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Faster rate of blood volume change in pediatric hemodialysis
patients impairs cardiac index
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Abstract
Background Intradialytic hypotension and myocardial stun-
ning are proposed as contributing to the pathogenesis of in-
creased cardiovascular disease burden and death in patients
receiving maintenance hemodialysis (HD). Noninvasive car-
diac output measurements provide a dynamic, real-time as-
sessment of hemodynamic parameters. We investigated
intradialytic changes in hemodynamic parameters in pediatric
outpatients receiving chronic HD and determined patient and
treatment risk factors associated with such intradialytic
changes.
Methods Hemodialysis was performed using linear fluid re-
moval over 4 h with polysulfone dialyzers. Continuous wave
Doppler ultrasound was used to measure hemodynamic pa-
rameters prior, 2 h into, and after the mid-week HD treatment
session. Pulse wave tonometry was performed at the same
time. The percentage change in blood volume was measured
by noninvasive hematocrit monitoring during HD.

Results Twenty-two patients fit the inclusion criteria, of
whom 16 (73 %) were male. The mean age of the patients
was 17 ± 3.8 years, and the dialysis vintage was 47.8 ±
33.7 months. The cardiac index decreased significantly mid-
way through the HD treatment session and remained low until
the end of treatment. A significant decline in cardiac index
without hypotension occurred in 12 (54 %) patients.
Expected increase in systemic vascular resistance index to
preserve the cardiac index was not observed. Weight, percent-
age fluid overload, dialysis vintage, and adequacy did not
correlate with the observed decline in the cardiac index. The
decrease in blood volume at the 2 h (R = 0.43, p = 0.045) and
4 h (R = 0.56, p = 0.007) time points was the only factor asso-
ciated with cardiac index decline.
Conclusion The cardiac index and stroke volume decreased
significantly during the HD session. Patients with larger blood
volume changes during the first 2 h of HD and at 4 h showed a
significant decrease in cardiac index that did not recover at the
completion of the HD treatment. Rate of fluid removal was the
only significant risk factor for compromised cardiac index
during HD. Conventional methods currently used for assisting
fluid removal in HD are inadequate to assess hemodynamic
changes.
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Introduction

Young adults receivingmaintenance dialysis exhibit 40- to 50-
fold higher mortality rates than an age-matched general pop-
ulation, with cardiovascular (CV) disease being the most com-
mon cause of mortality [1]. This high CV disease-associated
mortality is also seen in children receiving dialysis who have
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CV mortality rates that are almost 1000-fold higher than their
age-matched healthy peers [2, 3]. Traditional risk factors seen
in adult populations, such as dyslipidemia, smoking, and age-
related atherosclerosis, do not account for the high prevalence
of left ventricular disease in pediatric patients with end-stage
renal disease (ESRD) [4]. Emerging data strongly support a
role of interdialytic fluid overload and the subsequent intra-
dialytic cardiac stress associated with removal of this fluid in
the development of CV disease in this population [5, 6].

Myocardial stunning occurs when a non-lethal reduction in
coronary arterial blood supply leads to the depression of myo-
cardial function for a length of time ranging from hours to
days [7, 8]. Traditional intermittent hemodialysis (HD) per-
formed three times each week requires fluid removal over a
period of only 3–4 h. Such rapid changes in circulating blood
volume during HD have long been suspected of contributing
to left ventricular dysfunction [9–11]. Burton et al. recently
showed that myocardial stunning, defined as a reduction in
regional wall motion in two or more segments from baseline
and hyperkinesis in global parameters of cardiac contractility,
occurs in up to two-thirds of adult patients during HD [12].
However, this phenomenon is less well studied in pediatric
patients. Reliance on symptomatology only to guide safe rate
of fluid removal might lead to missed subtle changes in the
cardiac index with resultant subclinical myocardial stunning.

Noninvasive cardiac output measurements, validated in
critically ill children, provide a dynamic, real-time assessment
of hemodynamic parameters [13, 14]. The aim of this study
was to investigate intradialytic changes in hemodynamic pa-
rameters in pediatric outpatients receiving chronic HD using a
chair-side portable hemodynamic monitoring tool. We also
sought to determine patient and treatment risk factors associ-
ated with such intradialytic changes.

Materials and methods

Patient selection

All patients who received chronic HD for more than 3 con-
secutive months at Texas Children’s Hospital (Houston, TX)
were eligible for inclusion in this study. Patients who had not
received HD for more than 3 consecutive months or who did
not cooperate with having their hemodynamic parameters ob-
tained were excluded.

Study protocol

Ultrasound (US) cardiac output monitors measure blood flow
across the heart valves, either the aortic or pulmonary valve,
using continuous wave Doppler US technology (Uscom Ltd.,
Sydney, Australia). The software uses algorithms based on the
patient’s weight and height to determine the area of the valve.

Stroke volume measurements are used in the formulas to cal-
culate a beat-to-beat measurement of cardiac output and de-
rive other parameters, such as systemic vascular resistance.
US-based cardiac output measurements have been used to
guide treatment in patients with shock by rapidly supplying
information on the cardiac index, defined as the volume of
blood ejected by the heart in 1 min indexed to the body surface
area, stroke volume, and systemic vascular resistance, or the
resistance to blood flow by the systemic vasculature, among
other measured and derived parameters. This tool consists of a
screen and a probe, about the size of a pen, which is placed in
the suprasternal notch. It is portable, easy to use, and easy for
the operator to become proficient.

HDwas performed using linear fluid removal on a standard
dialysate bath (sodium, 140 mEq/L; calcium, 2–2.5 mEq/L;
potassium, 2 mEq/L; magnesium, 1 mEq/L) over 4 h with
polysulfone dialyzers. Continuous wave Doppler US was
used to measure the hemodynamic parameters at three time
points, namely, prior to (pre-HD), 2 h into (2 h into HD), and
following (post-HD) each mid-week HD treatment session.
The percent change in blood volume was measured by nonin-
vasive hematocrit monitoring. All patients had an annual
echocardiogram as part of their standard care. Pulse wave
tonometry to derive the augmentation index, central blood
pressure, and pulse wave velocity (PWV) was done at the
same time. US-based hemodynamic measurements were ac-
quired by a single trained investigator. While on HD, the pa-
tient was required to lay flat while the dialysis chair was fully
reclined in order to obtain accurate measurements.

Statistical analysis

Continuous variables were expressed either as the median and
interquartile range (IQR) or mean ± standard deviation. The
median values of the measured hemodynamic parameters
pre-HD, 2 h into HD, and post-HD were analyzed using the
Kruskal–Wallis test. The variables of interest between patients
who had a decline in the cardiac index decline were analyzed
using the Mann–Whitney U test. The relationship between
cardiac index decline and residual renal function were ana-
lyzed by the Fisher exact test. A p value of <0.05 was consid-
ered to be significant. All statistical analyses were performed
using Stata™ version 11 (StataCorp LP, College Station, TX).

Results

Twenty-four patients fit the inclusion criteria. Two patients
were subsequently excluded due to a lack of hemodynamic
measurements, and thus 22 patients completed the study. Of
these 22 patients, 16 (73 %) were male. The mean age was 17
± 3.8 years. Table 1 shows the demographics of the study
population. Electronic supplementary material Table 1 shows

342 Pediatr Nephrol (2017) 32:341–345



individual patient information. No patient had congenital heart
disease. The mean dialysis vintage was 47.8 ± 33.7 months.
The single pool Kt/V (spKt/V) was 1.6 ± 0.17, and the mean
hemoglobin level was 11.5 g/dL. Eight patients had left ven-
tricular (LV) hypertrophy based on LV mass index (LVMI)
criteria. No patient experienced intradialytic hypotension re-
quiring intervention on the study day.

The cardiac index decreased significantly midway through
the HD session and remained low until the end of treatment
[Table 2: 3.38 (IQR 2.9–4.58) to 3.24 (IQR 2.5–3.82);
p < 0.005). The stroke volume decreased throughout the

treatment. The heart rate did increase during the treatment,
but the increase was not sufficient to maintain the cardiac
index. Two patients were on a low dose of angiotensin-
converting-enzyme inhibitor and beta blocker for cardiac re-
modeling, but this did not affect the decline in the cardiac
index. The cardiac index failed to return to pre-HD values at
treatment completion. PWV did not change during HD
(Table 2). Only one patient complained of dizziness and light
headedness during the treatment; all other patients were
asymptomatic despite a decline in cardiac index.

Of the 22 patients, 12 (54 %) had a significant decline in
cardiac index by mid-treatment. When the patients were di-
vided into two groups based on changes in cardiac index, there
were no significant differences between weight, age, vintage,
adequacy, LVMI, amount of ultrafiltration, and percentage
fluid overload between the two groups (Table 3). The decrease
in blood volume at 2 h into the HD session (R = 0.43, p =
0.045) and at the end of the HD session (4 h; R = 0.56, p =
0.007) was the only association with cardiac index decline
(Fig. 1).

Discussion

We found that more than half of our patients had a significant
decline in their cardiac index that failed to recover at the end of
the dialysis treatment. Cardiac index and stroke volume de-
creased significantly during the HD session. To our knowl-
edge this is the first study that has utilized a noninvasive
bedside tool to demonstrate this phenomenon in pediatric
and adolescent patients receiving maintenance HD. Healthy
individuals who are fluid overloadedwould be able to increase
their cardiac contractility due to Starling forces when preload
falls. However, most patients with ESRD have a stiffer left
ventricle which likely blunts this response, causing a fall in
cardiac output with preload reduction during dialysis [15].
With the blunted response, the only way compensation could

Table 1 Demographics of the study group

Variables Total (N = 22)

Age (years) 18 (15–20)

Gender (male) 16 (73 %)

Caucasian 4 (18 %)

African American 2 (9 %)

Hispanic 16 (73 %)

Asian 0 (0 %)

Focal segmental glomerulosclerosis 4 (18.1 %)

Glomerulonephritis/vasculitis 5 (22.7 %)

Obstructive uropathy/dysplasia 7 (31.8 %)

Genetic (Alport’s, cystinosis) 2 (9 %)

Renal cortical necrosis 1 (4.5 %)

Unknown 3 (13.6 %)

Height (cm) 154.1 ± 11.3

Weight (kg) 54.5 ± 12

Vintage (months) 47.8 ± 33.7

Adequacy [single pool (sp) Kt/V] 1.6 ± 0.17

Duration of treatment (h) 4

Frequency of treatment 3 times weekly

Values are given as a number with/without the percentage in parenthesis,
as the median with the interquarile range in parenthesis, or as the mean ±
standard deviation, as appropriate

spKt/V, Single pool Kt/V

Table 2 Ultrasound cardiac
output monitor and pulse wave
tonometry results

Time
pointsa

Cardiac index
(L/min/m2)

Stroke
volume (cm3)

Systemic vascular
resistance index
(dynes-s/ cm5/m2 )

Heart rate
(beat/min)

Pulse wave
velocity (m/s)

Pre-HD 3.38
(2.9–4.58)*

69.6
(58.04–83.52)*

1973 (1750–2640 81 (76–93)* 6.55
(5.8–8.3)

Intra
(120 min)

3.24
(2.5–3.82)*

52.23 (43–63)* 2100
(1768– 2357)

91
(84–102)*

7.1 (6.7– 8)

Post-HD 3.33 (2.9–3.74) 55.87
(48.13–62.31)

1940 (1649–2373) 91 (80–97) 6.6 (5.6–7.5)

*p < 0.005

Values are given as the median with the IQR in parenthesis

HD, hemodialysis
a Pre-HD, Prior to the mid-week HD session; Intra, 2 h into the mid-week HD session; Post-HD, after the mid-
week HD session
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occur is either by an increase in heart rate or by an increase in
systemic vascular resistance. In our study, the heart rate did
increase, but the increase was not enough to compensate for
the fall in cardiac output for these patients at risk. The system-
ic vascular resistance did not increase during dialysis, as mea-
sured by the US cardiac output monitor and PWV. This phe-
nomenon is well known in adults and thought to be related to
autonomic insufficiency and diminished baroreceptor re-
sponse [16–19]. Our results indicate that the normal physio-
logical ventriculoarterial coupling response to declining pre-
load and cardiac index appears to be disrupted even in chil-
dren and young adults receiving chronic HD. In addition, our
patients with these changes were asymptomatic, which is
concerning. The rate of fluid removal was the only significant
risk factor for a compromised cardiac index during HD. The
total amount of fluid removed or the percentage fluid overload
was not different between groups; however, this could have
been due to a smaller sample size in our patient population.

Adverse cardiovascular effects of intradialytic hemody-
namic changes have been shown eloquently by McIntyre
and colleagues in adult patients. In one study, myocardial
stunning occurred in up to two-thirds of adult patients during
HD [20]. This group demonstrated that both intradialytic re-
ductions in blood pressure and ultrafiltration volume

independently determined the propensity for cardiac injury
during dialysis [21]. In a follow-up study of 50 patients with
myocardial stunning, 30 patients developed a fixed reduction
in systolic function of >60 % in the stunned segments within
1 year [22]. Hothi et al. reported similar findings in pediatric
patients and found that the number of stunned segments and
the intensity of stunning within the segments on echocardio-
grams correlated with intradialytic blood pressure changes
and ultrafiltration volume [23]. Utilizing detailed echocardio-
grams during HD sessions, while being the gold standard for
detecting segmental wall motion abnormalities, is costly and
may not be practical. As we have shown in our study, relying
on symptomatology or traditional hemodynamic measure-
ments, such as blood pressure and heart rate, to guide safe rate
of fluid removal is a late measure, and subtle changes in car-
diac index with resultant subclinical myocardial stunning may
be missed.

Doppler US-driven hemodynamic measurements have
been used to guide treatment in patients in shock by supplying
information on the cardiac index, stroke volume, and systemic
vascular resistance among other measured and derived param-
eters. Due to inter-observer variability, the trend, rather than
the absolute measurements, can be considered to be more
reliable. This tool is portable, easy to use, easy to gain

Fig. 1 Box plot of median blood
volume (BV) reduction at 2h (2 h
into HD) and 4 h (post HD)
categorized by change in the
cardiac index. Horizontal line in
box Median, box interquartile
range, whiskers extent of values.
HD, hemodialysis

Table 3 Comparison of patients
with and without cardiac index
decline

Cardiac index Ultrafiltration
(ml)

Weight
(kg)

Age
(years)

Fluid overload
(%)

Left ventricular
mass index

No change/ improved
caridac index
(n = 10)

3024 ± 1507 52.2 ± 13.1 17.9 ± 3.1 4.6 ± 2.4 46.6 ± 17.2

Worsened cardiac index
(n = 12)

3539 ± 1279 56.4 ± 11.5 17.8 ± 4.5 5.3 ± 2.6 44.3 ± 16.5

Values in table are given as the mean ± standard deviation
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expertise in without the requirement for prolonged training,
and could offer a novel hemodynamic monitoring option for
the outpatient HD unit.

Our study has a a few limitations. The findings are limited
by the small number of patients, which could have impacted
the contribution of other variables, such as ultrafiltrate vol-
ume. Repeated measurements of these variables in patients
could increase the validity of the study.

In summary, we have shown that even in children and
young adults receiving maintenance HD, the cardiac index
falls in more than half the patients during dialysis and is asso-
ciated with the rate of fluid removal. Conventional methods
currently used for assisting fluid removal in HD are inade-
quate to assess hemodynamic changes. Prescriptions with in-
dividualized rate of fluid removal and intradialytic noninva-
sive CV monitoring are urgently needed to address pediatric
patients with falling cardiac index during HD treatments.
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