusion and cardiac output has been
recently reviewed45. When faced with any of the other possibilities in a patient with
intact cardiac function, there should be a compensatory response in cardiac output46.
Cardiac output may decline during HD treatment due to poor vascular refill, which in
combination with reduced venoconstriction may result in a reduction in venous return
to the heart47,48 as well as by the effect of regional wall motion abnormalities49,50.
Our finding that patients with lower central venous oxygen saturation were older may
reflect the poorer cardiac function expected in older subjects. The prevalence of CHF
increases with age, as does CHF mortality51. On univariate analysis, age was an
independent risk factor for mortality. However, even after adjustment for age in our
analysis, central venous oxygen saturation as a continuous variable remained a
significant predictor of mortality.
In our study, patients in the lower tertile of central venous oxygen saturation had lower
pre‐HD and lower post‐HD SBP, a finding possibly related to low cardiac output. An
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association between low pre‐HD SBP and mortality has been repeatedly shown52,53. It is
interesting that in our study the prevalence of CHF did not differ between lower and
upper tertiles of central venous oxygen saturation. No routine echocardiography
assessments were available in our patients, so we cannot comment on the possibility of
classification or misdiagnosis of CHF. One intriguing possibility is that we may be
identifying a group of patients without clinically overt signs and symptoms of CHF at
rest, who however have reduced cardiac reserve or autonomic dysfunction and are
unable to mount the necessary increase in sympathetic response and cardiac output
when faced with the hemodynamic stress of HD49,54.
In Chapter 5, we report an inverse relationship between intradialytic central venous
oxygen saturation change and ultrafiltration volume corrected for body weight,
meaning that most patients at high ultrafiltration volume corrected for body weight
experienced a more pronounced intradialytic central venous oxygen saturation decline.
This finding is likely driven by a decline in cardiac preload when ultrafiltration rate
exceeds plasma refill rate. The acute reduction of the preload results in drop in stroke
volume, cardiac output, and decreased tissue perfusion such as decreased cardiac
microcirculation leading to an increase in stunned myocardial segments.
In situations where ultrafiltration rate exceeds plasma refill rate from the interstitial to
intravascular space, right ventricular preload and stroke volume will drop and – if not
compensated for by a sufficient increase in heart rate – a decline in cardiac output will
ensue. A decline in cardiac output has recently been shown in an elaborate study
utilizing cardiac magnet resonance imaging during dialysis55. In this study stroke
volume and cardiac index declined during dialysis, and the degree of decline was
inversely and significantly corrected with ultrafiltration volume. Importantly, in this
study the number of stunned myocardial segments was positively correlated with
ultrafiltration volume.
A minority of patients showed a positive central venous oxygen saturation trend with
higher ultrafiltration volume corrected for body weight. We hypothesize that those
patients may actually be well above their dry weight while being prescribed a too low
ultrafiltration volume. RBV monitoring have been used for detecting hypervolemia. The
association between RBV slopes and mortality have been found to be independent of
ultrafiltration volume or ultrafiltration rate56. In the presence of excess fluid in the
interstitial compartment and thus elevated interstitial hydrostatic pressures, the
plasma refill rate can compensate (and even exceed) the fluid volume removal by
ultrafiltration and hence prevent a decline in cardiac preload and cardiac output57,58. It
is important to appreciate that fluid overload and interdialytic weight gain (the main
determinant of ultrafiltration volume) are not necessarily correlated59.
Based on our findings central venous oxygen saturation might evolve into a novel
marker to monitor hemodynamic response to HD. In addition, it is conceivable that
central venous oxygen saturation and the instantaneous estimation of cardiac output
could serve as input into a system that controls the ultrafiltration rate. Such a control
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system could prevent undue central venous oxygen saturation drops by appropriate
ultrafiltration rate adjustments; this could benefit in particular those with frequent
episodes of intradialytic hypotension and incident HD patients, who have both a high
morbidity and mortality and use central venous catheters as vascular access1,60.
In Chapter 6, our study aimed to explore the association between hourly intra‐dialytic
RBV levels and all‐cause mortality in a large and diverse cohort of chronic HD patients
with a sufficiently long follow‐up. Our study found that HRs for all‐cause mortality were
significantly below 1 in patients whose RBV levels were 93‐96% at the first hour, 89‐
94% at the second hour, and 86‐92% at the third hour, respectively, indicate a
significantly better survival in patients with RBVs within these favorable ranges
compared to those with RBVs outside. While observational, our results add to the
existing body of literature by suggesting that specific intradialytic RBV levels are
associated with significantly lower all‐cause mortality.
Fluid management in standard in‐center HD need to be balanced: on one hand,
ultrafiltration is the only means to remove fluid accumulated between HD treatments
and to avoid acute and chronic fluid overload; on the other hand, excessive fluid
removal may impact intradialytic hemodynamic stability. Indeed, HD‐induced blood
volume reduction is considered an important causal factor of intradialytic
cardiovascular instability and depends on rates of ultrafiltration and vascular
refilling49,61. Given these competing factors, it is conceivable that on a population level
and over the course of an HD session certain RBV ranges are associated with lower (or
higher) mortality. While the genesis of the RBV curve is easy to understand qualitatively
as the relative difference between ultrafiltration rate and vascular refilling rate,
attempts to quantitatively model and predict RBV dynamics are notoriously
complicated and currently not applicable to routine care58. The matter is further
complicated by the absence of randomized controlled trials looking at the relationship
between the attainment of RBV targets and patient outcomes.
A randomized controlled trial, the CLM Intradialytic Monitoring Benefit (CLIMB) Study,
tested the hypothesis that the availability of hematocrit‐based intradialytic RBV
monitoring with CLM as a voluntary adjunct to clinical care would decrease morbidity
associated with ultrafiltration in comparison with patient management using
conventional clinical criteria such as symptoms, blood pressure, weight, and physical
examination62. The primary outcome for power calculations was hospitalization, based
on the assumption that inadequate or overly aggressive fluid removal may
independently result in increased morbidity. The study team developed a sophisticated
monitoring and intervention protocol that called for specific steps in case certain pre‐
defined clinical and RBV threshold criteria were met. The study failed to yield positive
results; in fact, the use of RBV monitoring was associated with increased morbidity and
mortality in the CLIMB Study, calling into question the concept of RBV monitoring.
In this situation, clinical practitioners who use RBV monitoring resort to a qualitative
and empirical assessment of RBV curves, where flat curves are considered to indicate
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fluid overload and steep curves intravascular volume depletion that may precipitate
intradialytic hypotension 63,64. This study is the first one to relate RBV on a population
level to survival.
In our study, about two‐thirds of our patients had RBVs above the favorable ranges.
These results resemble other studies that showed that a substantial fraction of patients
had minor or no change in RBV during HD63,65. Lopot et al. reported that 30% of their
patients showed no intradialytic RBV decline63, and Steuer et al. reported that 18% of
their patients had less than a 5‐percentage point RBV reduction during HD65. In their
study, Steuer et al. safely increased fluid removal guided by intradialytic RBV
monitoring in 80% of these patients, showing that a large fraction of HD patients could
tolerate additional fluid removal.
In our study, almost all patients with RBVs outside the favorable ranges actually had
RBVs above the upper limits of these ranges. It is important to note that these patients
had some clinical indicators of fluid overload, such as higher post‐HD SBP. While
plausible, this observation needs corroboration using measurements of fluid status,
such as bioimpedance, which is currently not available in the U.S. for routine care. If
fluid overload is indeed confirmed, the relatively low ultrafiltration rate of around 7
mL/hour/kg body weight indicates that there may exist opportunities to remove excess
fluid without increasing the risk of intradialytic morbidity, although this may also be
dependent upon the cardiovascular status of the patient. Indeed, it is also interesting
to note that patients with RBVs outside the favorable range were older, had higher
prevalence of CHF, and had lower ultrafiltration rates compared with those patients
who attained RBVs within the favorable range. These findings are consistent with
epidemiological studies showing lower ultralfiltration volumes and rates in elderly
patients66, possibly because the elderly population per se is considered particularily
vulnerable to intradialytic morbid events67 and tolerate lower ultrafiltration volumes.
Higher age predisposes to comorbidities, including diabetes mellitus and CHF, which
may prompt a more cautious approach to intradialytic fluid removal. Ficociello et al.
reported 64.5% lower all‐cause hospitalization rate in patients with an end‐dialytic RBV
below 85% compared to patients with unchanged RBV, lending further plausibility to
our results68. We are cognizant of the fact that causality cannot be derived from this
observational study, and that this study must not be interpreted as a recommendation
for certain RBV ranges. However, our results may serve in the planning of a sufficiently
powered randomized controlled trials or quality improvement project.
In Chapter 7, our study explored the association between peridialytic SBP changes in
conjunction with pre‐dialysis SBP levels and all‐cause mortality in a large and diverse
cohort of HD patients. The main finding of our study is the interaction of peridialytic
SBP changes in relation to pre‐dialysis SBP level with mortality, depicting baseline
clinical differences among patients. In patients whose pre‐dialysis SBP is low an
increase in SBP during HD is associated with improved outcomes as compared to
patients experiencing a further decline; whereas, contrastingly, a further increase of
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SBP in patients who already begin HD with a high SBP level is associated with adverse
outcomes.
In this cohort of 191 446 HD patients, we confirmed that hemodynamic responses
during HD are associated with outcomes, but most importantly we demonstrated that
these responses have a different relation to outcome depending on the pre‐dialysis
blood pressure of the patients. These results provide an opportunity to better
understand the hemodynamic responses during HD and to characterize different blood
pressure ‐patterns and different targets among HD patients.
Pre‐dialysis and post‐dialysis blood pressure levels are presently the recommended
measurements to use by the KDOQI guidelines69, with a vast literature on pre‐ and
post‐dialysis blood pressure patterns and its association with outcomes; albeit,
conflicting evidence is out there. Port et al70 analysed data from 4839 prevalent HD
patients in the Unites Stated Renal Data System (USRDS) case mix adequacy study and
found that both pre‐ and post‐dialysis SBP below 120 to 149 mmHg were associated
with increased mortality, whereas, high SBP (>180 mmHg), only post‐dialysis SBP was
associated with increased mortality. Other observational studies have confirmed the
“U‐shaped” or “reverse J‐shaped” relationship between blood pressure and mortality,
with the highest risk of death at lower pre‐ and post‐dialysis SBP (generally <130
mmHg) and only a slight increase, if any, at higher SBP ranges (>180 mmHg)70–73.
Recently an increased interest has emerged regarding the prognostic effect of
peridialytic blood pressure changes during HD, with interest if these changes may
reflect the physiologic or pathophysiologic hemodynamic response to the HD
treatment. Some of the results in our study are in line with other studies that described
that both increases and decreases in SBP as a response to HD are associated with poor
outcomes. Park et al74 included a total of 113 255 US HD patients from 2001 to 2006.
They found a U‐shaped relationship between pre– to post‐dialysis blood pressure
changes and all‐cause and cardiovascular mortality. The best survival was seen with
moderate declines in SBP ( ‐30 to 0 mmHg), whereas greater declines (‐30 mmHg) and
any increases in SBP (> 0 mmHg) were associated with higher mortality. Interestingly
and contrary with the result in our study, there were no difference in outcomes when
they compared it across different strata of pre‐dialysis SBP.
On the other hand, Inrig et al75 in a post hoc analysis of the Crit‐Line Intradialytic
Monitoring Benefit (CLIMB) Study, found that patients whose blood pressure rose or
failed to lower with HD had a two‐fold increase in non‐ access related hospitalization
and death at 6 months compared to patients with pre‐ to post‐ HD blood pressure fall.
This risk associated with a blood pressure increase during HD was in fact magnified in
patients with low pre‐HD SBP.
Blood pressure behaviour is influenced by a variety of patient related factors, such as
comorbidities, antihypertensive medications and procedural factors including
ultrafiltration rates and shifts during HD, neurohormonal axis, inflammatory pathways
activation.
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In conclusion, blood pressure changes could occur as a result of a decline in blood
volume, impaired cardiac response and impaired constriction of resistance and
capacitance vessels. Depending on patient‐ and treatment‐related factors, the relative
importance of these factors may vary. Our study helps to better understand the effect
of blood pressure behaviour during HD, as we identified a subset of patients that could
in fact benefit from SBP increases during HD, those with a low pre‐dialysis SBP. In these
patients a pre‐existing low pre‐dialysis SBP may reflect an impaired cardiovascular
response with autonomic dysfunction, more comorbidities or target weights below
they real dry weights. Patients with the ability to rise SBP during HD could represent
those patients with better cardiovascular and sympathetic response, supporting that
the rise in SBP is in fact the reflection of a better overall cardiovascular state that
translates into better survival.
On the other end, higher pre‐dialysis SBP may reflect chronic fluid overload75,76, stiff
vasculature, more comorbidities. In these patients a further increase in SBP during HD
could reflect poor fluid removal. Recent studies using bioimpedance measurements
have demonstrated that patients with intradialytic SBP rise were fluid overloaded and
had a higher extracellular‐to‐total body water ratio22,23,76,77. In this scenario, patients
would benefit with a more intensive ultrafiltration leading to a lower SBP. Agarwal et
al78 revealed that dry weight probing with more intensive ultrafiltration lowered both
dialysis blood pressure as well as ambulatory blood pressure in as little as 4 weeks.
Patients whose dry weight decreased the most during the study changed from flat
intradialytic blood pressure slopes at baseline to steep declines at the end of the trial.
Another possibility is that a rise in SBP during HD could be reflection of increased
vascular resistance. Chou et al79 demonstrated using echocardiograms an increased
vascular resistance associated with intradialytic hypertension. Some studies have
implicated an imbalance of vasoconstrictor or vasodilators to explain this increase in
vascular resistance80–82. Additionally, sympathetic overactivity has been observed in
patients with increases in SBP83–85.
In conclusion, we report the association between pre‐dialysis SBP levels and peri‐
dialytic SBP changes combine with all‐cause mortality, showing for the first time that in
some cases increases in SBP during treatment could in fact be beneficial for some
patients. These could potentially lead to identified different phenotypes of patients and
to a more patient‐specific HD treatment. Testing this hypothesis requires specifically
designed prospective studies with concurrent biochemical and physiological
measurements.
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Strength and limitations
Strengths
Our studies have several strengths, such as the large and diverse HD population, large
number of baseline HD treatments, standardized care protocols, granular data
including intradialytic measurements from CLM, automated oxygen saturation and RBV
data recording, and long follow‐up periods. Given the uniqueness of data, we
conducted thorough analyses using various analytic strategies including sensitivity and
subset analyses. Our study population have large geographic variability which supports
the generalizability of our findings. Also, some of the analyses related to oxygen
saturation and RBV are novel findings as there are no previous studies in such detailed
fashion.
Limitations
Admittedly, our studies had several limitations, first and foremost its observational
nature, which prevents conclusions concerning causality. Second, there are some
information we don’t have, such as data regarding fluid status (e.g. by using bio
impedance), antihypertensive drugs, and residual renal function are not recorded in
our database, we acknowledge that this kind of data would have greatly added to our
analysis. And routine echocardiograms are unfortunately not available in our study
population, making potentially very insightful correlational analyses of central venous
oxygen saturation and cardiac structure and function impossible. Also, the exact
positions of the central venous catheters tips are unknown to us, since our electronic
health records do not report the related chest X‐ray findings. Lastly, we have no
information on the intradialytic hypotension episodes interventions during dialysis (e.g.
fluid administration), all of which cearly affect RBV.

Conclusion
Since the commencement of usage of CLM in clinics of the Renal Research Institute,
New York, US, oxygen saturation, and RBV can be easily and continuously obtained
during HD treatments in patients. Peri‐dialytic SBP was routinely collected.
Incorporating all these intradialytic measurements into clinical practice, our research
had suggested that oxygen saturation, SBP, RBV, are associated with clinical outcomes
such as hospitalization and mortality. A better understanding of the pathophysiology,
clinical consequences and medical management requires future carefully designed in
vitro and clinical studies. Our results may serve as an evidence‐based guide for the
development of prospective clinical studies. We believe that our results will motivate
and encourage adequately equipped and trained clinical researchers to embark on
specialized studies to that end.
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Currently, along with the rollout of CLM in Fresenius Medical Care North America, we
believe what we have learned in the thesis will help us in the following potential clinical
implications and will be subjects of exciting future research:
 Identify prolonged intradialytic hypoxemia utilizing arterial oxygen saturation in
arterio‐venous fistula / graph patients
 Arterial oxygen saturation can be used for real time detection/alert of sleep apnea
syndrome
 RBV and oxygen saturation can be utilized for real time ultrafiltration rate
feedback control
 Upper body blood flow is a surrogate for cardiac output and can be used for
hemodynamic monitoring during HD
 Oxygen Saturation and RBV combined with other information stored in the
knowledge center can be utilized to develop machine learning algorithm(s) to
predict morbidity and mortality
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Summary
The investigations presented in this thesis aim to provide deeper insights into the
pathophysiological effects of the hemodialysis (HD) treatment, using novel information
measured by the Crit‐Line monitor™ (CLM). These data include continuous
measurements of blood oxygen saturation and relative blood volume (RBV) at very high
frequency during HD. Regarding measurements of blood oxygen saturation it is of note
that ‐ depending on the type of vascular access ‐ the CLM can determine either central‐
venous or arterial oxygen saturation. Deployment of the CLM in a large population of
U.S. HD patients allowed for conduction of research into the potential clinical relevance
of intradialytic blood oxygen saturation and RBV. The studies presented in this thesis
focused on the associations between intradialytic measurements reflecting arterial and
venous oxygen saturation, systolic blood pressure (SBP), and RBV with clinical
outcomes.
In Chapter 2 and Chapter 3, the associations of intradialytic arterial oxygen saturation
with clinical outcomes such as intradialytic hypertension, hospitalization and mortality
were studied. We found that in a large cohort of chronic HD 10% of the studied
patients experience prolonged intradialytic hypoxemia, a condition defined by an
arterial oxygen saturation below 90% lasting for more than 1/3 of the dialysis
treatment. A significant association between prolonged intradialytic hypoxemia and the
clinical outcomes all‐cause hospitalization and mortality was observed. We also
showed for the first time a lower risk with higher intradialytic arterial oxygen saturation
and intradialytic hypertension (defined as a peri‐dialytic SBP increase ≥10 mmHg), and
persistent intradialytic hypertension (defined as average peri‐dialytic SBP increase
≥10 mmHg throughout the entire 6‐months observation period).
The relationship between central venous oxygen saturation and mortality and
ultrafiltration volume are discussed in Chapter 4 and Chapter 5. We found that in
chronic HD patients lower central venous oxygen saturation levels are associated with
poorer survival. Also inverse relationship between intradialytic central venous oxygen
saturation change and ultrafiltration volume corrected for body weight, meaning that
most patients at high ultrafiltration volume weight experienced a more pronounced
intradialytic central venous oxygen saturation decline.
Intradialytic RBV was also associated with patient survival, which was studied in
Chapter 6. Our study found that hazard ratios for all‐cause mortality were significantly
below 1 in patients whose RBV levels were 93‐96% at the first hour, 89‐94% at the
second hour, and 86‐92% at the third hour, respectively, indicate a significantly better
survival in patients with RBVs within these favourable ranges compared to those with
RBVs outside.
Lastly, the relation between peri‐dialytic SBP and outcome was investigated in
Chapter 7. The main finding of this study is the interaction of peridialytic SBP changes
in relation to pre‐dialysis SBP level with mortality, depicting baseline clinical differences
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among patients. In patients whose pre‐dialysis SBP is low an increase in SBP during HD
is associated with improved outcomes as compared to patients experiencing a further
decline; whereas, contrastingly, a further increase of SBP in patients who already begin
HD with a high SBP level is associated with adverse outcomes.
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Valorization
Since the introduction of the Crit‐Line monitor™ (CLM) in U.S. clinics of the Renal
Research Institute, oxygen saturation and relative blood volume (RBV) can be easily
and continuously obtained during hemodialysis (HD). Pre‐HD, post‐HD and peri‐dialytic
systolic blood pressure (SBP) are routinely collected by the dialysis staff. Incorporating
all these measurements into clinical practice, our research shows that arterial and
venous oxygen saturation, RBV, and peri‐dialytic SBP changes are associated with
hospitalization and mortality.
In this thesis, we researched a large cohort of chronic HD patients and found a high
rate of intradialytic hypoxemic episodes and that 10% of the patients experienced a
prolonged intradialytic hypoxemia (PIH, defined as hypoxemia > 1/3 of HD treatment
time). PIH was significantly associated with higher all‐cause hospitalization and
mortality rates. We believe that what we have learned in this thesis will help us to
identify PIH in patients with arterio‐venous fistula or graft as vascular access. Building
on that information, the nephrologist could then identify potential PIH causes that are
amendable by adjusting the HD prescription (e.g. in cases of fluid overload), or that
may require pulmonology consultation (e.g., in cases of sleep apnea). Sleep apnea is
highly prevalent yet grossly underdiagnosed in HD patients. We see opportunities to
develop machine learning algorithms to identify patterns in arterial oxygen saturation
signals associated with sleep apnea syndrome.
We found that in chronic HD patients a low central venous oxygen saturation is
associated with poor survival. In addition, we reported that patients with high
ultrafiltration volume experienced a more pronounced decline of central venous
oxygen saturation during HD. We hypothesize that ultrafiltration results in a reduced
cardiac pre‐load and cardiac output. A cardiac output reduction will result in a lower
upper body blood flow and – under conditions of stable upper body oxygen
consumption ‐ a drop in central venous oxygen saturation. We propose that the central
venous oxygen saturation is a surrogate marker of upper body blood flow and cardiac
output. This insight allows us to utilize central venous oxygen saturation for
hemodynamic monitoring during HD in patients with central venous catheter as
vascular access. The real time monitoring of central venous oxygen saturation and
calculation of estimated upper body blood flow could serve as an indicator of patient’s
hemodynamic. Coupled with alerts or e.g. ultrafiltration feedback control, these bio‐
signals can assist in preventing intradialytic complications such as intra‐dialytic
hypotension.
Another valuable clinical application of central venous oxygen saturation and the
derived estimated upper body blood flow is the tracking of the hemodynamic response
to the creation of an arterio‐venous fistula (AVF). The trajectories of central venous
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oxygen saturation and estimated upper body blood flow before and after AVF creation
provide insights into the AVF maturation process and the associated hemodynamic
response. These results help us to better understand if a patient has the ability to
mount an appropriate increase in cardiac output in response to AVF creation and
follow the AVF maturation process. This information has the potential to translate into
a shorter time between AVF creation and successful cannulation and thus shorten the
catheter residence time.
Intradialytic hypotension is frequently associated with a drop in blood volume due to
ultrafiltration. Technologies have been developed to mitigate these effects by an
automated ultrafiltration feedback control. Current technologies lack pre‐defined
targets that are associated with better outcomes, since there are limited researches
into the relationship between attained RBV ranges during dialysis and patient
outcomes. In our research we identified hourly intra‐dialytic RBV ranges that are
associated with significantly better patient survival. These RBV levels are 93‐96% at the
first hour, 89‐94% at the second hour, and 86‐92% at the third hour. Based on that
research we have started with the development of an RBV‐guided ultrafiltration
feedback control system that aims to attain these “favourable” RBV ranges. The goal of
such a control system is to eventually reduce morbidity and mortality.
In HD patients oxygen supply to tissues and organs is impaired due to multiple
pathological alterations; the heart, gut, and brain are particularly susceptible organs.
Fluid management and means to increase intradialytic hemodynamic stability (e.g. cool
dialysate; feedback ultrafiltration control) are key to improve oxygen supply to tissues
and organs. One potential intervention could be the administration of oxygen during
dialysis. The real time monitoring of arterial or central venous oxygen saturation could
provide us with data to trigger the administration of oxygen during dialysis.
Also, knowledge of real time oxygen saturation and RBV combined with patient
demographic information and treatment data can be utilized to develop machine
learning algorithm(s) to predict intradialytic complications such as intra‐dialytic
hypotension.
Lastly, several different approaches can be used for deriving "quasi pre‐HD"
hemoglobin levels from CLM data. These hemoglobin estimates could replace repeated
blood draws and their associated blood loss, and logistic and staff costs.
A better understanding of the pathophysiology, clinical consequences and medical
management requires future carefully designed clinical studies. Our results may serve
as a guide for the development of prospective clinical studies. We believe that our
results will motivate and encourage adequately equipped and trained clinical
researchers to embark on future specialized studies.
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