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Abstract
Background: Potassium abnormalities can cause life-
threatening arrhythmias. Measuring potassium requires
access to blood. We have developed methods measuring
potassium noninvasively using the processed, signal-
averaged ECG. Four patients, in a larger study, were found
to have unexpected discrepancies between measured blood
potassium and ECG-derived estimated potassium values.

Methods: Of 240 patients enrolled at 17 sites in the
PORTEND (REVEAL-HD) study, 200 wore a continuously-
recording, single-lead, wireless ECG patch. Blood for
chemistries was obtained once before, twice during and
once after dialysis. Complete blood test and ECG data were
available for 142 subjects. The general potassium pattern
during dialysis was an exponential decay throughout the
treatment. Four subjects, whose blood potassium values,
but not ECG-based potassium values, deviated from this
pattern, are the subjects of this analysis.

Findings: Among 4 patients, at least one blood potassium
value declined to 2.6 mmol/l or less during dialysis, and
then rebounded unexpectedly, while the ECG-based
potassium values were consistent with the expected
exponential delay. Three of these four patients were at a
single site, suggesting site-specific likelihood of pattern
deviation (p=0.04). In each case, BUN and phosphorous
blood levels were markedly low, with albumin and calcium
unaffected.

Conclusions: These results are compatible with blood
drawing errors in which dialyzed blood was obtained from

the venous return, rather than from the arterial tubing. A
physiologic, ECG-based test that estimates potassium on the
basis of the concentration of potassium in the blood
surrounding the heart is free from local aberrations and
might be a useful potassium monitoring tool in dialysis
patients.
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Introduction
Potassium homeostasis is essential to life, and hyper- or

hypokalemia are associated with potentially life-threatening
arrhythmias [1-4]. Patients with end-stage renal disease have
potassium dysregulation, are prone to hyperkalemia, [5-7] with
pre-dialysis hyperkalemia associated with increased sudden
death, all-cause mortality and arrhythmia-related hospitalization
[8]. This association raises the possibility that undetected and
unmanaged hyperkalemia may contribute to the sudden death
events, with perhaps the greatest risk occurring near the end of
the three day weekend hiatus experienced by hemodialysis
patients [6].

Currently, the only means of assessing serum potassium is
through phlebotomy-based laboratory measurement of blood
potassium, which requires travel to a medical facility, is painful,
and requires laboratory equipment and trained personnel. In
order to measure potassium levels at any time in a non-invasive
way which can be controlled by the patients, ECG-based
potassium assessments have been introduced. These tests may
permit home-based remote potassium assessment, enhancing
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clinical care [9]. We recently obtained data from a multicentre
cohort of patients undergoing haemodialysis while wearing a
wireless ECG patch as part of a study to assess arrhythmia
burden in dialysis patients [10]. While the ECG patch was not
specifically designed or optimized for non-invasive potassium
assessment, we applied the processing tools in an exploratory,
developmental manner to compare blood potassium values
derived from the processed single-lead ECG to the blood
potassium test. In a subset of these patients, blood testing
demonstrated a marked drop in potassium during dialysis
followed by an atypical rebound as dialysis continued, in
contrast to the typical exponential decay expected, whereas the
physiological ECG-derived potassium test provided expected test
results. We hypothesized that the unexpected blood test results
stemmed from blood drawing errors during dialysis, leading to
erroneous results, and that the ECG-derived potassium tests
were unaffected, and more accurately reflected blood potassium
levels.

Methods and Findings
Two hundred and forty patients were enrolled in the

PORTEND (REVEAL-HD) study, designed to assess the interaction
between potassium fluctuation and cardiac arrhythmias, and the
burden of arrhythmias in dialysis patients. The main findings of
that study have been reported elsewhere [10]. Briefly, study
subjects wore a continuously-recording, single-lead, wireless
ECG patch (BodyGuardian, Preventice, Minneapolis, MN) from
study days one through five on dialysis days, and blood was
obtained from the dialysis tubing immediately before dialysis, 30
min after the start of dialysis, 60 minutes after the start of
dialysis, and immediately after dialysis. During dialysis, to
prevent recirculation (dialyzed blood from the venous return
being drawn into the arterial side of the dialysis circuit); blood
was obtained after temporarily clamping the heparin line (if
used for dialysis), halting the dialysis flow for 3 minutes and
decreasing the blood flow rate to 100 cc/min for 15 seconds.
Post-dialysis samples were obtained after decreasing the blood
flow to 100 cc/min for 15 seconds. Blood samples were sent for
potassium, calcium, phosphorous, creatinine, albumin, and BUN.
There were no dietary restrictions or fasting requirements.

The single lead ECG was placed in a fixed position on the
anterior chest for all five days, which was labelled with an
indelible marker. The patch position was selected at the time of
initial placement by sampling three standard precordial
locations, and selecting the site with an optimal uniphasic t-
wave. This ECG was used to estimate potassium, using
techniques that we have described previously [9,11]. Using the
ECG data from the first dialysis session and the acquired blood
potassium test results, an individualized mathematical model
describing the relationship between blood potassium and each
patient’s ECG as acquired by the patch was automatically
created in a Matlab framework. This model was used to
determine blood potassium levels from the ECG data on
subsequent dialysis days [9].

The sequential potassium blood tests acquired before, during
and after hemodialysis were reviewed for each patient. The
general pattern was an exponential decay, with most of the

decline occurring early in the dialysis session, as seen previously
by us and by others [9,11,12]. Four patients exhibited a pattern
in which at least one blood potassium value fell to 2.6 or less
during dialysis, and then rebounded by the end of dialysis. These
results from these four patients were analyzed further by
comparing them with the ECG-based potassium values and with
the other blood constituent concentrations obtained from the
same sample as the potassium measurements.

Of the two hundred and forty patients enrolled at 17 sites in
the PORTEND study, ECG data were obtained in 200. Complete
blood test results and ECG data were available in 142. Among
these 142 patients, unexpectedly-low blood potassium values of
2.2-2.6 mmol/l were measured six times during dialysis among
four patients (2.8% of total patients with complete data). Three
of these four patients were at a single site, suggesting site-
specific likelihood (p=0.04 by Fisher’s Exact Test). Mean ± SD
values for the four dialysis prescriptions were: duration 214 ± 31
min; blood flow rate 413 ± 48 ml/min; dialysate flow rate 694 ±
142 ml/min; dialysate potassium 2 ± 0 mmol/l and dialysate
bicarbonate 33 ± 3 mmol/l. Three patients had arteriovenous
fistulae and one had a central venous catheter. Subjects were
instructed to continue their normal diets; there were no dietary
restrictions or fasting requirements for the study. The sequential
potassium blood test results and ECG-derived potassium
estimates of these four patients are detailed in Figure 1. In each
case, the ECG-derived potassium depicts a smooth, exponential
decay, as expected during dialysis, while the blood values
demonstrate a decline to very-low values, followed by a
rebound. For the individual tests affected, the mean values of
potassium (2.3 ± 0.1 mmol/l), BUN (3.1 ± 0.9 mg/dl) and
phosphorous (0.7 ± 0.2 mg/dl) were markedly low, and
creatinine was low for a dialysis patient (1.4 ± 0.9), while
albumin (3.8 ± 0.4 g/dl) and calcium (8.7 ± 0.3 mg/dl) were
unaffected.

This manuscript used existing, de-identified data and was
deemed exempt from further review by the Mayo Clinic IRB.

Figure 1: Blood versus ECG-derived potassium values during
dialysis.
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Four patients demonstrated aberrantly-low blood potassium
values during dialysis (arrows), a pattern not seen with the ECG-
derived potassium values.

Discussion
We found that blood potassium values, drawn during times at

which the study protocol specified a pause in haemodialysis,
were unexpectedly low, while ECG-derived potassium values
were as expected, consistent with an exponential decay in
serum potassium during haemodialysis. Moreover, phosphorus,
BUN, and creatinine, substances removed by dialysis were also
low, while albumin, which is not dialyzable, and calcium, which is
dialyzable but has similar concentrations in blood and dialysate,
was unaffected. These findings suggest that dialyzed blood,
rather than non-dialyzed blood, was measured, suggesting that
dialysis was not halted, as specified in the protocol and,
moreover, that the affected samples were drawn from the
venous return rather than from the arterial (pre-filter) side of
the dialysis circuit. Additional possibilities for aberrantly low
potassium values include recirculation and dilution of the blood
sample. However, recirculation, which is usually less than 10%,
[13] would have to be nearly complete to explain the potassium,
BUN and phosphorus values in the affected samples. Dilution,
for example if blood were obtained distal to an intravenous
input or was diluted after the sample was obtained, would have
affected the albumin and calcium values. Regardless of etiology,
the ECG-derived potassium values, which measure the
physiologic effect of potassium in the blood bathing cardiac
tissue, indicate that the measured potassium values were not
systemic.

There are other potential sources of error in blood potassium
measurement. Haemolysis from excessive suction, drawing
blood through a small needle or catheter or forcible ejection of
the sample from a syringe may result in leakage of intracellular
potassium [14-16]. Platelets and white blood cells may leak
potassium into the serum before it is processed. If processing
times are too short or too long, incomplete clotting, prolonged
clot contact time or cellular metabolism may all modify test
results [17]. Skin iodine (applied for sterile puncture) may
increase potassium values if it contaminates the sample, [18] as
can drawing blood through benzalkonium-heparin bonded
catheters [14,15]. Even fist clenching, often erroneously
performed prior to venipuncture, and may affect results. In one
study comparing potassium drawn from a relaxed arm and from
a fist clenched/pumped arm, fist pumping increased potassium
values by up to 1.5 mmol/l, with a mean of 17% [19]. The
mechanism is thought to be local release of muscle-cell
potassium from the forearm muscles [20].

All potassium tests to date require blood. Recently-
introduced, blood-free tests have estimated potassium from the
signal processed ECG [9,11] and might be a reliable tool for
monitoring patients during dialysis. In particular, with further
validation, there is a possibility that, by identifying hypokalemia,
hyperkalemia or excessive changes in potassium, these methods
might be useful for preventing cardiac arrhythmias. ECG-based
methods leverage the minute physiologic changes that occur
with plasma potassium changes to estimate potassium blood

levels. By eliminating the need for blood, they are amenable to
remote potassium monitoring, which may permit virtually
continuous and instantaneous monitoring of potassium, quality
control of standard blood potassium measurements, and hence
more-effective management of patients with renal disease,
heart failure and diabetes. Since ECG-based measurements
reflect physiologic change, they are not susceptible to
mechanical or temperature, contamination, or the other
potential errors associated with processing blood, but have
other sources of potential error that may alter the ECG. These
include lead-placement differences, changes in body position
and changes in other electrolytes. With the development of
robust signal processing techniques, these limitations can be
overcome and in some cases may permit an accurate estimation
of potassium when the blood tests are erroneous.

In conclusion, we present four cases in which errors in blood
drawing resulted in falsely-low potassium measurements, while
ECG-based measurements were as expected. A physiologic, ECG-
based test that estimates potassium on the basis of the
concentration of potassium in the blood surrounding the heart
is free from local aberrations and might be a useful tool for
monitoring potassium in dialysis patients.
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