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ABSTRACT. A retrospective evaluation of  simultaneous tests of  
oximeters of  various manufacturers in volunteer subjects dis- 
closed greater errors at low saturations in subjects with low 
hemoglobin (Hb) concentrations. Forty-three pulse oximeters 
of  12 manufacturers studied over a period of  10 months 
showed that, at a mean arterial oxygen saturation (SaO2) level 
of  54.5%, as Hb concentration fell, average pulse oximeter 
(SpOz) bias increased approximately linearly from 0 at Hb > 
14 g/dl to about - 1 4 %  at 8 < Hb < 9 g/dl. At SaOz = 
53.6%, the mean bias (SaO2 - SpO2) of  13 oximeters of  5 
manufacturers averaged - 1 5 . 0 %  (n = 43) in a subject with 
Hb = 8 g/dl, but - 6 . 4 %  (n = 390) in nonanemic subjects. 
The additional bias in the anemic subject increased with desat- 
uration. It was 0.13% at SaO2 = 98.5% (n = 13), - 1 . 3 1 %  at 
87.5% (n = 38), - 2 . 7 1 %  at 75.1% (n = 38), - 5 . 1 8 %  at 
61.3% (n = 26), and - 9 . 9 5 %  at 53.6% (n = 41); n is the 
product o f  the number of  oximeters and number of  tests in 
each saturation range. The instruments that showed the great- 
est errors at low saturations in nonanemic subjects also 
showed the greatest additional errors associated with anemia 
(the range between manufacturers of  anemic incremental error 
at about 53% being from - 3 . 2  to - 14 .5% )  and conformed 
well to the relationship bias (anemic) = 1.35 • bias (normal) 
- 8.18% (r = 0.94; Srx = 3.3%). The error due to anemia 
was zero at 97% SaO2 and became evident when SaOz fell 
below 75%. 
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T h e  effect o f  anemia  on the accuracy o f  pulse  o x i m e t r y  
at va ry ing  levels o f  ar ter ial  o x y g e n  sa tura t ion  (SaO2) has 
no t  been p r e v ious ly  s tud ied  in humans .  U s i n g  a N e l l co r  
N-100  m o u n t e d  on the d o g  tongue ,  w h e n  hema toc r i t  
was d i lu ted  to less than 10% Lee et al [1] no ted  a bias o f  
- 5 . 4  -+ 7 .1% at n o r m a l  levels o f  SaO2. Desa tu ra t i on  

was no t  inves t iga ted .  
In the  course  o f  s tudies  o f  the accuracy  o f  pulse o x -  

ime te r  sa tu ra t ion  (SpO2) readings  at l o w  SaO2 values in 
n o r m a l  vo lun t ee r  subjects  [2,3], it  became  ev iden t  that  
greater  bias was  seen at l o w  sa tu ra t ion  in subjects  w i th  
l o w  h e m o g l o b i n  (Hb) concent ra t ions .  R e v i e w  o f  the 
data  d i sc losed  4 sets o f  s tudies,  10 subjects  per  set, in 
w h i c h  1 o r  m o r e  o f  the subjects  had  H b  concen t ra t ions  
less than 11 g /d l .  F o r t y - t h r e e  pulse  ox ime te r s  o f  12 
manufac tu re r s  we re  s tud ied  in these 40 subjects .  W e  
re t rospec t ive ly  e x a m i n e d  the re la t ionship  a m o n g  H b  
concen t ra t ion ,  pulse  o x i m e t e r  bias, and SaO2 in these 

studies.  

METHODS 

A m e t h o d  o f  i nduc ing  rap id  arter ial  o x y g e n  desa tura -  
t ion to a s table  p la teau las t ing abou t  30 seconds  in n o r -  
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mal volunteer subjects has been used for several years in 
studies o f  pulse oximeters o f  14 manufacturers [2,3]. 0 
The studies were approved by the Commit tee  on Hu-  
man Research and the subjects signed informed consent. 
The inspired oxygen concentration was manually ad- 
justed in response to saturation computed breath-by- 
breath from mass spectrometric end-tidal oxygen and 
carbon dioxide tensions. An arterial sample was drawn -s- 
f rom an indwelling radial arterial catheter immediately 
before sudden reoxygenation. Oximeter  averaging 
times ranged from 3 to 8 seconds. The recorded end mAS 
plateau values o f  each oximeter  were measured later on 
a graphic computer  screen. A test set consisted o f  10 
subjects; each was studied 3 times at each of  4 hypoxic -T0- 
levels, nominally 86, 74, 62, and 50% SaO2, plus a sin- 
gle normal (air) point. In each set o f  studies reported 
here, 8 to 13 instruments of  5 manufacturers were tested 
simultaneously. Studies o f  43 oximeters from 12 manu- 
facturers are included. Most probes were mounted on 
fingers, a few on ears or forehead. 

RESULTS 

In Figure 1, the bias (mean --- SD) o f13  oximeters of  5 
manufacturers is shown for 1 anemic and 9 nonanemic 
subjects in one set. For the 9 normal subjects, there were 
22 to 30 readings per oximeter  at each SaO2 value; in the 
anemic subject, there were 2 to 4 readings for each point 
for each of  the 13 oximeters, except below 60% SaO2, 
where 2 oximeters (Ohmeda finger) uniformly de- 
faulted to zero on the anemic subject. Below 80%, 
anemia approximately doubled the error. No significant 
error was detected at normal SaO2 values. Figure 2 dis- 
plays the incremental error due to anemia for each o f  the 
instruments. One oximeter  (Kontron ear probe) read 
about 3% lower in the anemic subject than in the nor-  
mal subjects independent o f  SaO2, except near 60%, 
while all other instruments erred increasingly as SaO2 
fell. The mean incremental anemic error was - 1 0 %  
SpO2 at 53% SaO2. Figure 3 indicates that at about 53% 
SaO2, the bias o f  each oximeter  with anemia was cor- 
related (r = 0.94) with its bias in normal subjects, the 
anemic bias ranging from - 3  to - 2 9 %  and the non- 
anemic bias ranging from + 3  to - 1 5 % .  

In another set, 1 anemic subject with an Hb value o f  
10.5 g/dl was studied with 13 oximeters. Four data 
points were obtained at a mean SaO2 o f  45.6 --+ 2.7% 
and compared with 17 samples in the 9 nonanemic sub- 
jects in that group at a mean SaO2 of  47.3 - 2.0%. The 
mean error in these 13 instruments in the 9 nonanemic 
subjects was +3 .12% (n = 211), while in the anemic 
subject the error was - 0 . 8 4 %  (n = 53). The incremen- 
tal error attributed to anemia was computed to be 
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Fig I. Bias Onean +- SD) of 13 pulse oximeters (5 mam(factur- 
ers) as a fimction of arterial oxygen saturation (Sa02) in 9 11011- 
anemic volunteers, conlpared with the sante instnonents tested in I 
subject with a hemoglobin (Hb) value of 8 g/dl. Anemia approxi- 
mately doubled the bias ah'eady present at all tested levels below 
80% Sa02. 

- 3 . 9 6  --- 4.69%, which was significant (P < 0.01). The 
range o f  anemic incremental error varied between in- 
struments from +3.1 to - 11.8%. 

Figure 4 presents the relationship between the Hb 
concentration and the bias and its standard deviation, 
obtained by averaging all 43 oximeters of  12 manufac- 
turers tested over 9 months in the 4 sets of  10 subjects 
each, in which significantly anemic subjects were in- 
cluded. 

DISCUSSION 

The effect o f  anemia on pulse oximeter  accuracy at low 
saturation is difficult to address prospectively, since se- 
verely anemic subjects would not be considered suitable 
candidates for such tests. At best, only anecdotal evi- 
dence can be provided by the occasional patient who is 
both anemic and hypoxic.  The anemic subjects reported 
here were not known to be anemic until after testing 
when the data from the blood oximeter  (Radiometer 
OSM3) was examined. Hb concentration is not used in 
any o f  the calculations in the study and was recorded 
only incidentally. It might be thought  surprising that no 
unusual responses to low saturation were seen in anemic 
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Fig 2. The incremental bias attributable to allemia in each qf  tlle 
13 instruments tested, obtained as the differences qf  tlle mean bias 
at each saturation level in an anemic subject vers,ts those in 9 
nonanemic subjects. Two Ohmeda finger oximeters defaulted to 
zero when arterial oxygen saturation (SaO2)fell below 60% in 
the anemic subject. SpOo = Sa02 measured with a pulse oxime- 
ter; Hb = hemoglobin; NOVA = Novametrix; OHM = 
Ohmeda; BIO = Biodtem; KONear = Kontron (Roche) ear 
probe; KONfin = Kontron finger probe. KONangl is a non- 
flexible angle probe. 

- 1 0 .  

B I A S  

H b = 8 g  

- 2 0  - 

- 3 0  
- 2 0  5 

* *., * 

IDENTITY ," 
* ," . 

/" y = ~.351- B.la r=0J~3g, S~ �9 = 3.3% 

� 9  

-4s -1'o -~ 6 
BIAS, .b=12.gg 

Fig 3. A t  an arterial oxygen saturation (Sa02) of  around 53%, 
bias due to anemia is proportional to bias at normal hemoglobin 
(Hb) concentration. Each asterisk represents the mean of  a single 
oximeter's responses in the 9 nonanemic subjects plotted against its 
mean bias in the subject with Hb = 8 g/dl. 
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Fig 4. The relationship ofhemoglobit, (Hb) concentration to bias 
(mean + SD)  of  43 pulse oximeters fi'om 12 man.facturers in 40 
subjects at a mean arterial oxygen saturation (SaO2) qf  around 
54.5%. Data were taken from 4 sets of  10 subjects, among whom 
one o1" more proved to be anemic. The oximeters studied differ fi'on, 
point to point. SpO2 = Sa02 measured with a p,llse oximeter. 

subjects. Indeed, the w o m a n  with an Hb of  8 g/dl had 
been studied several months  earlier when her Hb con- 
centration was 10.5 g/dl. She was specifically asked after 
the second study about symp toms  but reported none, 
with no amnesia or loss o f  consciousness at the lowest 
saturation levels. 

The incremental error associated with low Hb  con- 
centrations at very low saturations varied over  a fivefold 
range between oximeters.  Furthermore,  those oxime-  
ters that were found to be most  accurate at low satura- 
tions in nonanemic subjects showed the least additional 
bias in anemia. This suggests that correction of  bias at 
low saturations in normal  subjects might  also reduce the 
bias due to anemia. 

The cause o f  this error with anemia is not evident. In 
clear Hb solutions used in laboratory mult iwavelength 
oximeters,  no correction for Hb concentration is re- 
quired in the calculation o f  saturation. The negative bias 
o f  many  pulse oximeters  at low saturations has been 
attributed by the inventor o f  pulse oximetry  (Aoyagi T, 
personal communicat ion,  1986) to multiple scattering o f  
the photons as light diffuses through tissue and whole 
blood. We may  also speculate that, as falling saturation 
causes less red light to penetrate the tissue, the auto- 
matic increase o f  red l ight-emitt ing diode (LED) inten- 
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sity built into many oximeters may lower its wave- 
length (by increased heating). The absorption of  red 
light by desaturated Hb increases rapidly as wavelength 
decreases, causing an apparent fall in saturation. Some 
instruments have programmed compensation for this 
shift of  wavelength, but the correction must vary with 
tissue thickness, Hb concentration, and perhaps with 
time of  heating of  the LED. 

It is fortunate that these errors are protective, in the 
sense that they overestimate the degree of  desaturation 
in anemic subjects where the harm could be greatest. 
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