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Abstract

* BACKGROUND—Pulse oximetry is commonly used to monitor oxygenation in neonates, but
cannot detect variations in hemoglobin. Venous and arterial oxygen saturations are rarely monitored.
Few data are available to validate measurements of oxygen saturation in neonates (venous, arterial,
or pulse oximetric).

* PURPOSE—To validate oxygen saturation displayed on clinical monitors against analyses (with
correction for fetal hemoglobin) of blood samples from neonates and to present the oxyhemoglobin
dissociation curve for neonates.

« METHOD—Seventy-eight neonates, 25 to 38 weeks’ gestational age, had 660 arterial and 111
venous blood samples collected for analysis.

* RESULTS—The mean difference between oxygen saturation and oxyhemoglobin level was 3%
(SD 1.0) in arterial blood and 3% (SD 1.1) in venous blood. The mean difference between arterial
oxygen saturation displayed on the monitor and oxyhemoglobin in arterial blood samples was 2%
(SD 2.0); between venous oxygen saturation displayed on the monitor and oxyhemoglobin in venous
blood samples it was 3% (SD 2.1) and between oxygen saturation as determined by pulse oximetry
and oxyhemoglobin in arterial blood samples it was 2.5% (SD 3.1). At a Pao, of 50 to 75 mm Hg on
the oxyhemoglobin dissociation curve, oxyhemoglobin in arterial blood samples was from 92% to
95%; oxygen saturation was from 95% to 98% in arterial blood samples, from 94% to 97% on the
monitor, and from 95% to 97% according to pulse oximetry.

» CONCLUSIONS—The safety limits for pulse oximeters are higher and narrower in neonates
(95%-97%) than in adults, and clinical guidelines for neonates may require modification.

Analysis of blood samples yields both functional measurements and fractional oxyhemoglobin
measurements of OXf/gen saturation, whereas clinical monitors can indicate only functional
oxygen saturations.* (The relationship between functional and fractional measurements of
oxygen saturation is as follows?:

For blood samples, oxygen saturation = oxyhemoglobin/[oxyhemoglobin + reduced
hemoglobin], where [oxyhemoglobin+reduced hemoglobin] < 1.
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For clinical monitor measurements, oxygen saturation = 1 — reduced hemoglobin, where
[oxyhemoglobin+reduced hemoglobin]=1.)

Neonates have predominantly fetal hemoglobin in their blood, which has a high affinity for
oxygen and thus releases less oxygen to the body tissues, following the principle of the
oxyhemoglobin dissociation curve.24 To date, few data have been collected to support the
appropriate safety ranges of oxygen saturation measured by clinical monitors in neonates. Pulse
oximetry is commonly used in neonates to assess oxygenation (Spo,), but it does not detect
changes in hemoglobin levels. Although the importance of monitoring venous and arterial
oxygen saturation (Svo, and Saoy) durin% nursing care is well established in adults,®8 such
monitoring is rarely used in neonates. 91

Oximetry should be used with caution in neonates because it cannot account for all
hemoglobin variations.

Therefore, the purposes of this study were (1) to validate the monitor measurements of Saoy,
Svo,, and Spo, against oxyhemoglobin measurements with correction for fetal hemoglobin,
and (2) to present the oxyhemoglobin dissociation curves that show the association of
oxyhemoglobin and oxygen saturation measurements with oxygen tension (Po,) values in
neonates.

Background and Significance

The accurate measurement of oxygen saturation in neonates is dependent on the level of
oxyhemoglobin after serum levels of carbon monoxide hemoglobin and methemoglobin and
the effects of fetal hemoglobin have been accounted for. 11112, healthy adults, levels of
carbon monoxide hemoglobin and methemoglobin together are less than 2% for blood samples.
1 In addition to carbon monoxide hemoglobin and methemoglobin, neonates have fetal
hemoglobin, a variation of hemoglobin that has high affinity for oxygen2'4; therefore, the
measurements from clinical oximeters should be used with caution because they cannot account
for variations in type of hemoglobin.2'4’13'21

Only one published study22 provided complete information on the validation of Sao, and
Svo, measurements in neonates; however, in that study the proportion of fetal hemoglobin was
not determined, and its effects were not adjusted for when oxygen saturation measurements
were calculated. When fetal hemoglobin effects are not adjusted for on hemoximeter tests,
measurements of carbon monoxide hemoglobin are artificially increased, which then widens
the differences between oxaygen saturation and oxyhemoglobin readings and leads to inaccurate
oxygen saturation values.” 11,12

Newer models of hemoximeter (after 1993) adjust oxygen saturation or oxyhemoglobin
readings for fetal hemoglobin levels.1® However, a pulse oximeter can overestimate oxygen
saturation by as much as 6% when fetal hemoglobin level is not calculated,3:4:23-25 leading
clinicians to miss significant desaturation events. This problem also occurs in adults with
abnormal hemo7globin; for example, in cases of congenital anemia, sickle cell or hemoglobin
mutations,26:27 malignant blood-related cancers,2 diabetes,28 ketosis, 29 pregnancy,:“'o'31 or
smoke inhalation.2:3

Transfusion of adult blood to neonates may decrease the fetal hemoglobin content and increase
the adult hemoglobin content, thereby increasing tissue oxygenation33; however, such
transfusion also can add a burden to neonates’ cardiac function.2-34 To prevent oxygen
poisoning following blood transfusions in neonates, oxygenation status should be monitored
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closely, as right-shifting oxyhemoglobin curves result in more oxygen being released to the
tissues.

When Sao, and Svo, are monitored together they can offer insights into oxygen demand’ and
provide complete information on systemic oxygenation balance. 7,8 During nursing care and
interventions, decreases in Svo, occur sooner and in more obvious increments than do
decreases in Sao, 6,10 the 2 measurements together provide a more complete assessment of
oxygenation status than either alone.”:8 However, Svos, is rarely monitored or measured in
neonates.

Previous studies36:37 in neonates have indicated that the mean difference between Sao,
displayed on the clinical monitor (monitor Sao,) and Spo, is 2% without consideration of fetal
hemoglobin. In adults, the difference between monitor Sao,and blood oxyhemoglobin is 3%.
38 The mean differences between monitor Sao, and Spof in neonates can be from 5% to 6%
when desaturation occurs during mechanical ventilation. Wldely spread Spo, readings have
been reported with Paoa values, without provision of a reasonably precise oxyhemoglobin
dissociation curve.3%

A pulse oximeter can overestimate SO, by as much as 6%.

Methods
Setting

The accuracy of pulse oximetry is limited when the readlngs decrease below 80%,14:41-43
particularly in neonates with fetal hemo lobin.22+44 The normal clinical range for Pao, is
defined as 50 to 75 mm Hg for mfants In adults, an Spo, of 85% to 94% is associated with
a Paoyof 50 to 75 mm Hg Comparable ranges of oxygen saturation measurements that
account for fetal hemoglobln must be established for neonates. A previous article8 focused
on use of paired arterial and venous blood samples to obtain accurate measurements of oxygen
saturation. In this article we extend those findings by including additional blood and monitor
measurements to validate clinical safety limits for use in neonates.

This study is part of a larger clinical study involving around-the-clock data collection for
neonates in 4 neonatal intensive care units. The appropriate institutional review boards for
human subjects approved the study protocols. Informed consent was obtained from the parents
and guardians of all neonate subjects either before or immediately after the births. As part of
care for ventilatory support in neonatal intensive care units, umbilical artery catheters or
umbilical venous catheters were inserted to assess blood oxygen levels and to provide nutrients.
Umbilical artery catheters were inserted at the level of thoracic vertebrae 6 to 9 because lower
placements (at the level of lumbar vertebrae 4-6) were more likely to cause vascular spasm in
the lower extremities.#9 Umbilical vein catheters were inserted 1 cm (<2 cm) above the liver
in the inferior vena cava.

The accuracy of pulse oximetry values below 80% in neonates is limited.

Sample

Neonates with a diagnosis of respiratory distress syndrome who required ventilatory support
immediately after birth were included in the study. Gestational ages of the neonates were from
25 to 38 weeks, and birth weights were from 655 to 3800 g. Smaller neonates with lower birth
weights could not be included because of restrictions in the safety protocol for blood volume
and because the 4F size of the monitoring catheters could not be accommodated. Neonates
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with major congenital defects (heart, brain and neurological, or gastrointestinal defects)
diagnosed at birth were excluded because of potential errors in measurement of Sao, and
Svo,. However, neonates with heart defects associated with persistent fetal circulations (such
as patent ductus arteriosus or foramen ovale) were included in the study. Neonates with life-
threatening persistent pulmonary hypertension who needed nitric oxide treatments or
extracorporeal membrane oxygenation were excluded because of the amount of equipment
required at the bedside.

The sample included 78 neonates who provided 771 blood samples. Sixty-nine neonates
provided 660 arterial samples (range 1-23 samples each), 25 neonates provided 111 venous
samples (range 1-12 samples each), and 16 neonates provided both arterial and venous samples.
A priori power analysis indicated that 78 neonates with a mean of 9 repeated samples per
neonate were needed for validation of oxygen saturation measurements with fetal hemoglobin
determination.

Fetal hemoglobin and all oxygen saturation parameters were measured by using a hemoximeter
(cooximeter) model OSM3 (Radiometer Corp, Cleveland, Ohio) that uses 6-wavelength
fiberoptic reflectance oximetry (535, 560, 577, 622, 636, and 670 nm). This co-oximeter, as
reported by the manufacturer, has a test-retest variability of less than 0.1% for normal
hemoglobin level and of -0.2% to +0.4% for extreme anemia and polycythemia (hemoglobin
measurement ranges: 32 to 280 g/L).

The instrument allowed in vitro measurements of oxygen saturation, oxyhemoglobin level,
total hemoglobin levels, and fetal hemoglobin concentrations through determination of Pgy on
the oxyhemoglobin dissociation curve. Validity was ensured by zero-point calibration with the
manufacturer’s rinse solution before and after each test. Quality control procedures included
use of the reference method every 8 hours, weekly cleansing of the tubing with an appropriate
solution, and quarterly changing of the maintenance tubing, as well as calibration of the total
hemoglobin level to ensure the accuracy of the test.

As recommended in the guidelines from a consensus meeting for oxygen saturation
measurements,f’o the cap for the restrictions of 100% maximum for oxygen saturation and
oxyhemoglobin measurements was removed so the test results exceeding 100% could be shown
as measured by the equipment.

Sao, and Svo, measurements were made in blood samples obtained through 4F Opticath
umbilical catheters by using Oximetric 3 monitors of 3-wavelength technology (Abbott Critical
Care Systems, North Chicago, Ill). This system has been validated in adults to be almost 100%
accurate for up to 5 days for Svo, measurements,5 with correlations ranging from 0.9 to
0.99,51'53 and it is accurate for hematocrit ranges of 0.15 to 0.40.54 Validity was enhanced
by calibration of the system before insertion of the catheter and by the in vivo reference method
after insertion of the catheter. Reliability was enhanced during monitoring by a light-intensity
display and calibration on the monitor. Interrater agreement for on-site data coding was double-
checked between monitor recording and computer recording to ensure that no difference was
apparent between the 2 raters.

All monitor readings (ie, pulse oximeter readings, respiratory rate and heart rate readings, and
incubator temperature and skin temperature readings) were recorded during the first second
that the blood sample was being obtained. Spo, readings were recorded by using a pulse
oximeter (Nellcor NPB 290, Pleasanton, Calif). This instrument was capable of measuring
Spo, detected transcutaneously by a probe positioned around the neonate’s foot on either side
of a pulsating arterial bed. The transmittance sensor was configured so that the light-emitting
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diodes transmitted infrared and red light through the pulsating vascular bed to a photodetector
positioned on the opposite site.47+48 Measurements of Spo, are highly correlated (r = 0.98 to
0.99) with Sao, without adjustment for percentage of fetal hemoglobin in neonates,2®->7 but
the correlation decreases dramatically (r = 0.5, 0.88) with adjustment for fetal hemoglobin.
25,98 |nterrater agreement on data coding was double-checked to reach 100% to ensure that
no difference was present between the 2 raters.

Blood samples were obtained through the umbilical arterial or venous catheter from the first
to the fifth day of life. The sampling was done every 6 to 8 hours while the neonates were
sleeping quietly and at the same time as blood samples were being collected for routine blood
gas analysis. It was hoped that obtaining samples in this manner would yield stable
measurements. The monitor readings were recorded within the first second of obtaining the
blood sample. All clinical monitor readings of vital functions were observed and recorded to
ensure that the measurements remained in relatively normal ranges during the sampling. To
conserve blood volume in these critically ill neonates, less than 4 mL of blood per kilogram
body weight was withdrawn for study purposes during the entire duration of the study. Medical
records were prospectively reviewed to obtain subjects’ demographic data, medical history,
results of routine laboratory tests, and monitoring parameters.

As part of the study protocol, blood samples were divided into 2 syringes, one for the fetal
hemoglobin test (the sample in the first syringe had to be fully oxygenated before testing) and
the second for the oxygen saturation tests. Determination of fetal hemoglobin level included
oxygenating blood samples with 100% oxygen and rolling the syringe containing the sample
between the hands for 90 seconds to yield fully oxygenated samples. First the oxygenation
status was confirmed by oxygen saturation readings, then the fetal hemoglobin was measured
by using the hemoximeter. The fetal hemoglobin value was then used to determine oxygen
saturation and levels of oxyhemoglobin, carbon monoxide hemoglobin, methemoglobin, and
reduced hemoglobin (deoxyhemoglobin) in blood samples when routine blood gas analyses
were performed.

Data Analysis

Data were analyzed by using the Statistical Packages for Social Sciences (SPSS Version 13.0,
Chicago, Ill). The original technique of Bland and Altman®9.60 provided useful information
including bias, precision, and limits of agreement. The bias was defined as the mean difference,
and the precision was defined as the SE of the mean difference. The limits of agreement as
defined by Bland and Altman are a proportional function of distribution for differences between
the 2 measurements. The differences between the measurements in oxygen saturation and
oxyhemoglobin level, between Spo, and oxygen saturation, and between Spo, and
oxyhemoglobin level were calculated and examined by using paired-sample t tests.

A multivariate linear mixed model1:62 was used to examine the differences between the
oxygen saturation measurements, for mixed effects including fetal hemoglobin effects (fixed
effects), and for repeated measurements of multiple data points from the same subjects (random
effects). A maximum likelihood method and an autoregressive model (for repeated-measures
data from the same subjects) were used for model estimation.61,

Oxygen saturation measurements along the oxyhemoglobin dissociation curves were examined
for purposes of clinical assessment. Oxyhemoglobin dissociations were examined by using
multiple regression curve-fitting analysis on a sigmoid curve for Po, values and all oxygen
saturation measurements (oxyhemoglobin, oxygen saturation, and Spo,). These curves are
particularly helpful when examining the relative values of the measurements (oxygen
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saturation, oxy-hemoglobin, and Spo,) against clinical diagnostic Po, values for the detection
of hypoxemia (< 50 mm Hg) and hyperoxemia (>75 mm Hg).46'47

Table 1 presents the demographic statistics of the 78 subjects including age, birth weight, sex,
race/ethnicity, and primary diagnosis. Mean heart rate was 143/min (SD 15/min) and mean
respiratory rate was 42/min (SD 20/min). The mean incubator temperature was 36.4°C (SD
0.68°C) and the mean skin temperature was 36.4°C (SD 0.58°C).

Bias of Blood Oxygen Saturation Against Oxyhemoglobin and Related Measurements

Table 2 presents the validation of oxygen saturation measurements obtained from blood
samples against oxyhemoglobin. The bias for oxygen saturation against oxyhemoglobin for
arterial samples, venous samples, and total arterial and venous samples was consistently 3%
(all P <.001). The correlations between oxygen saturation and oxyhemoglobin level were close
to 1.0 for all samples (all P <.001). The precisions (SE) ranged from 0.04 to 0.10 with venous
samples yielding less precision. For the limits of agreement with £2 SD, the disagreements
between oxygen saturation and oxyhemoglobin were 3.8% for arterial samples, 9% for venous
samples, and 4.6% for the total samples.

Effects of fetal hemoglobin on the differences between the oxygen saturation and
oxyhemoglobin measurements were examined by using the multivariate, linear mixed model
approach 2 (Table 3) and controlling for the effect of blood transfusion, which alters fetal
hemoglobin levels. Each 1% increase in fetal hemoglobin was associated with a 0.027%
decrease (P=.04) in the mean difference between oxygen saturation and oxyhemoglobin (with
an intercept of 5.26, P < .001), with blood transfusion factor contributing to a 0.45% increase
in the mean difference (P < .001). This result indicated that the greater the percentage of fetal
hemoglobin, the smaller the difference between the blood oxygen saturation and blood
oxyhemoglobin measurements.

Of the 771 blood samples, 188 samples were obtained after the neonates had received blood
transfusions (Table 4). Blood transfusions occurred with neonates who were slightly younger
(mean gestational age 29.9 [SD 3.4] weeks vs 30.4 [SD 2.8] weeks; P =.04) and who had more
blood samples withdrawn (total number of samplings 13 [SD 8.4] vs 6 [SD 5.1]; P <.001).
Blood transfusions decreased both arterial and venous levels of fetal hemoglobin (P <.001),
changed both arterial and venous levels of methemoglobin (P <.001), and decreased arterial
oxyhemoglobin levels (P = .01). In addition, for the venous samples, pH levels decreased,
reflecting increased acidity following transfusion (P = .04), and bicarbonate and base excess
levels decreased (P<.001). For the arterial samples, pH decreased (P <.001) and Pco, increased
(P=.004) following the transfusions.

Biases of Oxygen Saturation Monitoring Against Blood Oxyhemoglobin and Related
Measurements

For oxygen saturation measurements displayed on the clinical monitor, 170 data points (22.0%)
had to be recalibrated against the blood oxygen saturation measurements (ie, differences
between the monitor and the blood measurements were >4%).5 For Sao, monitor
measurements 125 (18.9% of 660) data points had to be recalibrated, and for Svo, monitor
measurements 45 (40.5% of 111, greatest proportion of data points) had to be recalibrated.
These recalibrations occurred more often with newer research staff (33% with the newer staff
vs 19.5% with seasoned staff; P <.001). Newer staff members were less experienced at
handling neonates in such a way as to minimize stimulation and used less accurate oxygenation
techniques for the fetal hemoglobin measurements.
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After the data points from the time when recalibrations were performed were excluded, the
bias for the monitor Sao, against the arterial oxyhemoglobin was 2.3%; for the monitor Sao,
against the blood Sao, it was -0.5% (P <.001). The bias for the monitor Svo, against the venous
oxyhemoglobin was 3.1% (P <.001) and for the monitor Svo, against the blood Svo, it was
0.5% (P = .10; Table 5). The correlation for the monitor Svo, against the venous
oxyhemoglobin was 0.76 and the correlation for the monitor Svo, against the blood Svo, was
0.8 (both P <.001). The correlation between the monitor Svo, and the venous oxyhemoglobin
was 0.95 and the correlation between the monitor Svo, and the blood Svo, was 0.94 (P <.
001).

When the precisions (SE) of these paired comparisons were used for venous monitor readings,
they yielded less precision. For the limits of agreement with +2 SD, the disagreements between
monitor Sao, and arterial oxyhemoglobin were 3.8%, between monitor Sao, and blood Sao,
they were 2.2%, between monitor Svo, and venous oxyhemoglobin they were 2.9%, and
between monitor Svo, and blood Svo, they were 0%.

For Spo, and related measurements (Table 6), the biases for Spo, against the arterial
oxyhemoglobin, blood Sao,, and monitor Sao, were more variable than the paired comparisons
for the previous blood sample analyses. The correlations were lower than those of the blood
samples (all P <.001). The precisions of these paired comparisons were also lower (higher SE
means less precise) than those for the blood samples; the disagreements between Spo, and
arterial oxyhemoglobin were 2.3%, between Spo, and blood Sao, were 5.9%, and between
Spo, and monitor Sao, were 5.1%.

Oxyhemoglobin Dissociation Curves and Relative Values

Figure 1 presents the significant oxyhemoglobin dissociation sigmoid fitted curves for the
arterial blood samples. For ease of visual examination, the ranges of arterial Po, (Pao,) were
focused at 100 mm Hg or less. Significant sigmoid curves were established for arterial
oxyhemoglobin, blood Sao,, monitor Sao,, and Spos, each in relation to the Pao,. on these
sigmoid curves, in relation to the Pao, ranges of 50 to 75 mm Hg, the arterial oxyhemoglobin
was from 92% to 95% (R = 0.458, P <.001); blood Sao,, from 95% to 98% (R =0.416, P <.
001); monitor Sao,, from 94% to 97% (R=0.312, P<.001); and Spo,, from 95% to 97% (R
=0.211, P<.001).

Figure 2 presents the significant sigmoid curves for the venous samples. Figure 3 presents the
significant sigmoid curves for the total samples. For venous samples, in relation to the venous
Po, (Pvoy) ranges of 50 to 75 mm Hg, the venous oxyhemoglobin was from 88% to 95% (R
=0.604, P <.001); blood Svo,, from 91% to 97% (R = 0.577, P <.001); monitor Svo,, from
92% to 98% (R = 0.581, P <.001); and Spoy, from 96% to 97% (R = 0.003, P = .65). In Figure
3, for the total blood samples, in relation to Po, ranges of 50 to 75 mm Hg, oxyhemoglobin
was from 90.5% to 95% (R = 0.568, P < .001); blood oxygen saturation, from 93% to 97%
(R =0.537, P <.001); monitor oxygen saturation, from 93% to 97% (R=0.442, P <.001); and
Spoy, from 96% to 97.5% (R = 0.131, P < .001).

Discussion

A larger data set than previously reported was used for these validation tests to establish safety
limits for neonates. O’Connor and Hall?2 examined arteriovenous oxyhemoglobin
measurements in neonates; however, they did not account for the fetal hemoglobin factor.
Therefore, until now, no researchers have reported data to validate Sao, and Svo,
measurements displayed on the clinical monitor in neonates that had been adjusted for fetal
hemoglobin levels.
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Using an established multivariate linear mixed model,81.62 we determined the effects of fetal
hemoglobin on the differences between oxygen saturation and oxyhemoglobin measurements
for neonates in this study in an effort to provide safety ranges for clinical oximeter readings.
In summary, although monitor readings from central catheters had to be recalibrated more
frequently for the neonates, with fetal hemoglobin determination the bias between monitor
oxygen saturation and oxyhemoglobin was less than 3%, similar to the ranges reported for
adults.38 However, the effects of fetal hemoglobin on the differences between oxygen
saturation and oxyhemoglobin measurements changed along the oxyhemoglobin dissociation
curves, with greater differences when fetal hemoglobin levels were higher.

In addition, the ranges for the safety limits of oxygen saturation measurements in neonates
were narrower and much higher than those reported for adults, as presented on the
oxyhemoglobin dissociation curves. on the sigmoid curves, the ranges of oxygen saturation
readings in relation to Pao, were much narrower and higher for the neonates (95%-98%) than
the 84% to 95% reported for Spo, in adults. 46,47 1, relation to the Pao, ranges from 50 to 75
mm Hg, the ranges were 95% to 97% for Spo,, 94% to 97% for monitor Sao,, 95% to 98% for
blood Sao,, and 92% to 95% for arterial oxyhemoglobin. These narrower ranges of oxygen
saturation measurements in neonates require clinicians to pay close attention to any changes
in oxygenation status in neonates because it reflects changing clinical status.

In this study, 22% of the oxygen saturation measurements obtained with the monitor had to be
recalibrated when validated against blood measurements. This percentage of measurements
requiring recalibration is high compared with almost no measurements needing recalibration
for adults.® The validation tests for neonates are more complicated than those for adults,
because measurements of oxygen saturation are not accurate unless fetal hemoglobin is
determined by staff and because of safety concerns for blood volumes in these vulnerable
neonates.

The SO, safety limits for neonates are much narrower and higher than for adults.

The overall precision limits for all blood samples yielded results better than the 0.1% limit
recommended by the manufacturer’s standards, indicating successful training of staff
personnel. The precision (SE) of measurements of oxygen saturation displayed on the clinical
monitor was 0.08 when compared with blood Sao, and 0.09 when compared with
oxyhemoglobin, at least 2 times less precise than the blood analyses (SE 0.04). Furthermore,
the Svo, measurements displayed on the clinical monitor were about 3 times less precise (0.29
compared with oxyhemoglobin and 0.31 compared with blood Svo, vs 0.1 for blood samples).
Values for Spo, also were at least 3 times less precise (SE 0.13) than the blood analyses (SE
0.04). Therefore, these findings confirmed that clinical monitors were less precise than bench-
top blood analyses for neonates.

The ranges of arterial oxygen saturation and oxyhemoglobin measurements remained in a
horizontal area above 92% (Figure 1), whereas the ranges of venous oxygen saturation and
oxyhemoglobin (Figures 2 and 3) spread over an interval at least 3 times as great. The greater
intervals for Svo, measurements contributed to greater sensitivity of the measurements
(compared with Sao, measurements) in response to nursing care and to changes in oxygen
demand among adults.>"7

Measuring Svo, during nursing care is a relatively new concept for neonatal care. Nevertheless,
these findings indicate the potential importance of measuring Svo, and other indicators of
oxygen consumption in neonates to improve assessment of oxygenation status. In future studies
of neonates, researchers might compare values of oxygen saturation obtained via a monitor
with more frequent blood sampling (every 4 to 6 hours), particularly for Svo, monitoring, to
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enhance accurate monitoring for larger neonates when safety of blood volume is of less
concern.

Fetal hemoglobin levels changed with blood transfusions. Without blood transfusions, the
mean fetal hemoglobin reading was greater than 100% (the cap for the maximum readings of
100% had been lifted according to the suggestions from the consensus meeting).50 These fetal
hemoglobin levels exceeding 100% presented inaccurate measurements of fetal hemoglobin
using the OSM3 hemoximeter. Future studies can use instruments such as high-performance
liquid chromatography, globin chain analysis, flow cytometry, and genotyping analyses to

g13e%s4ure fetal hemoglobin levels and any new variations in hemoglobin levels more accurately.

Blood transfusion was associated with slightly increased acidity in arterial and venous blood
and decreased oxyhemoglobin measurements; blood transfusion therefore could increase
cardiac load in neonates.34 Increased acidity and transfusion of adult hemoglobin would
prompt a shift in the oxyhemoglobin curve to the right, releasing more oxglgen to the tissue.2
The altered oxygen release could be associated with oxygen poisoning,33' thus oxygenation
status should be monitored closely after blood transfusions.

To prevent desaturation events in neonates, pulse oximetry values should be maintained at
greater than 95%.

Conclusion

The safety ranges of oxygen saturation measurements are narrower for neonates than for adults,
and using such measurements demands more focused attention by the nurses who provide
clinical care. Along the oxyhemoglobin dissociation curve in relation to 50 mm Hg of Pao,
measurement, the critical ranges of 94% to 95% values were identified for Sao, and Spo,
measurements in neonates. In summary, it is preferable to maintain Spo, at greater than 95%
in neonates to prevent desaturation events.29:69

In the event that a neonate’s condition deteriorates, clinical oximeters cannot detect carbon
monoxide hemoglobin, methemoglobin, fetal hemoglobin, or other variations in hemoglobin,
and blood tests are needed for accurate assessment of the neonate’s oxygenation status. 1,38,
50 Future research is needed to solidify these validation tests in neonates. Moreover, additional
variants of fetal hemoglobin should be examined for their effects on these validation tests with
measurements related to oxyhemoglobin dissociation curves and Psg.
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Avrterial oxyhemoglobin sigmoid curves with Pao,, for arterial oxyhemoglobin, Sao,, monitor
Saoy, and Spo,.
Abbreviations: Sao,, arterial oxygen saturation; Spo,, pulse oximetry oxygen saturation.
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Venous oxyhemoglobin sigmoid curves with Pvo,, for venous oxyhemoglobin, Svo,, monitor
Svoy, and Spo,.

Abbreviations: Pvo,, venous oxygen tension; Spo,, pulse oximetry oxygen saturation; Svoy,
venous oxygen saturation.
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Oxyhemoglobin sigmoid curves for total merged arterial and venous blood samples with
Po,, for oxyhemoglobin, oxygen saturation, monitor oxygen saturation, and Spo,.
Abbreviation: Spo,, pulse oximetry oxygen saturation.
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Demographic characteristics (N = 78)

Demographic variables No. (%) of subjects
Gestational age, weeks 78 (100)
Birth weight, g 78 (100)
1-minute Apgar score 78 (100)
5-minute Apgar score 78 (100)
Race/ethnicity
White 28 (36)
Black 21 (27)
Hispanic 26 (33)
Asian 3(4)
Male 36 (46)
Resuscitation at birth 43 (55)
Heart defects 15 (19)
Respiratory distress 78 (100)
*

Table 1
Mean SD
31 3.2
1542 579
6.1 2.13
7.9 1.22

Congenital heart defects caused signs and symptoms with central shunting.

Page 16

Range
25-38
665-3800
1-9
5-9
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Table 2
Summary statistics for oxygen saturation against oxyhemoglobin for arterial, venous, and total blood samples
Parameter Arterial (n = 660) Venous (n = 111) Total (N =771)
Correlation 0.95 0.99 0.98
. * * *
Mean difference (SD) 2.90 (0.99) 2.64 (1.10) 2.86 (1.0)
SE 0.04 0.10 0.04
*
P <.00L.
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The multivariate, linear mixed model regression analyses for differences between oxyhemoglobin and oxygen

saturation measurements”

Parameter Estimates SE
Intercept 5.26 0.5645
Transfusion (yes vs no) 0.448 0.0593
Fetal hemoglobin, % -0.027 0.0012
*

Mean differences, 2.67%; N = 771.
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9.32
7.54
-21.97

P
<.001
<.001
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Descriptive statistics and differences following blood transfusions for arterial and venous blood samples™

Venous sample

Avrterial sample

Measurement No transfusion (n = Transfusion (n = 15)
96
Fetal hemoglobin, % 100 (2)6.4) 64 (17_0)Jr
Carbon monoxide hemoglobin, % 1.8(1.12) 1.8 (0.56)
Methemoglobin, % 0.87 (0.23) 0.67 (0.12)
Oxyhemoglobin, % 88.2 (7.25) 86.7 (5.86)
Oxygen saturation, %
Of blood samples 90.9 (7.65% 89.1 (5.86)
On monitor 92.0 (6.12) 89.1 (8.11)"
By pulse oximetry 96.6 (3.25) 95.6 (2.64)
oH 7.34 (0.07) 7.31(0.04)*
Po,, mm Hg 55.0 (22.2) 49.4 (8.54)
Pco,, mm Hg 41.5 (51.6) 36.7 (3.64)
Bicarbonate, mmol/L 21.8(2.97) 18.0 (1_55)T
Base excess -3.5(3.07) 6.9 (2,17)T
Heart rate, beats per minute 140 (11.8) 145 (17.0)
*
All values are means followed by SD in parentheses.
f P <.001.
¥ P <.05.

§ Fifty-two of 96 monitor validation data points recalibrated.

A

Eight of 15 monitor data points recalibrated.

T One hundred twenty-four of 487 monitor data points recalibrated.
# . . .
Twenty-seven of 173 monitor data points recalibrated.

Fk

P<.0L

No transfusion (n =

487)
105 (26.1)
1.7 (0.87)
0.99 (0.32)
94.4 (3.20)

97.1 (3.25)"
96.7 (3.29)
96.9 (3.18)
7.36 (0.07)
83.1(43.8)
39.7 (9.0)
21.4 (2.43)
-3.4 (2.53)
143 (15.1)
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Transfusion (n=173)

7718.3)"
2.3(0.58)
113 (0.26)"
93.8 (2.36)

97.3 (2.43)
96.9 (2.24)"
96.5 (2.74)
7.33(0.07)
80.5 (29.3)
42.0(9.2)"
215 (2.30)
-3.6 (2.61)
144 (13.6)
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Table 5
Summary statistics for monitor arterial oxygen saturation (Saoo,m) and monitor venous oxygen saturation

(Svoom) against blood oxyhemoglobin, Sao,, and Svo,

Arterial (n = 535)* Venous (n = 66)T
Parameter Sao,m vs oxyhemoglobin Sao,m vs Sao, Svo,m vs oxyhemoglobin Svo,m vs Svo,
Correlation 0.76% 0.80% 0.95% 0.94
Mean difference (SD) 2.33 (2,())¢ -0.54 (;|_,84):c 3.1 (2_09)¢ 0.52 (2.22)
SE 0.09 0.08 0.29 0.31

Abbreviations: Sao2, arterial oxygen saturation; Svo2, venous oxygen saturation.
*

One hundred twenty-five of 535 arterial monitoring validation data points were recalibrated.
f Forty-five of 66 venous monitoring validation data points were recalibrated.

* P <.001.
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Table 6
Summary statistics for Spo, against blood oxyhemoglobin and Sao,, and monitor Sao, (Sao,m) (n = 660)
Parameter Spo, vs oxyhemoglobin Spo, vs Sao, Spo, vs Saozm*
Correlation 0_45T 0.44Jr 0.36
Mean difference (SD) 2.50 (3.09)" -0.39 (3.14)F 0.40 (3.08)*
SE 0.13 0.13 0.15

Abbreviations: Spo2, oxygen saturation by pulse oximetry; Sao2, arterial oxygen saturation.

*
One hundred twenty-five of 660 arterial monitoring validation data points were recalibrated.

f P <.001.

¢P<.01.
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