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GLOSSARY
ASA = American Society of Anesthesiologists; BG_A and BG_B = blood gas analyzers; CI = con-
fidence interval; EDTA = ethylenediaminetetraacetic acid; Hb = hemoglobin; [Hb] = hemoglobin 
concentration; Hct = hematocrit; HiCN = hemiglobincyanide; iQM = intelligent quality manage-
ment; Lab[Hb] = laboratory hemoglobin concentration; LOA = limits of agreement; NHLS = National 
Health Laboratory Service; POCT = point-of-care testing devices; RM-ANOVA = repeated-measures 
analysis of variance; STARD = Standards for Reporting Diagnostic accuracy studies

KEY POINTS
•	 Question: How does hemoglobin measurement by HemoCue and blood gas analyzer compare 

with central laboratory measurements?
•	 Finding: The HemoCue performed with superior clinical reliability but underestimated the 

central laboratory values.
•	 Meaning: Decision to transfuse must not be based on hemoglobin measurements alone but 

must be considered together with clinical findings.

BACKGROUND: We compared the accuracy of 3 point-of-care testing (POCT) devices with central 
laboratory measurements and the extent to which between-method disagreements could influ-
ence decisions to transfuse blood.
METHODS: Hemoglobin concentrations [Hb] were measured in 58 adult patients undergoing 
cardiothoracic surgery using 2 Ilex GEM Premier 3500 blood gas analyzers (BG_A and BG_B) 
and a HemoCue Hb-201+ device (HemoCue). Measurements were compared with our central 
laboratory’s Siemens Advia 2120 flow cytometry system (laboratory [Hb] [Lab[Hb]]), regarded 
as the gold standard. We considered that between-method [Hb] differences exceeding 10% in 
the [Hb] range 6–10 g/dL would likely erroneously influence erythrocyte transfusion decisions.
RESULTS: The 70 Lab[Hb] measurements ranged from 5.8 to 16.7 g/dL, of which 25 (36%) were 
<10.0 g/dL. Measurements by all 4 devices numbered 57. Mean POCT measurements did not 
differ significantly (P > .99). Results of the Bland–Altman analyses revealed statistically significant 
bias, with predominant underestimations by all 3 POCTs predominating. HemoCue upper and lower 
limits of agreement (LOA) were narrower, and the 95% confidence intervals (95% CIs) of the LOAs 
did not overlap with those of BG_A and BG_B. Similarly, a narrow mountain plot demonstrated 
greater precision for the HemoCue. Comparing BG_A with BG_B revealed no bias and narrow LOA. 
Error grid analysis within the [Hb] range 6–10 g/dL revealed that 5.3% of HemoCue measurements 
were beyond the permissible 10.0% error zone in contrast to 19.0% and 16.0% of the blood gas mea-
surements. Possible inappropriate transfusion decisions based on POCT values generally erred toward 
unnecessary transfusions. Calculations of Cohen κ statistic indicated better chance-corrected agree-
ment between HemoCue and Lab[Hb] regarding erythrocyte transfusions than the blood gas analyzers.
CONCLUSIONS: All 3 POCT devices underestimated the Lab[Hb] and cannot be used inter-
changeably with standard laboratory measurements. BG_A and BG_B can be considered to be 
acceptably interchangeable with each other. Whereas the HemoCue had little bias and good 
precision, the blood gas analyzers revealed large bias and poor precision. We conclude that the 
tested HemoCue provides more reliable measurements, especially within the critical 6–10 g/dL 
range, with reduced potential for transfusion errors. Decisions regarding erythrocyte transfusions 
should also be considered in the light of clinical findings.   (Anesth Analg 2020;131:640–9)
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Point-of-care diagnostic tests (POCTs) performed 
at or near patient care sites generate rapid results, 
enabling prompt, cost-effective treatment.1–4 In 

our operating rooms, POCT hemoglobinometers are 
used to guide decisions regarding erythrocyte trans-
fusions while also considering the need to effectively 
manage a scarce, expensive resource, as well as the 
risks that accompany transfusions.2,3 Depending on 
clinical circumstances, decisions to transfuse erythro-
cytes are usually made when hemoglobin concentra-
tions ([Hb]) have decreased to values 6–10 g/dL.5–7 
Pecoraro et al8 have emphasized the need for ongoing 
assessment of the accuracy of POCT. The main pur-
pose of our investigation was to compare the perfor-
mance of 3 POCT hemoglobinometers with standard 
laboratory measurements.

The primary outcomes were the measurement dif-
ferences between the POCT hemoglobinometers and 
the reference values. A clinically relevant difference 
was considered to be a >10% difference between the 
reference method and POCT. The secondary outcome 
was whether, in the critical decision-making [Hb] 
range of 6–10 g/dL, reliance on the different hemo-
globinometers would result in contrasting decisions 
to transfuse compared with the reference method.

METHODS
Ethics approval for this prospective, measure-
ment methods study was obtained from the 
Health Research Ethics Committee of Stellenbosch 
University (protocol No. S13/10/206). The study was 
conducted in compliance with the submitted proto-
col, the International Council for Harmonization, 
Good Clinical Practice guidelines, and the applicable 
Standards for Reporting Diagnostic accuracy studies 
(STARD) requirement(s). Formal written informed 
consent was waived on the grounds that the research 
design involved no more than minimal risk and the 
tests were part of routine care for patients undergo-
ing major surgery. All patients included in the study 
required arterial catheterization for clinical reasons.

The POCT devices were 2 Ilex GEM Premier 3500 
blood gas analyzers (BG_A and BG_B; Instrumentation 
Laboratory, Lexington, MA) and a HemoCue Hb 201+ 
System (Mallinckrodt Medical, Hennef, Germany). 
Our reference hemoglobin (Hb) measurements were 
performed by the on-site National Health Laboratory 
Service (NHLS), using a Siemens Advia 2120i sys-
tem (Siemens Healthcare Diagnostics, Eschborn, 
Germany), which uses the standard hemiglobincya-
nide (HiCN) test method. The HemoCue device uses 
a dry chemistry principle, shown to be accurate and 
reliable within 1 g/dL of reference values over a wide 
range of [Hb].9–18 The blood gas analyzers measure 
the hematocrit (Hct) using conductivity technology, 
from which the [Hb] is calculated: Hb   31  Hct[ ] = ×( )0.

. Several studies suggest that, whereas measure-
ments by most blood gas analyzers are within 1 g/
dL of reference values, the 1-g/dL permissible differ-
ence is often exceeded.4,17,19–23 This is more commonly 
an overestimation but also occasionally an underes-
timation. Meticulous technique in acquiring blood 
samples is important. Seguin et al16 recommend that 
capillary blood from finger prick samples should not 
be analyzed using a HemoCue in critically ill patients, 
because tissue edema greatly confounds results.

To prepare the sampling syringes, 0.5 mL of 5000 µ/mL  
heparin (Heparin Sodium; Fresenius Kabi, Canada) 
was drawn up into a 2-mL syringe to coat the walls 
of the syringe and the excess heparin expressed. 
Although sampling into dry heparinized cuvettes 
results in fewer measurement errors,23 we used wet 
heparinized syringes according to our clinical prac-
tice, because the sampling cuvettes are not readily 
available in our hospital.

Arterial blood samples (3 mL) were drawn from 
58 patients ≥18 years of age undergoing cardiotho-
racic surgery between February and May 2014 at 
the Tygerberg Hospital, Cape Town, South Africa. A 
maximum of 2 blood samples per patient were taken. 
Blood was drawn preoperatively, intraoperatively, or 
directly postoperatively. Three times the volume (9 
mL) of the sample line was initially withdrawn from 
the arterial line to prevent hemodilution or contami-
nation of the blood sample. This blood was injected 
back into the patient via a peripheral or central line 
using a surgically clean technique, after the sample for 
analysis had been expressed. Each sample was split as 
follows: 1 mL for the 2 blood gas analyzers, 1 drop for 
the HemoCue microcuvette, and 2 mL placed in an 
ethylenediaminetetraacetic acid (EDTA) Vacutainer 
tube (BD Diagnostics, Franklin Lakes, NJ) to be sent 
to the central laboratory. The disposable HemoCue 
microcuvettes were stored at room temperature 
(20°C–23°C), and expiry dates were checked before 
use. Measurements were performed within 3 minutes 
of breaking the seal as specified by the manufacturer. 
Blood from the wet heparinized syringes was used for 
the 2 Ilex GEM Premier 3500 blood gas analyzers, and 
these samples were analyzed immediately.

The EDTA blood samples were transported at room 
temperature (±25°C) to the on-site NHLS, where they 
were analyzed using the Siemens Advia 2120i system. 
These measurements were considered our reference 
values (laboratory [Hb] [Lab[Hb]]).24 The mean time 
from collection to analysis was 6.2 hours (59% within 
6 hours). No specimens were analyzed after 24 hours 
because it has been shown that stability of hemato-
logic analyses using the Siemens Advia 2012i is not 
affected by EDTA room temperature storage for up to 
24 hours.25
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To ensure consistent results, only the attending 
anesthesiologists and qualified clinical technologists 
obtained the blood specimens and operated the POCT 
devices. The central laboratory and clinical technolo-
gists were blinded with respect to each other’s results. 
POCT results were available to the attending anesthe-
siologist for clinical decision-making.

The HemoCue performs an automatic quality con-
trol, whereby on being switched on, the performance 
of the optical components is verified and a warning is 
given if the self-test fails. The test is repeated every 2 
hours if the analyzer remains switched on. The intel-
ligent quality management (iQM) of the Ilex GEM 
Premier 3500 runs after every blood gas analysis, as 
well as every 12 hours. Via internal process control 
solutions and calibration validation solutions, iQM 
provides continuous quality management and assess-
ment of functionality with real-time error detection 
and correction and assures accurate results.26 It is 
assumed that all of the iQM cartridges used are simi-
lar. The Siemens equipment was calibrated and tested 
as per the relevant laboratory standard operating pro-
cedures with control and calibrator products supplied 
by Siemens. The reference micro-Hct was measured 
using the National Committee for Clinical Laboratory 
Standards H-7A–approved standard method with tri-
potassium EDTA as the anticoagulant.27

Statistical Analysis
Data were analyzed using MedCalc Statistical 
Software (version 17.9.6; MedCalc Software bvba, 
Ostend, Belgium; http://www.medcalc.org; 2017). 
The [Hb] data were tested for normal distributions 
using the Shapiro–Wilk test. Preliminary comparisons 
among the 4 instruments were done using repeated-
measures analysis of variance (RM-ANOVA), fol-
lowed by pairwise comparisons with Bonferroni 
correction.

Bias and precision were assessed by comparing the 
measurements of the 3 POCT devices with Lab[Hb], 
using the techniques of Bland and Altman.9,28 In the 
context of this study, bias is defined as the degree and 
direction by which an instrument’s measurements 
differ from the reference method. Precision refers to 
the closeness of the instrument’s measurements to 
each other.

Lab[Hb] was regarded as a gold standard. In 
this context, bias refers to the systematic difference 
from the gold standard and precision refers to the 
variability of the measurements. We chose to com-
pare differences between POCT measurements with 
Lab[Hb] rather than with the mean values of the 
2 measurements (mean of POCT and Lab[Hb]).29 
Limits of agreement (LOA) expressed as percentage 
differences were compared graphically. To comple-
ment the Bland–Altman analysis, folded empirical 

cumulative distribution plots, also known as moun-
tain plots, were constructed.30,31 This procedure plots 
the ranks (in percentiles) of the percentage differ-
ences (between the POCT and the laboratory results) 
on the ordinate against the percentage differences on 
the abscissa. The ranks are then folded around the 
50th percentile rank.

Error grid analyses for paired Hb values were per-
formed using the graphical technique described by 
Clarke et al32 and adapted by Morey et al6 for Hb. The 
reference method is plotted on the abscissa versus the 
POCT measures on the ordinate. Zones are defined 
that demarcate acceptable and unacceptable errors. 
Of particular interest is the [Hb] range 6–10 g/dL, 
which involves critical decisions concerning blood 
transfusions and within which range only a 10% error 
is generally regarded as permissible.6

We investigated a hypothetical scenario wherein, 
after taking clinical factors into account, a decision 
to transfuse erythrocytes would depend on POCT 
[Hb] measurements for transfusion thresholds at <10, 
<9, <8, <7, and <6 g/dL. We calculated the Cohen κ 
statistic for agreements to transfuse beyond chance, 
between each POCT device and Lab[Hb], as recom-
mended by Morey et al.6

Proportions were compared using the Freeman–
Halton33 extension of the 2-tailed Fisher exact test 
for a 2 × 3 contingency table. Proportions compared 
included the following: POCT readings that were 
within 10% of Lab[Hb]; those that lay within the criti-
cal isthmus of the error zone diagram (zone B); and 
proportions of inappropriate hypothetical erythrocyte 
transfusions for each POCT.

Sample Size Calculation. A sample size calculation to 
detect a 10% difference between a POCT device and 
Lab[Hb] at the 10 g/dL level was done using statistical 
software (NCSS PASS  [NCSS, LLC, Kaysville, 
UT], release April 2007, NCSS Statistical Software, 
Kaysville, UT; www.NCSS.com). A sample size of 66 
achieves 90% power to detect a difference of 1.0 g/
dL between the null hypothesis mean of 10.0 g/dL 
and the alternative hypothesis mean of 9.0 g/dL. We 
assumed an SD of 2.5 g/dL and a significance level 
(α) of .05 using a 2-sided 1-sample t test. We chose a 
difference between 10 and 9 g/dL because we planned 
to perform error grid analysis in accordance with the 
recommendations of Morey et al.6 Their reasoning is 
that a [Hb] of 10 g/dL is generally regarded as the 
upper limit for considering erythrocyte transfusion, 
and a ±10% error would represent a deviation of 1 g/
dL.34 Furthermore, 1 unit of packed cells constitutes 
the smallest transfusion-associated risk and would 
generally raise an average patient’s [Hb] by 1 g/dL.6 
It was decided to study 70 blood samples to allow for 
possible missing values.

http://www.medcalc.org
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RESULTS
A total of 35 men and 23 women participated, with 
a mean age of 50.8 years (range, 24–82 years). Four 
patients had previously received packed red blood 
cells (1 patient 1 unit, 2 patients 3 units, and 1 patient 
4 units). None of the patients presented with active 
bleeding. (See Supplemental Digital Content, Table 
S1, http://links.lww.com/AA/C963, for surgical pro-
cedures performed.)

Seventy Lab[Hb] (reference) values were obtained 
that ranged from 5.8 to 16.7 g/dL (mean, 11.02 g/dL; 
SD, 2.3; 95% confidence interval [95% CI], 10.53–11.63). 
Measurements from all 4 instruments numbered 57. 
Data were normally distributed. No significant dif-
ferences were detected between the 3 POCT devices’ 
mean measurements. All 3 POCT measurements 
revealed negative bias, mean values being approxi-
mately 6% less than mean Lab[Hb] (RM-ANOVA P < 
.001; Table 1). The proportions of the POCT measure-
ments that were within 10% of Lab[Hb] are presented 
in Table 2.

Results of the Bland–Altman analyses confirmed 
statistically significant bias, with underestimations 
of Lab[Hb] by all 3 POCT devices predominating 
(Figure  1; Table  1). The observed mean differences 
were similar for all 3; however, HemoCue differ-
ences were less dispersed than those of the 2 blood 
gas devices as revealed by comparison of their 
LOA. Figure  2 compares the 95% CI of the 3 LOAs 
expressed as percentage differences. The 95% CI of 

the HemoCue LOA did not overlap with those of the 
2 blood gas devices. Mountain plots (Figure 3) dem-
onstrated that the median percent differences (bias) 
were similar. However, the much narrower HemoCue 
plot indicated greater measurement precision. In 
addition, there were fewer disparities from Lab[Hb] 
beyond the clinically acceptable 10% limit (shaded 
area in Figure 3).

Error grid analysis (Figure  4) revealed that, alto-
gether 3 (5.3%) of 57, 13 (18.6%) of 70, and 11 (15.9%) 
of 69 values were located in the yellow zone B for the 
HemoCue, BG_A, and BG_B POCT devices, respec-
tively (P = .60). No values appeared in the red zone C. 
(See legend to Figure 4 for an explanation and inter-
pretation of zones A, B and C.) Within the narrow, 
critical isthmuses where Lab[Hb] <10, the proportions 
of POCT measurements that lay in the yellow zone B 
were 3 (14.3%) of 21, 9 (39.1%) of 23, and 11 (47.8%) of 
23 for the HemoCue, BG_A, and BG_B POCT devices, 
respectively (P = .049; however, no pairwise differ-
ences were detected after multiple comparisons).

Hypothetically, possible inappropriate blood trans-
fusion decisions could have occurred with all 3 POCT 
devices, should their measurements have been used for 
decision-making guidance. These were BG_A 10 (23.3%) 
of 43, BG_B 11 (26.8%) of 41, and HemoCue 9 (26.5%) 
of 34 (P = .93). Because all 3 POCT devices tended to 
underestimate true [Hb] values, possible inappropriate 
transfusion decisions based on POCT values generally 
erred toward unnecessary transfusions. However, in 

Table 1.   Results of the Bland–Altman Analysis: Comparison of the 3 Point-of-Care Devices With Standard 
Laboratory Measurements

BG_A Versus  
Lab[Hb]

BG_B Versus  
Lab[Hb]

HemoCue Versus  
Lab[Hb]

BG_A  
Versus BG_Ba

Sample size 70 69 57 71
Mean difference (g/dL)
SD
95% CI of mean difference
P value 

0.69
1.00

0.44–0.93
<.0001

0.66
0.99

0.42–0.90
<.0001

0.67
0.54

0.52–0.81
<.0001

−0.05
0.45

−0.16 to 0.05
.31

Lower LOA
95% CI

−1.29
−1.70 to −0.87

−1.27
−1.68 to −0.87

−0.40
−0.65 to −0.15

−0.95
−1.13 to −0.76

Upper LOA
95% CI

2.66
2.25–3.07

2.59
2.19–3.00

1.74
1.49–1.99

0.84
0.65–1.02

Slope
P value
95% CI

−0.098
.055

−0.199 to 0.002

−0.013
.040

−0.201 to −0.005

−0.002
.95

−0.064 to 0.068

−0.01
.62

−0.05 to 0.03
Results of the Bland–Altman Analysis Expressed as Percentages
Mean difference (%)
SD
95% CI of mean difference
P value

6.4%
10.2%

4.0%–8.8%
<.0001

6.2%
10.0%

3.8%–8.6%
<.0001

6.1%
4.8%

4.8%–7.4%
<.0001

−0.5%
4.5%

−1.6% to 0.6%
.31

Lower LOA
95% CI

−13.6%
−17.7% to −9.4%

−13.4%
−17.5% to −9.3%

−3.3%
−5.6% to −1.1%

−9.5%
−11.4% to −7.6%

Upper LOA
95% CI

26.4%
22.2%–30.6%

25.8%
21.6%–29.9%

15.6%
13.4%–17.8%

8.4%
6.6%–10.3%

Lab[Hb] = Siemens Advia 2120, ie, reference value. BG_A and BG_B = the 2 blood gas analyzers, ie, Ilex GEM Premier 3500 blood gas analyzers. HemoCue = 
HemoCue Hb 201+ System. Difference = mean difference (g/dL). Slope = proportional bias, that is, slope of regression line, difference versus reference value.
Abbreviations: CI, confidence interval; Lab[Hb], laboratory hemoglobin concentration; LOA, limits of agreement, ie, mean difference ± 1.96 SD.
aBland–Altman analysis: difference versus mean of BG_A and BG_B; B-A graph available for perusal in Supplemental Digital Content, http://links.lww.com/AA/
C963.

http://links.lww.com/AA/C963
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3 blood samples, blood gas [Hb] measurements were 
>10 g/dL, but the corresponding Lab[Hb] values were 

<10 g/dL, thus implicating wrong decisions “not” to 
transfuse at that particular threshold. Calculations of 
Cohen κ statistics regarding chance-corrected agree-
ments concerning hypothetical transfusion decisions 
are presented in Supplemental Digital Content, Table 
S2, http://links.lww.com/AA/C963. Lab[Hb] <8 g/
dL was sparse, resulting in very wide confidence inter-
vals for κ; therefore, calculations are presented only for 
thresholds <10 and <9.

HemoCue measurements incurred wrong deci-
sions to transfuse solely due to underestimations. 
These occurred within a HemoCue range 7.9–9.7 g/
dL corresponding to a Lab[Hb] range 8.5–11.3 g/dL 
for both transfusion thresholds.

Table 2.   Proportions of POCT Measurements That 
Were Within ±10% of Standard Laboratory Values
Device ±10%a Lab[Hb] > POCT Lab[Hb] < POCT
BG_A
95% CI

0.67
0.56–0.77

0.51
0.40–0.63

0.16
0.09–0.26

BG_B
95% CI

0.67
0.55–0.77

0.48
0.37–0.59

0.19
0.11–0.30

HemoCue
95% CI

0.81
0.69–0.89

0.68
0.56–0.79

0.12
0.06–0.23

BG_A and BG_B = blood gas machine values, and Lab[Hb] = standard 
laboratory hemoglobin values. POCT > Lab[Hb] = proportions of POCT 
measurements that were <10% greater than Lab[Hb]. POCT < Lab[Hb] = 
proportions of POCT measurements that were <10% less than Lab[Hb].
Abbreviations: CI, confidence interval; Lab[Hb], laboratory hemoglobin 
concentration; POCT, point-of-care testing.
aP = .15 (Fisher exact test).

Figure 1. Bland–Altman graphs comparing measure-
ments from the 3 point-of-care devices with standard 
laboratory values. Lab value: Hemoglobin concentra-
tions measured by the central laboratory. Lab value 
- blood gas: difference between laboratory value and 
the point-of-care device. Orange-dotted line: line of 
perfect agreement (zero difference). Solid blue line: 
mean value of the differences. The error bar indicates 
the 95% confidence interval of the mean. Outer-dotted 
lines: lower and upper limits of agreement (1.96 SDs). 
The error bars indicate the 95% confidence intervals of 
the limits of agreement. 
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DISCUSSION
Overall, mean POCT measurements were statistically 
significantly smaller than reference measurements; 
however, the mean differences were minor (Table 1). 
None of the 3 POCT devices demonstrated notewor-
thy proportional bias (Table  1). Although the slope 
of the regression between the [Hb] differences and 
Lab[Hb] for BG_A was statistically significant (−0.01 
dL/dL; P = .040), it was clinically unimportant. Mean 
differences between Lab[Hb] and the 3 POCT devices 
were similar; however, the HemoCue differences 
were less widely spread, as revealed by Figures 1–3.  
The mountain plot (Figure 3) indicates that 88% of the 
HemoCue differences were within 10% of Lab[Hb]. 
Thus, whereas the HemoCue had little bias and good 
precision, the blood gas analyzers revealed larger bias 
and poor precision. Interestingly, other studies report 
an overestimation of the reference [Hb] by blood gas 
analyzers, whereas our blood gas analyzers more fre-
quently underestimated the reference value.4,21,35 We 

currently do not have a scientific explanation for this 
phenomenon.

The 95% CIs of the LOAs in the Bland–Altman 
analysis reveal that none of the POCT devices can be 
considered to be interchangeable with the reference 
method. For 2 methods of measurement to be con-
sidered interchangeable, the lower bound of the 95% 
CI of the lower LOA should be greater than the pre-
defined acceptable negative error (lower red line in 
Figure 2), and the upper bound of the 95% CI of the 
upper LOA should be less than the acceptable posi-
tive error (upper red line in Figure 2). The 2 blood gas 
analyzers proved to be acceptably interchangeable 
(Table  1; Figures  2–3), although the extreme upper 
and lower bounds of the 95% CI of the LOAs slightly 
exceeded 1 g/dL and 10% (Table 1). (A Bland–Altman 
graph of the 2 blood gas analyzers can be viewed 
in Supplemental Digital Content, Figure S1, http://
links.lww.com/AA/C963.)

For our Bland–Altman analysis, we chose to plot 
measurement differences (Y-X) against X, where X 
is the reference (gold standard) method as recom-
mended by Krouwer29 instead of against the aver-
ages of the 2 methods, that is, ([X + Y]/2). He showed 
by means of repetitive simulations that the impreci-
sion of the reference method (X) results in different 
estimates of the correlation coefficients between (Y 
− X) versus X and between (Y − X) versus (X + Y)/2. 
When the X measurements have small imprecision, 
the correlation coefficients are much smaller when 
plotting (Y − X) against X than when plotting (Y − X) 
against (X + Y)/2. The converse happens when the 
reference measure (X) exhibits significant impreci-
sion, thus confirming the recommendation by Bland 
and Altman to use (X + Y)/2 in the latter instance. 
Nevertheless, we also conducted a sensitivity analy-
sis by performing Bland–Altman analyses using (Y 
− X) versus (X + Y)/2. These graphs appeared to be 
virtually identical, and they did not make any dif-
ference to our conclusions (available for perusal 
in Supplemental Digital Content, Figures S2–S3, 
http://links.lww.com/AA/C963).

The American Society of Anesthesiologists 
(ASA) Practice Guidelines for Perioperative Blood 
Transfusion (ASA-Guidelines)34 recognize that the 
information defining exactly when a periopera-
tive blood transfusion is necessary is not obtainable 
from the literature, because clinical considerations 
also influence decisions to transfuse erythrocytes. 
The ASA-Guidelines recommend that erythrocyte 
transfusions are mostly unneeded when [Hb] >10 g/
dL but should be administered when [Hb] <6 g/dL, 
for example, in a young healthy patient, especially 
when bleeding is acute. When [Hb] is 6–10 g/dL, the 
ASA-Guidelines advise that clinical factors should be 

Figure 2. Limits of agreement for the 3 point-of-care (POCT) devices 
expressed as percent differences from central laboratory values 
(laboratory value – POCT)/laboratory value. Error bars indicate 
95% confidence intervals of the limits of agreement where limits of 
agreement are defined as mean difference from the reference mea-
surement ± 1.96 SDs. Red horizontal lines indicate the predefined 
acceptable 10% error. For a device to be considered interchangeable 
with the gold standard, the 95% confidence intervals should liewithin 
the area bounded by the 2 red lines. BG_A indicates blood gas ana-
lyzer A; BG_B = blood gas analyzer B; POCT, point-of-care testing.
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considered, for example, actual or anticipated contin-
ued bleeding, volume status, signs of inadequate per-
fusion of vital organs, poor cardiopulmonary reserve, 
and high oxygen consumption. These clinical issues 
are the reason for requiring reliably accurate measure-
ments in the region 6–10 g/dL and thus the necessity 
for the narrow isthmus in the green Zone A in the 
error grid diagrams of Morey et al6 (Figure 4).

Cohen κ statistic is a measure of reliability of the 
degree of dichotomous agreement between 2 raters, 
corrected for pure chance (also termed “chance-cor-
rected agreement”).36 Other than error grid analysis, 
Morey et al6 recommended calculating κ regarding 
decisions to transfuse erythrocytes over the [Hb] 
range 6–10 g/dL. Our results (Supplemental Digital 
Content, Table S2, http://links.lww.com/AA/
C963) indicate different κ statistics for 2 thresholds. 
Regarding threshold <10, both blood gas analyz-
ers revealed poor agreement, whereas any agree-
ment regarding HemoCue was no different from 
pure chance. Regarding threshold <9, the blood 
gas analyzers showed poor agreement, whereas the 
HemoCue revealed moderate-to-good agreement.

A weakness of this study is the paucity of [Hb] in 
the range 6–8 g/dL, because only 4 Lab[Hb] were 
<8 g/dL. Thus, no meaningful conclusions could be 
drawn concerning thresholds <8 g/dL. As with pre-
viously published studies concerning POCT hemo-
globinometers,37,38 most of our measurements were 

>10 g/dL (64% of Lab[Hb]), which Morey et al7 
have pointed out are of little interest in the context 
of perioperative erythrocyte transfusions and which 
weigh Bland–Altman analysis in favor of higher con-
centrations. However, considering the results of the 
error grid analysis within the narrow critical isthmus 
where [Hb] <10 g/dL, in conjunction with a favor-
able κ statistic, there is probably sufficient evidence to 
suggest that the HemoCue is the more reliable instru-
ment, provided that arterial samples and not capillary 
samples are analyzed. Nevertheless, it will require 
additional studies of sufficient magnitude within the 
range 6–10 g/dL to confirm that possibility.

An additional potential weakness is that there 
were 57 HemoCue-Lab[Hb] pairs instead of the 
intended 70. During the study, only 1 HemoCue 
device was available for the entire operating room 
suite, and on occasion the HemoCue device was in 
use elsewhere and could not be traced before the 
arterial samples had been dispatched to the central 
laboratory. We performed a retrospective sample 
size determination with regard to the Bland–Altman 
analysis for the HemoCue device measurements to 
be considered interchangeable with those of Lab[Hb]. 
(MedCalc statistical software version 18.11.6 uses 
the method described by Lu et al39 to calculate the 
sample sizes). The obtained mean difference between 
the HemoCue and the Lab[Hb] measurements was 
0.67 g/dL, with an SD of 0.54 g/dL. To demonstrate 

Figure 3. Mountain plot comparing hemoglobin concentration percent differences for the 3 point-of-care hemoglobinometers with central 
laboratory measurements. The narrower HemoCue plot indicates greater precision. Furthermore, there are fewer values beyond acceptable 
10% errors (shaded area). POCD indicates point-of-care device.
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equivalence, the maximum allowable mean differ-
ence (∆) would need to be ≥1.73 g/dL (0.67 + [0.54 × 
1.96]). Our predefined ∆ was 1.0 g/dL; therefore, con-
sidering the results from our 57 blood sample pairs 
as a pilot study, it would not be feasible to attempt 
to demonstrate equivalence. Indeed, if one were to 
regard 1.73 g/dL as ∆, this would require >100,000 

pairs to demonstrate equivalence, assuming a type II 
error of 0.2.

An additional consideration is that there were 
insufficient data to demonstrate statistically signifi-
cant differences regarding the proportions of POCT 
measurements that were within ±10% of Lab[Hb] (P = 
.15). A retrospective sample size calculation (MedCalc 

Figure 4. Hemoglobin error grid analysis. Central 
laboratory measurements are plotted along the 
abscissa and point-of-care hemoglobinometer 
results on the ordinate. The dotted line represents 
the line of identity. Zone A (green): the uppermost 
and lowermost areas of this zone represent areas 
in which errors are of little clinical importance 
because they do not influence decisions regard-
ing blood transfusions. The band between hemo-
globin concentrations 6–10 g/dL form a critical 
range, because errors >10% can influence deci-
sions to transfuse in either direction. This range 
is based on the practice guidelines for transfu-
sion published by the ASA36 whereby red cell 
transfusions are advised for hemoglobin concen-
trations <6 g/dL and deemed unnecessary when 
>10 g/dL. Zone B (yellow): errors in this zone 
can result in wrong decisions regarding red cell 
transfusions. A reliable hemoglobinometer should 
result in <5% of errors situated in zone B. Zone C 
(red): errors in this zone represent potential major 
clinical mistakes. Errors in the upper red zone 
overestimate true hemoglobin concentrations 
resulting in possible failures to transfuse severely 
anemic patients. On the other hand, errors in the 
lower red zone grossly underestimate true values 
with possibilities of unnecessary transfusions 
and their attendant complications. ASA indicates 
American Society of Anesthesiologists.
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statistical software version 18.11) estimated that, for 
1 degree of freedom and a 0.2 type II error, 167 pairs 
per POCT device would be required to demonstrate a 
significant difference using a 1-sided Fisher exact test. 
In addition, regarding HemoCue measurements, con-
sidering that we also demonstrated a significant mean 
difference from Lab[Hb] of 0.67 g/dL with an accept-
ably narrow 95% CI (0.52–0.81 g/dL), we decided not 
to gather more data.

Our results are in agreement with the study by 
Patel et al,17 who compared 8 POCT hemoglobinom-
eters with a standard HiCN method. They concluded 
that the HemoCue was the second most accurate 
device, with small underestimating bias, and that the 
GEM 3000 blood gas analyzer was the most inaccu-
rate, with large underestimating bias.

We conclude that, compared with the tested blood 
gas analyzers, the HemoCue revealed superior per-
formance, having small bias and good precision. It 
can be used with greater confidence in the clinical 
decision-making process regarding decisions to trans-
fuse erythrocytes, while bearing in mind the small 
negative offset. Additional research involving larger 
datasets in the [Hb] range 6–10 g/dL is required to 
confirm superior clinical reliability. As recommended 
by the ASA-Guidelines,34 any decision to transfuse 
must not be based on [Hb] measurements alone but 
must be considered together with clinical issues. E
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