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Pulse oximeters have become invaluable diagnostic 
tools because of ease of use, portability, and appli-
cability in a wide range of clinical settings. The 

increase in utilization and availability of this technology has 
occurred disproportionately in higher income countries in 
large part because of significant cost and supply chain bar-
riers in low- and middle-income countries (LMICs). Recent 
studies estimate that >77,000 operating rooms around the 
world have no access to pulse oximetry.1 Pulse oximeters 
can cost >$3000 US dollar (USD) per unit. Until recently, few 
units were available for <$1000 USD and virtually none for 

<$50. As a result of increasing popularity and technologi-
cal advancements, the manufacture of many low-cost pulse 
oximeters has emerged, although the accuracy of many of 
these devices is uncertain.

Pulse oximetry computes arterial hemoglobin oxy-
gen saturation from the ratio of the pulsatile to the total 
transmitted red light divided by the same ratio for infra-
red light transilluminating the finger, ear, or other tissue. 
In theory, the derived saturation should be independent 
of skin pigmentation and many other variables, including 
hemoglobin concentration, nail polish, dirt, and jaundice. 
In practice, pulse oximeter measurements are influenced by 
many variables, and algorithm testing is required to refine 
the accuracy of these devices.2–11 Such testing often begins 
with in vitro analysis using a device such as the Fluke SPOT 
Light Pulse Oximeter Tester (Fluke Biomedical, Everett, 
WA).12 This device generates electronic signals that are 
interpreted by the pulse oximeter being tested. Users can 
manipulate heart rate, Spo2, artifact, and perfusion to vary-
ing degrees. Ideally, before clinical use, instrument readings 
are validated by testing human subjects using arterial blood 
saturation values (Sao2) measured with a gold standard 
multiwavelength oximeter. Testing of pulse oximeters in 
human subjects during hypoxemia is expensive and done at 
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BACKGROUND: Universal access to pulse oximetry worldwide is often limited by cost and has 
substantial public health consequences. Low-cost pulse oximeters have become increasingly 
available with limited regulatory agency oversight. The accuracy of these devices often has not 
been validated, raising questions about performance.
METHODS: The accuracy of 6 low-cost finger pulse oximeters during stable arterial oxygen 
saturations (Sao2) between 70% and 100% was evaluated in 22 healthy subjects. Oximeters 
tested were the Contec CMS50DL, Beijing Choice C20, Beijing Choice MD300C23, Starhealth 
SH-A3, Jumper FPD-500A, and Atlantean SB100 II. Inspired oxygen, nitrogen, and carbon dioxide 
partial pressures were monitored and adjusted via a partial rebreathing circuit to achieve 10 to 
12 stable target Sao2 plateaus between 70% and 100% and Paco2 values of 35 to 45 mm Hg. 
Comparisons of pulse oximeter readings (Spo2) with arterial Sao2 (by Radiometer ABL90 and 
OSM3) were used to calculate bias (Spo2 – Sao2) mean, precision (SD of the bias), and root 
mean square error (ARMS).
RESULTS: Pulse oximeter readings corresponding to 536 blood samples were analyzed. Four of 
the 6 oximeters tested showed large errors (up to −6.30% mean bias, precision 4.30%, 7.53 
ARMS) in estimating saturation when Sao2 was reduced <80%, and half of the oximeters dem-
onstrated large errors when estimating saturations between 80% and 90%. Two of the pulse 
oximeters tested (Contec CMS50DL and Beijing Choice C20) demonstrated ARMS of <3% at Sao2 
between 70% and 100%, thereby meeting International Organization for Standardization (ISO) 
criteria for accuracy.
CONCLUSIONS: Many low-cost pulse oximeters sold to consumers demonstrate highly inac-
curate readings. Unexpectedly, the accuracy of some low-cost pulse oximeters tested here 
performed similarly to more expensive, ISO-cleared units when measuring hypoxia in healthy 
subjects. None of those tested here met World Federation of Societies of Anaesthesiologists 
standards, and the ideal testing conditions do not necessarily translate these findings to the 
clinical setting. Nonetheless, further development of accurate, low-cost oximeters for use in 
clinical practice is feasible and, if pursued, could improve access to safe care, especially in low-
income countries.  (Anesth Analg 2016;XXX:00–00)
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only a few centers in the world. Such testing is not required 
for marketing these products to consumers for nonmedi-
cal use and therefore is often not done by manufacturers of 
low-cost pulse oximeters.

All pulse oximeters marketed for medical use in the United 
States are required by the Food and Drug Administration 
(FDA) to have been tested and certified to be accurate to root 
mean square error (ARMS) of <3% at Sao2 between 70% and 
100%.13 The great majority of calibration and confirmation 
tests are done on healthy volunteer subjects.

The purpose of this study was to evaluate the accu-
racy of several low-cost pulse oximeters as a sample of the 
large number of such devices currently available for pur-
chase on the Internet, in pharmacies, and in retail stores for  
<$50 USD. We hypothesize that inexpensive pulse oximeters 
currently available to consumers are inaccurate and would 
not meet International Organization for Standardization 
(ISO 80601-2-61:2011) standards for use in clinical practice.13

METHODS
This study was approved by the University of California at 
San Francisco (UCSF) Committee on Human Research and 
the Shenzhen University School of Medicine IRB. Written 
informed consent was obtained from all subjects. Two groups 
of 11 healthy, nonsmoking subjects were studied; the first  
11 subjects were studied at UCSF, and the second group of  
11 subjects was studied at Shenzhen, China, using the same pro-
tocol. None of the subjects had lung disease, obesity, or cardio-
vascular problems. They ranged in age between 18 and 40 years 
and had a range of skin pigments as described in Table 1.

Sample size was decided a priori based on FDA guide-
lines for accuracy testing. These guidelines require a mini-
mum of 200 data points over an Sao2 range of 70% to 100%, 
well-balanced in the 70% to 80%, 80% to 90%, and 90% to 
100% ranges. In addition, the FDA requires men and women 
of varying skin tones be included.14

Subjects were studied using identical protocols imple-
mented by these 2 study laboratories that routinely test pulse 

oximeters for FDA 501(k) certification.14,15 One of the authors 
was present at the study site in Shenzhen for the experiments. 
Briefly, study subjects were semisupine (30° head up) with a 
nose clip, breathing air-nitrogen-carbon dioxide mixtures via 
a mouthpiece from a partial rebreathing circuit with a volun-
tarily increased minute ventilation and 10 to 20 L/min fresh gas 
inflow. An indwelling 22-g radial artery catheter was placed 
to sample arterial blood for the measurement of Sao2. In the 
first group of 11 study subjects at the UCSF study site, 3 pulse 
oximeters were placed on each subject: Starhealth SH-A3 (Star 
Health Medical, Huoying Hualongyuanzhongli, Changping 
District, Beijing, China), Jumper FPD-500A (Shenzhen Jumper 
Medical Equipment, Shenzhen, Guangdong Province, China), 
and Atlantean SB100 II (Atlantean Corporation, Chubay City, 
Taiwan). In the second group of 11 study subjects (Shenzhen, 
China), 3 pulse oximeters were placed on each subject: the 
Contec CMS50DL, Beijing Choice C20, and Beijing Choice 
MD300C23. Because none of these devices had any digital or 
analog output of saturation values, readings were recorded by 
hand throughout the protocol.

A series of 10 to 12 stable target Sao2 plateaus between 
70% and 100% (approximately 70%, 73%, 76%, 80%, 83%, 
86%, 89%, 92%, 95%, 98%, and 100%) were sought by an oper-
ator who adjusted the inspired air-nitrogen-carbon dioxide 
mixture breath by breath in response to the computer display 
of the estimated Sao2 derived from end-tidal gas analysis 
using LabVIEW 2013 (National Instruments, Austin, TX).2 
Input parameters for the computer O2 dissociation curve 
included hemoglobin P50, base excess, and alveolar-arterial 
(A − a) oxygen difference. Inputs were adjusted as needed 
to match the predicted with measured Sao2. At each level, 
arterial blood was sampled after a plateau of 30 to 60 sec-
onds had been achieved, followed by a second sample at the 
same plateau 30 seconds later. To ensure that each subject had 
good circulation to the fingers, each hand was wrapped in a 
warming pad. “Functional” arterial Sao2 (HbO2/[Hb+HbO2]) 
was determined by multi-wavelength oximetry using a 
Radiometer (Copenhagen, Denmark) ABL-90 at UCSF and 
an OSM3 at Shenzhen. Both instruments were calibrated 
according to manufacturer recommendations.

Statistical Analysis
Bias was computed as Spo2 - Sao2 from each oximeter’s read-
ing minus the corresponding arterial blood sample value. 
Bias is reported as mean ± SD, where the SD of the bias rep-
resents precision. The SD was calculated according to Bland 
and Altman with adjustments for multiple measurements for 
each individual according to the “Method Where the True 
Value Varies.”16 Limits of agreement are 1.96·SD. The 95% 
confidence intervals were calculated using bootstrapping 
(random resampling with replacement) with 50,000 repeti-
tions. ARMS was calculated as the square root of the mean dif-
ference between Spo2 − Sao2, squared. The 95% confidence 
intervals for ARMS were calculated by bootstrapping, as above. 
An Arms <3% is the accuracy standard used by the FDA. Bias 
is plotted versus Sao2 as the gold standard. The relationship 
of bias to Sao2 was analyzed by linear regression accounting 
for repeated measures. Bias was also analyzed for decadal 
subgroups of Sao2 (70%–80%, 80%–90%, and 90%–100%) 
using repeated-measures analysis of variance, with the 
Tukey-Kramer honestly significant difference for multiple 

Table 1.  Demographics
n

Number of subjects 22
Age (y) 28 ± 3a

Sex
  Male 12 (54.5)
  Female 10 (45.5)
Ethnicityb

  African 4 (18.2)
  Chinese/Caucasian 4 (18.2)
  Mexican/Irish 1 (4.5)
  Caucasian 11 (50)
  Indian 1 (4.5)
  Malaysian/Caucasian 1 (4.5)
Skin tone
  Light 7 (31.8)
  Light/medium 4 (18.2)
  Medium 6 (27.3)
  Medium/dark 1 (4.5)
  Dark/black 4 (18.2)

Data are mean ± SD or n (%).
aAge data for 11 of the 22 subjects were not available at the time of analysis. 
These subjects were between 18 and 40 years of age.
bIndividuals self-reported ethnicities.
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comparison testing. The Levene test was used to compare 
variances between the different decadal ranges. A P value 
<0.05 was considered statistically significant. Statistical anal-
ysis was performed with JMP 11.0 (SAS Institute, Cary, NC) 
and Stata 14 (StataCorp, College Station, TX).

RESULTS
Readings from 6 pulse oximeters corresponding to  
536 blood samples in 22 healthy subjects were obtained. 
Characteristics of all study subjects are presented in 
Table 1.

Table 2.  Summary of Data from 6 Low-Cost Pulse Oximeters
Sao2 range 70%–80% 80%–90% 90%–100% All P value
Starhealth SH-A3
  n, paired observations 91 79 86 273
  Mean bias (%)a −4.55 −1.99 −0.33 −2.55 <0.0001
  Precision (%) 3.42 2.15 1.33 3.38 <0.0001
  Arms (%) 5.62 (5.01 to 6.23) 2.90 (2.41 to 3.39) 1.36 (1.10 to 1.61) 4.21 (3.74 to 4.67)
  Lower limit of 

agreement (%)
−11.25 (−12.38 to −10.12) −6.20 (−7.22 to −5.18) −2.95 (−3.55 to −2.34) −9.18 (−10.16 to −8.19)

  Upper limit of 
agreement (%)

2.15 (0.99 to 3.31) 2.23 (1.51 to 2.94) 2.29 (1.78 to 2.79) 4.07 (3.50 to 4.65)

Jumper FPD-500A
  n, paired observations 91 79 86 271
  Mean bias (%)a −6.30 −2.73 −0.17 −3.51 <0.0001
  Precision (%) 3.69 3.19 1.25 4.10 <0.0001
  Arms (%) 7.27 (6.53 to 8.01) 4.14 (3.25 to 5.04) 1.25 (1.03 to 1.47) 5.39 (4.88 to 5.91)
  Lower limit of 

agreement (%)
−13.54 (−14.92 to −12.15) −8.98 (−10.98 to −6.98) −2.62 (−3.13 to −2.10) −11.55 (−12.61 to 

−10.50)
  Upper limit of 

agreement (%)
0.94 (−0.24 to 2.11) 3.51 (2.29 to 4.73) 2.28 (1.82 to 2.75) 4.53 (3.97 to 5.08)

Atlantean SB100 II
  n, paired observations 91 79 86 273
  Mean bias (%)b −2.35 0.44 0.68 −0.75 <0.0001
  Precision (%) 6.64 3.34 1.67 5.22 <0.0001
  Arms (%) 6.77 (5.75 to 7.80) 3.27 (2.47 to 4.07) 1.78 (1.31 to 2.25) 5.17 (4.52 to 5.83)
  Lower limit of 

agreement (%)
−15.37 (−17.56 to −13.18) −6.10 (−7.72 to −4.49) −2.58 (−4.04 to −1.13) −10.98 (−12.33 to −9.63)

  Upper limit of 
agreement (%)

10.67 (6.81 to 14.52) 6.99 (5.09 to 8.89) 3.95 (2.93 to 4.97) 9.48 (7.82 to 11.14)

Contec CMS50DL
  n, paired observations 92 114 56 263
  Mean bias (%)a 1.45 0.51 −0.53 0.61 <0.0001
  Precision (%) 1.67 1.55 1.91 1.81 0.41
  Arms (%) 2.18 (1.81 to 2.56) 1.61 (1.37 to 1.85) 1.94 (0.90 to 2.99) 1.90 (1.62 to 2.18)
  Lower limit of 

agreement (%)
−1.81 (−2.36 to −1.27) −2.54 (−3.14 to −1.94) −4.26 (−6.64 to −1.89) −2.94 (−3.63 to −2.25)

  Upper limit of 
agreement (%)

4.72 (3.91 to 5.52) 3.55 (3.02 to 4.09) 3.21 (1.60 to 4.81) 4.17 (3.57 to 4.76)

Beijing Choice C20
  n, paired observations 92 114 56 263
  Mean bias (%)a 1.32 0.18 −0.85 0.37 <0.0001
  Precision (%) 1.75 1.42 0.88 1.66 0.0073
  Arms (%) 2.16 (1.55 to 2.77) 1.39 (1.19 to 1.59) 1.21 (1.04 to 1.38) 1.67 (1.38 to 1.97)
  Lower limit of 

agreement (%)
−2.12 (−3.11 to −1.13) −2.59 (−2.94 to −2.24) −2.57 (−2.90 to −2.24) −2.88 (−3.35 to −2.41)

  Upper limit of 
agreement (%)

4.76 (3.36 to 6.16) 2.96 (2.42 to 3.49) 0.87 (0.47 to 1.27) 3.62 (2.96 to 4.28)

Beijing Choice MD300C23
  n, paired observations 92 114 56 263
  Mean bias (%)a 6.27 5.44 1.20 4.86 <0.0001
  Precision (%) 4.30 4.14 1.81 4.28 0.0005
  Arms (%) 7.53 (6.30 to 8.76) 6.75 (5.80 to 7.71) 2.17 (1.37 to 2.96) 6.42 (5.72 to 7.11)
  Lower limit of 

agreement (%)
−2.17 (−3.77 to −0.56) −2.67 (−3.80 to −1.55) −2.35 (−3.39 to −1.31) −3.52 (−4.40 to −2.65)

  Upper limit of 
agreement (%)

14.70 (11.80 to 17.60) 13.56 (11.44 to 15.69) 4.76 (2.97 to 6.54) 13.24 (11.68 to 14.80)

Mean bias compared by repeated-measures analysis of variance; precision compared by the Levene test. Analysis is restricted to Sao2 70%–100%.
Bias = pulse oximeter measured oxygen saturation (Spo2) − arterial blood oxygen saturation (Sao2) measured with a Radiometer OSM3; precision = the standard 
deviation (SD) of the bias (adjusted for repeated measures); Arms = root mean square error (with 95% confidence interval); limits of agreement (with 95% 
confidence intervals by bootstrapping) = mean bias ± 1.96 SD (adjusted for repeated measures).
aAll different by multiple comparisons (Tukey-Kramer honestly significant difference).
bSeventy percent to 80% different.
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Figure 1. (Continued )



Copyright © 2016 International Anesthesia Research Society. Unauthorized reproduction of this article is prohibited.Copyright © 2016 International Anesthesia Research Society. Unauthorized reproduction of this article is prohibited.
XXX 2016 • Volume XXX • Number XXX www.anesthesia-analgesia.org  5

  

-20 

-16 

-12 

-8 

-4 

0 

4 

8 

12 

16 

20 

24 

60 65 70 75 80 85 90 95 100 
Hemoximeter (SaO2, %) 

Subject #1 
Subject #2 
Subject #3 
Subject #4 
Subject #5 
Subject #6 
Subject #7 
Subject #8 
Subject #9 
Subject #10 
Subject #11 

Beijing Choice MD300C23Bias (SpO2 - SaO2,%) 

y = 25.4 + -0.24(95% CI, -0.28 to -0.21)x, P < 0.0001

-20 

-16 

-12 

-8 

-4 

0 

4 

8 

12 

16 

20 

24 

60 65 70 75 80 85 90 95 100 
Hemoximeter (SaO2, %) 

Subject #1 
Subject #2 
Subject #3 
Subject #4 
Subject #5 
Subject #6 
Subject #7 
Subject #8 
Subject #9 
Subject #10 
Subject #11 

Contec CMS50DL Bias (SpO2 - SaO2,%) 

y = 8.6 + -0.09(95% CI, -0.12 to -0.07)x, P < 0.0001

D

-20 

-16 

-12 

-8 

-4 

0 

4 

8 

12 

16 

20 

24 

60 65 70 75 80 85 90 95 100 
Hemoximeter (SaO2, %) 

Subject #1 
Subject #2 
Subject #3 
Subject #4 
Subject #5 
Subject #6 
Subject #7 
Subject #8 
Subject #9 
Subject #10 
Subject #11 

Beijing Choice C20  Bias (SpO2 - SaO2,%) 

y = 9.1 + -0.10(95% CI, -0.12 to -0.09)x, P < 0.0001

E

F

Figure 1. Bias (pulse oximeter oxygen saturation [Spo2] − arterial blood oxygen saturation [Sao2]) is plotted against Sao2 measured by either 
an ABL90 (panels A–C) or OSM3 (panels D–F) hemoximeter (Radiometer). Mean bias is shown by a solid horizontal line. Dashed horizontal 
lines are the upper and lower limits of agreement. Regression lines and equations are shown on the graphs with 95% confidence intervals 
for slope. Individual subject data are shown by different colored markers and trendlines. Panels A–C represents one group of 11 subjects, 
whereas panels D–F represent a different group of 11 subjects (A, Starhealth SH-A3; B, Jumper FPD-500A; C, Atlantean SB100 II; D, Contec 
CMS50DL; E, Beijing Choice C20; F, Beijing Choice MD300C23).
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The ARMS over the range of Sao2 between 70% and 100% 
was <3%, the FDA clearance threshold, for 2 of the 6 oxime-
ters tested, the Contec CMS50DL and the Beijing Choice C20 
(Table  2). The remaining 4 oximeters demonstrated >3% 
ARMS. This was largely because of high mean bias (Table 2).

Figure 1 illustrates bias for individual data points obtained 
for individual subjects from each oximeter tested. Figure 2 dis-
plays bias for each oximeter tested. All oximeters tested dem-
onstrated worsening performance with hypoxia, with mean 
bias increasing at lower oxygen saturations. This resulted in 
wide limits of agreement. Data are summarized in Table 2.

DISCUSSION
Pulse oximetry theory predicts that the ratio of pulsatile 
to total transmitted red light divided by the same ratio for 
infrared light should depend only on arterial saturation. In 
practice, there are many factors that must be accounted for 
to ensure accurate calculation of oxygen saturation by pulse 
oximetry. Major known variability is caused by anemia, light 
scattering, venous and tissue pulsation by mechanical force 
from nearby arteries, pulsatile variations in tissue thickness 
in the light path other than in the arteries, nail polish, and 
skin pigment, among others.2 Therefore, the design of accu-
rate pulse oximeters often requires empirically determined 
correction factors obtained by in vivo comparison of oxim-
eter readings with arterial oxyhemoglobin saturation of vol-
unteer subjects during hypoxemia. Many commonly used 
low-cost pulse oximeters do not undergo this in vivo testing, 
and thus, little is known about the accuracy of such devices.

In this study, we tested the accuracy of 6 low-cost pulse 
oximeters currently available for purchase from popular con-
sumer retailers. The majority (4/6) of the oximeters tested 
did not meet US FDA standards for accuracy. Unexpectedly, 
2 of the 6 oximeters did meet accuracy standards defined 
by the FDA and ISO, an Arms <3%. Oximeters 4 and 5 sell for 
approximately $25 USD and performed with similar accuracy 
for measuring hypoxia in healthy volunteers when compared 

with popular, clinically approved devices that cost >$3000 
USD. Although more expensive units often contain additional 
features (such as hemoglobin concentration, methemoglobin, 
and carboxyhemoglobin measurements or enhanced detec-
tion during motion or low perfusion states, and faster process-
ing speed), our findings demonstrate that simple, accurate 
pulse oximeters can likely be developed at significantly lower 
cost than many units currently available on the market.

It is important to note that although some of the inex-
pensive units tested here demonstrated accurate satura-
tion readings during hypoxia, none meet current World 
Health Organization or World Federation of Societies of 
Anaesthesiologists standards for use in clinical practice.

All instruments tested showed increasingly larger bias 
(both positive and negative) in oximeter readings at low 
Sao2 in subjects. It may be that this is a property common 
to a wide variety of inexpensive pulse oximeters, given that 
the basic technology is similar. More expensive devices that 
are FDA-cleared, such as those manufactured by Nellcor, 
Nonin, Masimo, and others, show a smaller degree of 
increasing bias during lower Sao2 conditions.2

The magnitude of the oximeter error in all 6 oximeters 
tested here was relatively small at saturations >90% and 
probably of no clinical significance. However, there were 
large and variable errors in performance of pulse oximeters 
at lower saturations. Clinical use of these devices is there-
fore of obvious concern. In one subject for oximeters 3 and 6, 
the device appeared to have locked onto a saturation value 
and therefore did not detect increasing hypoxemia.

It is not clear to what extent low-cost (<$50 USD) pulse 
oximeters are used for medical diagnoses worldwide. It has 
been our experience through extensive time spent in practice 
environments in LMICs that the use of nontested/non-FDA 
or Conformité Européene-regulated oximeters is extensive. 
Furthermore, it has been our experience that the device man-
ufacturers tested here represent a large proportion, if not the 
majority, of low-cost oximeters currently in use.

Figure 2. Bias (pulse oxim-
eter oxygen saturation [Spo2] −   
arterial blood oxygen satura-
tion [Sao2]) is plotted against 
Sao2 measured by either an 
ABL90 (oximeters 1–3) or OSM3 
(oximeters 4–6) hemoximeter 
(Radiometer). Each oximeter is 
indicated by separate markers.
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To improve anesthesia safety worldwide, conservative 
estimates indicate that 100,000 additional pulse oximeters 
are needed, and when accounting for additional care settings 
such as recovery rooms, >1 million units may be required.17

Our finding that 2 of the low-cost oximeters studied here 
performed with accuracy to meet FDA clearance standards 
is particularly relevant for clinical environments in LMICs 
where access may be limited because of cost. It is in LMICs 
that most of the world’s surgical disease burden exists with 
the fewest per capita health care resources (such as health care 
providers and pulse oximeters) to address the problem.1,18 
Furthermore, the purchase of pulse oximeters that cost sev-
eral thousand—or even several hundred—dollars may not 
be feasible in these settings, despite research suggesting cost-
effectiveness on par with other public health interventions.19

At present, a few initiatives are underway to increase 
access to low-cost, accurate pulse oximeters in low-income 
countries. The LifeBox Project aims to equip the world’s 
operating theaters with pulse oximeters specifically 
designed and priced for this purpose. We have previously 
shown that the LifeBox does meet US FDA accuracy stan-
dards.20 LifeBox pulse oximeters are donated or purchased 
by users. The current cost for a LifeBox oximeter is $250, 
which includes an adult probe, a pediatric probe, a recharge-
able battery, delivery by courier anywhere in the world, 
training materials, and a 2-year warranty (1-year warranty 
for the probes). Another example of a project aimed at 
increasing global access to pulse oximeters is the LionsGate 
Medical Kenek Pulse Oximeter (Lionsgate Technologies, 
Vancouver, British Columbia, Canada).21 This device costs 
approximately $50 to $80, although it also requires the pur-
chase of a compatible mobile phone or tablet (iOS) device.

Although the units tested in this study were sold for  
<$50 USD, this price does not account for additional costs, such 
as delivery of the unit and replacement batteries, which can 
add considerably to the overall lifetime cost of these devices.

Nonetheless, based on the data we present here and care-
ful evaluation of the components and features of numerous 
currently available FDA-cleared pulse oximeters (including 
screen size, alarms, rechargeable battery, and durable cases), 
a lower price point for many pulse oximeter units can likely 
be achieved to target LMIC markets without compromising 
accuracy or utility.

The present study has several limitations. Study subjects 
were recruited on a volunteer basis, with limited attempts to 
recruit subjects of different skin tones in equal proportions. 
We did not evaluate the impact of skin pigment on saturation 
although pigment is known to cause inaccurate readings in 
pulse oximeters.22,23 For individuals with darkly pigmented 
skin, bias of up to 8% has been reported at lower saturations, 
in FDA-cleared pulse oximeters tested approximately 10 years 
ago.22 Although subjects of all skin color are represented in 
this study, the majority were Asians and Caucasians, and thus 
applicability to non-Caucasian populations may be limited.

An additional limitation is the use of 2 groups of sub-
jects in 2 different laboratories. Although identical protocols 
were used, and one of the authors of this article was pres-
ent during testing at both sites, variability in procedures or 
differences in study subjects cannot fully be excluded. We 
studied only 6 oximeters, and thus our results may not be 
applicable to all non–FDA-cleared oximeters available.

One of the most significant limitations of this study is the 
ideal conditions under which it was conducted. All volun-
teers were healthy, with good perfusion values (some with 
hands wrapped with warming pads) and remained essen-
tially motionless throughout the protocols. Poor perfusion 
and patient movement are known to significantly affect pulse 
oximeter accuracy. In clinical scenarios, such as critical illness, 
factors such as motion artifact and vasoconstriction are likely 
to play a significant role and further degrade the accuracy of 
low-cost pulse oximeters, perhaps to a greater degree than 
more expensive units.11,24,25 Because these relevant clinical 
factors, among others, were not evaluated, this study should 
not serve as an endorsement for the clinical use of any of the 
pulse oximeters tested.

CONCLUSIONS
Inexpensive pulse oximeters have become increasingly 
available with little regulatory oversight. Most of the com-
monly sold units tested here demonstrated highly inaccu-
rate saturation readings during hypoxia. A small proportion 
of the low-cost pulse oximeters tested here performed simi-
larly to more expensive, FDA-cleared units when measur-
ing hypoxia in healthy subjects, although none met World 
Federation of Societies of Anaesthesiologists standards for 
clinical use. Caution must be exercised when considering 
the use of noncertified pulse oximeters to diagnose or treat 
hypoxia. These findings support the notion that further 
development of accurate, low-cost oximeters is feasible and 
should continue to be pursued to improve access to safe 
clinical care, especially in low-income countries. E
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