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Abstract

Objective: Infants with single ventricle physiology have arterial oxygen saturations between 75
and 85%. Home monitoring with daily pulse oximetry is associated with improved interstage
survival. They are typically sent home with expensive, bulky, hospital-grade pulse oximeters.
This study evaluates the accuracy of both the currently used Masimo LNCS and a relatively
inexpensive, portable, and equipped with Bluetooth technology study device, by comparing
with the gold standard co-oximeter. Design: Prospective, observational study. Setting: Single
institution, paediatric cardiac critical care unit, and neonatal ICU. Interventions: none.
Patients: Twenty-four infants under 12 months of age with baseline oxygen saturation less than
90% due to cyanotic CHD.Measurements and Results: Pulse oximetry withWristOx2 3150 with
infant sensors 8008 J (study device) andMasimo LCNS saturation sensor connected to a Philips
monitor (hospital device) were measured simultaneously and compared to arterial oxy-
haemoglobin saturation measured by co-oximetry. Statistical analysis evaluated the perfor-
mances of each and compared to co-oximetry with Schuirmann’s TOST equivalence tests, with
equivalence defined as an absolute difference of 5% saturation or less. Neither the study nor the
hospital device met the predefined standard for equivalence when compared with co-oximetry.
The study device reading was on average 4.0% higher than the co-oximeter, failing to show
statistical equivalence (p= 0.16). The hospital device was 7.4% higher than the co-oximeter
and also did not meet the predefined standard for equivalence (p= 0.97). Conclusion: Both
devices tended to overestimate oxygen saturation in this patient population when compared
to the gold standard, co-oximetry. The study device is at least as accurate as the hospital device
and offers the advantage of being more portable with Bluetooth technology that allows reliable,
efficient data transmission. Currently FDA-approved, smaller portable pulse oximeters can be
considered for use in home monitoring programmes.

Introduction

Following the initial surgery for hypoplastic left heart syndrome, homemonitoring programmes
are used to reduce interstage mortality. Several studies have shown that home monitoring pro-
grammes are associated with significant reduction in the risk of mortality, from 15 to 0%.1–4 The
home monitoring programmes typically include close monitoring of weight and oxygen satu-
rations. Pulse oximeters are used as a component of the homemonitoring programmes to detect
changes in oxygen saturations. Families measure the oxygen saturation daily, manually log the
values, and then convey them to the nurse practitioner, who calls them once a week. Trends in
the readings or major acute changes prompt medical evaluation and treatment. Inability to
report this data on time can result in poor outcomes, including death.4 In multiple other dis-
eases, including diabetes and asthma, digital tools that can make automatic measurements have
been shown to improve outcomes.5

As a part of the home monitoring programme, families are sent home with hospital-grade
pulse oximeters, often determined by their health insurance. These devices are FDA-approved
for use in adults and children with saturations between 70 and 100%. However, despite their
widespread use, FDA-approved hospital-grade pulse oximeters are found to have significant
inaccuracies in hypoxemic patients.6 In addition they are relatively bulky and expensive.

As technologies continue to improve, pulse oximeters are becoming more compact, afford-
able, and portable, and FDA-approved devices are available to the public on the consumer mar-
ket. These new devices also have the same standards as the current hospital-grade pulse
oximeters used for monitoring hypoxemic infants. In addition they are often equipped with
Bluetooth, enabling data to be remotely monitored. We hypothesized that these devices would
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be at least as accurate as current hospital-grade pulse oximeters and
could be used for homemonitoring. We believe the smaller devices
will be more convenient for the families, improve family adherence
to the home monitoring programme, and provide easier data
accessibility for the clinical team.

The aim of this study was to evaluate the accuracy of an FDA-
approved portable pulse oximeter, the WristOx2 3150 with infant
sensors 8008J (Nonin Inc., Plymouth, Minnesota, United States of
America) and the hospital-grade pulse oximeter used in our insti-
tution, the Masimo LCNS (Masimo Inc., Irvine, California, United
States of America) compared to the gold standard of arterial oxy-
gen saturation measured by co-oximetry. Equivalence was defined
as an absolute difference of 5% or less between the pulse oximeter
reading and the co-oximeter measurement.7,8

Materials and methods

Patients and data collection

This institutional review board– approved, investigator-initiated
prospective, observational study was performed at Lucile
Packard Children’s Hospital, Stanford, in the paediatric cardio-
vascular ICU and the neonatal ICU between April, 2014 and
August, 2015. Following written parental consent, infants and chil-
dren weighing 2–20 kg with saturations at or below 90% (measured
by pulse oximetry at the time of assessment) with an arterial line in
place were enrolled in the study. Exclusion criteria were unstable
clinical status resulting in marked fluctuation of saturations or
anatomy, which caused differential saturations between extrem-
ities (e.g. neonatal aortic coarctation, patent ductus arteriosus with
right-to-left shunting).

All patients already had an indwelling arterial line that could
be used to obtain an arterial blood sample and a hospital-grade
pulse oximeter – Masimo LCNS saturation sensor connected to
Philips monitor (hospital device) – in place as part of their clinical
care. That pulse oximeter was left in the location it had been
placed for clinical care. Study time was coordinated with the time
of a blood draw needed for clinical care. The WristOx2 3150 with
infant sensors 8008J (study device) was placed on a thumb, big
toe, or mid-foot of an extremity that did not have the standard
pulse oximeter (to avoid interference) nor an arterial line to avoid
issues of hypo-perfusion-related artifact. Saturations were
recorded continuously by the two devices, at a point of stability,
for at least 2 minutes following which 0.2 mL of an arterial blood
sample was obtained for bedside co-oximetry and the sample was
analysed immediately. Study device recorded for a minimum of
2 minutes prior to when blood sample was obtained. After the
blood sample was obtained, the study device was removed from
the patient. Data from the hospital device were collected man-
ually in an Excel file, and data from the study device were
obtained using the N-vision software, which allowed for export-
ing data into an Excel file.

Statistical analysis

Pulse oximetry with WristOx2 3150 with infant sensors 8008J
(study device) and Masimo LCNS saturation sensor connected
to Philips monitor (hospital device) were measured simultaneously
and compared to arterial oxyhemoglobin saturation measured
by co-oximetry. Statistical analysis with Schuirmann’s TOST
equivalence tests, consisting of two one-sided paired t-tests, was
performed to evaluate the performance of both the hospital
and study pulse oximeter devices compared to co-oximetry.

Equivalence was defined as an absolute difference of 5% saturation
or less. Based on past data and clinical relevance, 5% was chosen as
an acceptable limit.9

The difference between study sensor bias and hospital sensor
bias was evaluated with a signed rank test, a non-parametric test
used due to non-normally distributed data.

Accuracy root mean square was calculated for each device
as compared to co-oximetry using the formula

Accuracy root mean square ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

N
i¼1

ðSpO2i�SaO2iÞ2
n

q
, where

SpO2i = estimated oxygen saturation (pulse oximetry) of infant
i, SaO2i = arterial blood oxygen saturation using co-oximetry of
infant i, i = 1 to 24 infants, and n = 24, as defined by Ross et al.,
2014.6 As a guide, accuracy root mean square ≤ 3 is required by
the FDA for approval of a pulse oximeter.10 Modified Bland–
Altman plots depict gold standard co-oximetry measurements
plotted against the bias for each device. For each sensor (hospital
and study sensor), association between equivalence with arterial
co-oximetry (within 5% yes/no) and the following factors were
tested: age, using Wilcoxon rank sum test due to non-normal
distribution; Massey score, using t-test; and sensor placement
(finger, toe, or thumb vs hand or foot), using Fisher’s exact test.

Results

Twenty-four infants were included in the analysis. Two patients
were excluded from data analysis after the study was completed
because the pulse oximeter had been placed on the same limb
as the arterial line. The median age of the patients was 13 days
(2–195 days), mean weight was 3.9 kg (2.08–6.85 kg), and the most
common diagnosis was hypoplastic left heart syndrome (Table 1).
Sensor placement for the hospital device was not changed for the
purposes of the study as it was being used for clinical care; notably
many sensors had been placed in a non-standard position on the
hand or foot (Table 2). The mean saturation by co-oximetry was
72% (standard deviation (SD) ± 9%). Mean saturation measured
by the study device was 76% (SD ± 8%). Mean saturationmeasured
by the hospital device was 80% (SD ± 8%).

Neither the study (p = 0.16) nor hospital device (p= 0.97) met
the predefined standard for equivalence of readings within 5% of
co-oximeter. The study device reading was on average 4.0% higher
than the co-oximeter (90% confidence interval (CI) 2.3–5.7%).
Note that even though the mean bias of 4% was in the equivalence
range, the confidence bounds extended beyond 5%. On average the
hospital device was 7.4% higher than the co-oximeter (90% CI 5.4–
9.5%) and also did not meet the predefined standard for equiva-
lence (Table 3). The hospital sensor bias was significantly greater
than study sensor bias (p= 0.018). About 54% of the study device
sensor readings and 38% of hospital device sensor values were
within 5% points of the co-oximeter measurements. The accuracy
root mean square of the study device was 6 and that for the hospital
device was 9. Both devices had increased bias with decreasing
saturation, as shown graphically in the Bland–Altman plots
(Fig 1a and b).

Age and Massey skin colour score were not associated with the
accuracy of pulse oximetry measurements for either of the devices.
The hospital device had improved accuracy when placed on a
thumb, finger, or toe, as recommended, compared to when placed
on the hand or foot (62% agreement with co-oximetry versus 9%
agreement with co-oximetry, p= 0.013, Table 4). The study device
was placed only on the hand or foot once, so no comparison could
be made based on location.
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Discussion

We found that the smaller, more portable, Bluetooth-enabled
pulse oximeter, theWristOx2 3150 with infant sensors 8008J, per-
formed at least as well as the larger hospital-grade pulse oximeter
and Masimo LCNS saturation sensor. The pulse oximetry values
from both the devices were compared to the gold standard
co-oximetry values in hypoxemic infants with arterial oxygen sat-
urations lower than 90%. On average, both the pulse oximeters
overestimated the oxygen saturation in this patient population
when compared to co-oximetry. We found that the study device,
WristOx2 3150, had less bias from co-oximetry compared to the
hospital device with a mean difference of 4.0 and 7.4%, respec-
tively. From this, we conclude that the study device when appro-
priately placed on the finger, toe, or thumb is at least as accurate
as the hospital device as currently used. However, it is concerning
that the 90% CI of arterial oxygen saturation minus pulse oxi-
meter saturation for both sensors crossed the threshold of 5%,

which has been previously described as the clinically acceptable
range for managing patients with cyanotic heart disease.9 It is also
notable that both of these FDA-approved devices did not meet the
FDA accuracy root mean square requirement, which is ≤ 3%,
when being used in this clinical environment. Further study is
required to determine whether devices that more accurately
measure peripheral saturations will be associated with improved
survival and better neurodevelopmental outcomes in cyanotic
patients.

While age was not associated with accuracy in this study,
studies have found foetal haemoglobin (which is present at higher
concentrations at younger ages) to cause inaccuracies in pulse
oximetry.11 Although some studies have also found that skin
pigment does increase the bias of pulse oximetry, particularly at
lower saturations12,13 in this study there was not a significant effect
from the Massey skin colour scores.

Standard pulse oximeter sensor placement is on thumb,
finger, or toe, and except for the neonatal probes (intended only
for <3 kg) those are the only locations that have FDA approval
for use. Despite approval for use being limited to those standard
locations, in the hospital setting pulse oximeter probes are
commonly placed in other locations. Non-standard placement
of the hospital sensor on the hand or foot was correlated with
less accurate pulse oximetry reading, corroborating previous
findings.14 Since there has not been official testing in these
non-standard locations, it is not surprising that they are less
accurate. It is a limitation of our study that the hospital device
sensors were not all in standard locations, which would be the
best way to directly compare the devices. However, the hospital
devices were tested as they are used in the clinical setting, which
increases the external validity of the results. Overall, these
results support the findings that correct placement of the sensor
is important in establishing accurate measurements in the
hospital sensor. Given the importance of sensor placement, parent
or caregiver education about sensor placement is extremely impor-
tant as a part of homemonitoring in single ventricle patients to allow
for the most accurate readings.

Table 1. Patient characteristics, n= 24.

Patient characteristic N or Mean ± SD (range)

Age (days) (median, range) 13.5 (2–195)

Weight (kg) (mean, SD, range) 3.9 ± 1.40 (2.08–6.85)

Male sex 14 (58%)

Race

White 16 (67%)

Asian 1 (4%)

Native Hawaiian or Pacific Islander 3 (13%)

African American 2 (8%)

Massey Skin Colour Scale 3.3 ± 1.25

SpO2 79.7% ± 7.8

Diagnosis

HLHS 7 (29%)

Tricuspid Atresia 1 (4%)

DORV 5 (21%)

TGA 1 (4%)

Pulmonary Atresia 1 (4%)

TAPVR 1 (4%)

TET/PA/MAPCAs 3 (13%)

Other 5 (21%)

SpO2= oxygen saturation; HLHS= hypoplastic left heart syndrome; DORV = double outlet
right ventricle; TGA= transposition of the great arteries; TAPVR= total anomalous venous
return; TET/PA/MAPCAs= tetralogy of fallot/pulmonary atresia/major aortopulmonary
collateral artery.
SD = standard deviation.

Table 2. Location of sensors.

n= 24 patients

Hospital device, n (%) Study device, n (%)Sensor location

Big toe or thumb 9 (39%) 23 (96%)

Finger (not thumb) 3 (13%) 0

Hand or foot 11 (48%) 1 (4%)

Table 3. Mean paired differences between SpO2 and SaO2.

N= 24 patients Measured O2 Difference from Co-Ox

Mean StdDev Mean StdDev CI p-value

Co-Oximeter SaO2 72.29 9.08

Study Device
(WristOx2 3150) SpO2

76.29 8.05 4.00 4.81 2.3–5.7 0.160

Hospital Device
(Masimo LCNS) SpO2

79.71 7.77 7.42 5.86 5.4–9.5 0.972

O2 values are arterial blood oxygen saturation (SaO2), when measured using co-oximetry,
and estimated oxygen saturation (SpO2) when measured using pulse-oximtery. CI = 90%
confidence interval. p-values from Schuirmann’s TOST test for equivalence.

Table 4. Hospital sensor bias in standard versus non-standard position with
acceptable bias being <= 5%.

Saturation bias≤ 5% Thumb, finger, toe Hand, foot

Yes 8 (61.54%) 1 (9.09%)

No 5 (38.46%) 10 (90.90%)

Total 13 11
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One limitation of this study is that it is a single sample from
each patient. Reproducibility should be addressed in the future
with additional cohorts to provide the evidence to determine if
the study device is more accurate than the currently used
hospital-grade pulse oximeters.

In addition, there are many other portable, FDA-approved
devices that were not specifically tested. It is unclear whether
these results would also hold true for other devices, but we would
expect similar results as long as they are used within their spec-
ifications. TheMasimoWristOx2 3150 device was chosen because
it was FDA-approved, small (and therefore portable), cheaper
than hospital-grade devices and Bluetooth enabled to allow for
automatic data transmission. In this study, we did not survey
parent or physician satisfaction with the study device as they were
not involved in the use (either applying or interpreting results) of
this device.

Conclusion

Our results suggest that one of the small, FDA-approved,
consumer pulse oximeters – the WristOx2 3150 with infant sensor
– is a suitable alternative to the large and expensive hospital-grade
pulse oximeters currently used for the home monitoring pro-
gramme at our institution. Our data suggest that not only is the
WristOx device as accurate as the hospital-grade device, but that
it may also be more accurate when placed in standard position
on the finger, toe, or thumb. The study device has many advan-
tages. It is smaller, portable, cheaper, and Bluetooth-enabled. It
allows reliable, efficient data transmission for home monitoring,
and it is easier for families to manage. We recommend that
FDA-approved, smaller portable pulse oximeters be considered
for use in home monitoring programmes.

Overall, we found that there is a significant bias when using both
study and hospital pulse oximeters in hypoxemic infants. This

(a)

(b)

Figure 1. Top and bottom reference lines at + /− 5 depict equivalence bounds. (a) Bland–Altman plot of arterial co-oximeter versus study device saturation (b) Bland–Altman plot
of arterial co-oximeter versus LCNS (hospital) device saturation.
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highlights the need for further improvements in pulse oximetry
design for children with cyanotic CHD. While trends may be clin-
ically useful for surveillance, physicians should consider obtaining
confirmatory arterial blood gas analysis with co-oximetry
when there is a concern about a patient’s clinical status as pulse
oximetry measurements may be an overestimation of true arterial
saturation.
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