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This paper describes and compares methods and analyzers used to measure hemoglobin (Hb) in clinical laborato-
ries and field settings. We conducted a literature review for methods used to measure Hb in clinical laboratories
and field settings. We described methods to measure Hb and factors influencing results. Automated hematology
analyzer (AHA) was reference for all Hb comparisons using evaluation criteria of +7% set by College of American
Pathologists (CAP) and Clinical Laboratory Improvement Amendments (CLIA). Capillary fingerprick blood usu-
ally produces higher Hb concentrations compared with venous blood. Individual drops produced lower concentra-
tions than pooled capillary blood. Compared with the AHA: (1) overall cyanmethemoglobin (1.0—8.0 g/L), WHO
Colour Scale (0.5—10.0 g/L), paper-based devices (5.0—7.0 g/L), HemoCue® Hb-201 (1.0—-16.0 g/L) and Hb-301
(0.5—6.0 g/L), and Masimo Pronto® (0.3—14.0 g/L) overestimated concentrations; (2) Masimo Radical®-7 both
under- and overestimated concentrations (0.3—104.0 g/L); and (3) other methods underestimated concentrations
(2.0—16.0 g/L). Most mean concentration comparisons varied less than 7% of the reference. Hb measurements are
influenced by several analytical factors. With few exceptions, mean concentration bias was within 7%, suggesting
acceptable performance. Appropriate, high-quality methods in all settings are necessary to ensure the accuracy of
Hb measurements.This paper describes and compares methods and analyzers used to measure hemoglobin (Hb) in
clinical laboratories and field settings. With few exceptions, mean concentration bias was within £7%, suggesting
acceptable performance. Appropriate, high-quality methods in all settings are necessary to ensure the accuracy of
Hb measurements.
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Introduction Anemia is defined as Hb concentration below a spe-
cific threshold (70—130 g/L depending on age, sex,
and pregnancy status and/or severity level).> WHO
estimates that approximately 1.93 billion people,
27% of the world’s population, suffer from ane-
mia and it is a major public health problem with
the highest prevalence among preschool children
and WRA in low- and middle-income countries.*
Iron deficiency is considered to be a leading cause
of anemia, but multiple factors may contribute to
the etiology of anemia including other micronu-
trient deficiencies (e.g., zinc and vitamins A and
B1,); helminth infection and malaria; other sources

Reducing anemia by 50% in women of reproduc-
tive age (WRA) is a 2025 World Health Assembly
Global Nutrition Target (WHO, 2014), and accurate
assessment of hemoglobin (HDb) is a global prior-
ity. The use of Hb measurement in the blood bank-
ing environment as the screening method for donor
eligibility is a necessary requirement. Anemia is a
condition that develops due to a low level of circu-
lating red blood cells (RBCs), which reduces their
capacity to carry oxygen in the body.""* Hb is a pro-
tein in RBCs that carries the oxygen to the tissues.
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of blood loss, inflammation, and other chronic dis-
eases; and blood disorders (e.g., sickle cell and
thalassemia).>~7

Appropriate, high-quality methods for Hb mea-
surement in clinical laboratories and field set-
tings are necessary to ensure the accuracy of Hb
measurements.> ! Clinical laboratories are con-
trolled environments. Field settings include areas
in the natural environment outside of a controlled
environment.'? Several factors to assess when con-
sidering methods and analyzers used for assessing
Hb include the source of the blood sample, cost of
the analysis, and reproducibility of the results.'*~1¢
Factors to consider when choosing to measure Hb
in a clinical laboratory or field setting include qual-
ity control (QC) needs, extreme environmental con-
ditions, low-resource environments, poor infras-
tructure, and standardized training. Attention to
these factors will potentially reduce the risk of any
negative impact on Hb measurements.'»'”"° In all
cases, postanalytical factors, including adjusting Hb
concentrations for altitude and smoking status, and
use of appropriate WHO recommended cutoffs for
defining anemias (based on age, sex, and pregnancy
status), must be included in the analysis."

Early qualitative methods for assessing Hb in
clinical settings include the copper sulfate technique
(CST).?° Quantitative methods were later devel-
oped including the cyanmethemoglobin method
(CM) for assessing Hb concentrations.” The CM
is the internationally recognized reference method
for calibrating clinical and field equipment used to
measure Hb and determination of Hb concentra-
tion in blood.?> Counting and sizing particles using
automated hematology analyzers (AHAs) in clini-
cal laboratories is a quantitative method that was
developed due to the need to assess Hb in low-
resource settings.'”?? Less expensive, field-friendly
quantitative methods were later developed includ-
ing the WHO Colour Scale and other paper- and
color-based analytical devices and portable point-
of-care (POC) analyzers.!*-11:17:23:24

There are five objectives of this paper, including:

(1) Describe the different methods and analyzers
used to measure Hb in clinical laboratories
and field settings.

(2) Describe the preanalytical factors including
blood source of collection, postural effect,
and environmental factors.
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(3) Describe analytical and postanalytical factors
and training requirements, which can poten-
tially influence Hb concentrations.

(4) Compare the performance of different meth-
ods and analyzers of Hb measurement to the
AHA as reference.

(5) Describe the feasibility and cost of assess-
ing the etiology of anemia in public health
population-based surveys.

In addition, we compared the results of portable
invasive photometric POC analyzers with other
portable POC analyzer methods. These are reported
as Supplementary Text S3 (online only) and
Figure S2A and S2B (online only) and not the
main body of the paper, because although they
may be models currently used in clinical settings
or the field by population-based surveys to assess
anemia, they were compared with other methods
and analyzers other than the AHA or they are
models no longer supported by the manufacturer
(e.g., HemoCue® B-Hb).!!

Methods

We conducted a systematic literature review to
describe the different methods used to measure
Hb concentrations, sources of blood, training, and
other factors that might influence Hb concentra-
tions, as well as to identify studies examining the
performance of different methods compared with
the AHA (reference) and the HemoCue. CM is
the internationally recognized reference method
for calibrating clinical and field equipment used
to measure Hb and determination of Hb concen-
tration in blood, but few studies examined meth-
ods and analyzers compared with this method.*
Information on the feasibility and cost of assessing
multiple factors that may contribute to anemia in
population-based surveys is from the recent expe-
rience of authors providing technical assistance in
the design and implementation of such surveys and
surveillance systems."~’

We searched PubMed, PubMed Central, MED-
LINE, and EMBASE databases for all studies
ever written in English related to methods for
Hb measurement in blood banks, clinical lab-
oratories, and field settings. We used keywords
alone and in combination for the search. Key-
words included: anaemia; haemoglobin; automatic
hematology analyzer; point-of-care analyzer;
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photometric; HemoCue; Hb-Quick; noninvasive;
Masimo Radical-7®; Masimo Pronto-7®; ToucHb;
copper sulfate technique, cyanmethaemoglobin
method; WHO Colour Scale; paper-based ana-
Iytical tests; earlobe puncture; venous blood;
capillary blood; arterial blood; finger stick; heel
stick; venipuncture; source of sample; accuracy;
variability; postural effect; disease; illness; quality
control; validation; hemolysis; training; preana-
Iytical factors; analytical factors; postanalytical
factors; method comparison; and cost. One author
screened all titles and two authors extracted data
independently.

We compared studies of qualitative (CST) and
quantitative methods (CM, WHO Colour Scale,
and other paper-based analytical tests and portable
POC analyzers) against AHAs as the reference
as few studies identified were compared with
the CM method. Only the study arms compared
with AHAs were included. We also compared
portable invasive photometric POC analyzers,
specifically the HemoCue Hb-201+ and Hb-301
(currently available and supported by HemoCue),
with other portable POC analyzers as these methods
are feasible in field settings and population-based
surveys. For these comparisons, only the study
arms compared with the portable invasive pho-
tometric POC analyzers were included. There
are two threshold evaluation criteria for Hb set
by the College of American Pathologists (CAP) and
the Westgard Clinical Laboratory Improvement
Amendments (CLIA).!7*'7! These criteria target a
threshold of +7% of the reference as the acceptable
difference between methods. We applied a bias
threshold of +7% for each method and analyzer
compared with the reference to examine whether
the variation in mean Hb concentration between
the two methods was within this £7% threshold.

Results

The literature search generated 2232 matches from
all the search combinations. After excluding dupli-
cates and studies that did not meet the objectives,
we chose 257 articles for review. Of those articles
reviewed, we included 113 as part of this review
due to meeting the method comparison criteria,
including preanalytical factors (i.e., blood source
and sampling technique), analytical factors (i.e., QC
and method accuracy), and postanalytical factors
(i.e., adjusting Hb concentrations). We excluded
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28 studies from the review that included compar-
isons of different methods, but did not meet the
method criteria for the comparisons with the AHAs
or the portable invasive photometric POC analyzers
(Table S1, online only; see this Table for Refs. 105,
150-169).

Description of methods and analyzers to
assess Hb concentrations

Table 1 provides a summary of various method
characteristics used to measure Hb in clinical labo-
ratories and field settings, including analytical con-
siderations for each method for the analyzer. Qual-
itative and quantitative methods and analyzers are
available to measure Hb in both settings. Qualitative
methods for Hb measurement include the CST,***°
which was developed in the late 1880s and was com-
monly used to identify healthy blood donors in the
mid- to late-1900s. It is a qualitative method for
measuring Hb based on the estimation of specific
gravity from a blood sample. With this method, the
specific gravity value of 1.053 corresponds to an Hb
concentration of 125 g/L.* Altitude effects the spe-
cific gravity of the liquid solution used by the CST,
thus the Hb concentration must be adjusted based
to sea level to ensure the final Hb concentration is
accurately calculated.?”?® The CST is still used today
by many laboratories, including the National Health
Service (NHS) Blood and Transplant, the United
Kingdom, although some publications mention the
method is no longer used.?***

The CM is a quantitative method that is the inter-
nationally recognized reference standard method
for the determination of Hb concentration in
blood.” CM is used to calibrate clinical and field
equipment prior to use as well as used as a regu-
lar method for the determination of Hb concen-
tration. The principle of the CM, developed for
clinical laboratories in the mid-1900s, is to convert
Hb into methemoglobin (MetHb) and then metHb
into cyanMetHb. The conversion occurs by adding
a solution containing both potassium cyanide and
ferricyanide to 10 wL arterial, venous, or capillary
blood, mixing, waiting approximately 5—10 min,
and measuring Hb using a photoelectric colorime-
ter with an absorbance of 540 nm, which takes
approximately 60 seconds.?® The CM is still a com-
monly used method in many clinical laboratories
even though newer methods are available.?!
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Table 1. Summary of various method and analyzer characteristics used for hemoglobin measurement

Blood source:

arterial (A), Blood Approximate
capillary (C),  volume Calibration equipment” costs,  Cost/test,
Method/analyzer Setting or venous (V) (nL) Time of test  (quality control) Method principle USD (2017) USD (2018)
Copper sulfate Clinical A,C,and V 10 20s Limited/not well ~Hb concentration based on the $200—500 <$1.00
technique laboratory established; estimation of specific gravity
(CST)? must use fresh from a blood sample where the
anticoagulated specific gravity value of 1.053
blood samples corresponds to an Hb
concentration of 125 g/L.
Cyanmethemog- Clinical A,C,and V 10 5—10 min Drabkin’s reagent  Hb is converted into $200—500 <$1.00
lobin method laboratory prep time methemoglobin, which is then
(Cm)? and 60 s for converted into
the test cyanmethemoglobin. This is

done by adding both potassium
cyanide and ferricyanide whose
absorbance is then measured at
540 nm using a photoelectric
colorimeter against a standard
quality control solution. The
Hb concentration is then
determined by the result
produced by the photoelectric

colorimeter.
Automated Clinical A,C,and V 200 30s Quality control The automated hematology $2000—15,000 <$10.00
hematology laboratory material analyzer operates by pulling equipment
analyzers specific to the particles through an orifice (depending on
(AHA)¢ analyzer with the use of an electric model)

current in order to produce a
change in resistance that is
proportional to the volume of
the particle traversing through
the orifice. The automated
hematology analyzer functions
by counting cells of various
sizes that are composed within

whole blood.
WHO Colour Clinical A,C,and V 30 60's Drabkin’s reagent  Contains six shades of red (i.e., ~$100/box 200 <$0.50
Scale? laboratory or fresh lighter to darker corresponding
and field anticoagulated to an Hb concentration of 40,
settings blood sample 60, 80, 100, 120, and 140 g/L)

that are mounted onto strips. A
drop of blood is placed onto a
moveable piece of filter and
compared to the shades of red
on the color scale.

Invasive Clinical A,C,and V 10 10s Not required for ~ For the Hb-201", Hemo-Control, $600—900 $1.00-2.00
photometric laboratory Hb-201%, and Hb-Quick, Hb is converted equipment
point-of-care and field Hb-301, to methemoglobin by sodium
analyzers (e.g., settings Hemo- nitrate from the ferrous to
HemoCue, Control, ferric state to form
Hemo-Control, DiaSpect, azidemethemoglobin, where
Hb-Quick, TrueHb, and the Hb concentration is then
DiaSpect, URIT, URIT, but detected at 570 and 880 nm
and TrueHb)® HemoTrol and and read using a photoelectric
EuroTrol have colorimeter. For the Hb-301,
liquid controls the Hb concentration is simply
available for determined by the
use photoelectric colorimeter.
Paper- or Clinical A,C,and V 20 45—60 min Drabkin’s reagent  Based on microfluidic technology $200—500 <$1.00
color-based laboratory using chromatography paper equipment
analytical devices with a wax finish that is heated
(e.g., WPADs and at 150 °C for 3 min prior to use.
color-based filter Blood samples are diluted with
test)f Drabkin’s reagent and then

incubated for 10 min. A 20 pL
sample of blood is then placed
onto the paper-based analytical
device, and the Hb
concentration is then read
using a portable flatbed
scanner after the sample dries.

Continued
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Table 1. Continued

Methods for hemoglobin measurement

Blood source:
arterial (A),
capillary (C),

or venous (V)

Blood
volume

Method/analyzer Setting (1L) Time of test

(quality control)

Approximate
equipment” costs,
USD (2017)

Cost/test,
USD (2018)

Calibration
Method principle

Clinical NA NA 30s
laboratory
and field

settings

Noninvasive
point-of-care
analyzers (e.g.,
Masimo
Radical—7)h

Color-based
analytical
devices®

Clinical A,C,and V 5 60's
laboratory
and field

setting

NA

Drabkin’s reagent  Uses small round tube with a cap

Noninvasive analyzers operate $1800—2000 <$2.00

using a device called the

CO-oximeter, which measures

the oxygen saturation (SpO2),

pulse rate, perfusion index (Pi),

and total Hb by detecting the

levels of oxygen and carbon

monoxide (CO) bound to Hb

in the individual. This is done

simply by placing a monitor on

the finger of the individual (i.e.,

appropriate to the size and age

of the individual), requiring

them to sit completely still, and

measuring the total Hb.

$200—500
equipment

<$1.00
that holds the solution, which
mixes with the blood sample
that enters the device via
capillary action. The sample is
then compared to a color chart
with a range of colors.

@Pistorius et al.,”” Funk et al.,”® Tondon et al.,”® and Antwi-Baffour et al.38

bSawant et al.®* and Nkrumah et al.%°

“Mohandas et al.,>* Lara et al.,'® and Green et al.'’
dWHO,3* Darshana et al.,> and Marn et al.46

¢Gong et al.,” Rudolf-Oliveira et al.,'> HemoCue,*® and Whitehead et al.!!

HNang et al?®
Tyburski et al.¥” and McGann et al.5

hBelardinelli et al.,''? Al-Khabori et al.,*° Neogi et al. 4 Bjosense,*® and Masimo*®

“Supplies are $5 per person for small survey assessing anemia and malaria versus $75 per person for large survey assessing anemia,
malaria, serum ferritin, serum soluble transferrin receptor, inflammation, serum vitamin A, serum vitamin B12, folate, serum zinc,
and urinary iodine (i.e., costs include supplies and analytical costs) (see Refs. 148 and 149).

In 1953, Coulter developed a principle of rapid
and accurate counting and sizing particles in a
clinical laboratory setting. Coulter’s principle led
to the development of quantitative automated cell
counting, with advancements in technology dur-
ing the 1960—1970s leading to the development of
higher quality AHAs.!” Due to the size and lack of
portability of the analyzers (i.e., requires electricity),
AHAs are typically used by blood banks and clinical
laboratories and are generally not considered feasi-
ble for field settings. AHAs are the most commonly
used analyzers for clinical laboratories because they
can also measure other blood indicators including
hematocrit.!>**%?

Recent quantitative methods to measure Hb
include the WHO Colour Scale.”**¢ and other
paper- and color-based analytical devices® and
portable POC analyzers (i.e., both noninvasive and
photometric invasive).!*!'” The WHO Colour
Scale is a quantitative method developed by WHO
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in the late 1990s and available for purchase in 2001
as a replacement to the CST?" to be used by blood
banks, clinical laboratories, and field settings to
measure Hb. It uses six shades of red (i.e., lighter
to darker corresponding to Hb concentrations of 40,
60, 80, 100, 120, and 140 g/L) that are mounted onto
strips. A drop of blood is placed onto a moveable
piece of filter paper and compared with the shades
of red on the color scale.’*%

In the late 1990s, development of portable inva-
sive photometric POC analyzers started as a means
to measure Hb quickly in all settings using small
amounts of blood. Invasive photometric POC ana-
lyzers, such as the Hb-Quick® and HemoCue mod-
els, provide Hb measurements within 10 seconds
using approximately 10 L of fresh arterial, venous,
or capillary blood.'"*7-* Two widely used inva-
sive photometric POC analyzers are the hand-
held HemoCue models Hb-201+ and Hb-301. The
Hb-201+ cuvettes contain sodium deoxycholate
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reagent that creates hemolysis of the blood when it
enters the cuvette; however, this makes them sen-
sitive to high temperatures and humidity. The Hb-
301 cuvettes do not contain sodium deoxycholate
reagent and are stable at a greater range of tem-
perature and humidity levels, if stored correctly in
the designated, closed containers; however, if the
blood sample in the cuvette is open to air or on
a piece of parafilm, it is constantly being exposed
to oxygen and may result in an artificially higher
Hb value (1.3% increase per minute), so it is essen-
tial to read the Hb concentrations within 20—30 s
of filling the cuvette. These characteristics poten-
tially make HemoCue model Hb-201+- better suited
to more controlled settings in clinical laboratories,
and HemoCue model 301 for less controlled field
settings.

Due to the need for a portable, low-cost test for
low- and middle-income settings, a simple paper-
based analytical device (WPADs) based on microflu-
idic technology was developed in the early 2000s
to quantitatively measure Hb.?* This paper-based
analytical device uses chromatography paper with
a wax finish that is heated at 150 °C for 3 min prior
to use. Twenty microliters of the diluted blood sam-
ple is required and applied to the paper-based ana-
lytical device, which must dry for 25 min prior to
reading the Hb concentration using a flatbed scan-
ner. The scanner senses the colors red, green, and
blue to measure intensity, which correlates with the
Hb concentration of the blood sample. Clinical lab-
oratories are currently the primary setting for this
method due to having to complete the measurement
of Hb in a clinical laboratory setting after sample
preparation.?42>34

Due to a need for a noninvasive device to assess
Hb, noninvasive POC analyzers were developed for
use in more controlled settings, with the potential
for use in field settings.**~** In 2006, Masimo was
one of the first to develop noninvasive POC analyz-
ers (Radical-7) followed by other model analyzers
(and Pronto-7 pulse CO-oximeters) and companies,
including Biosense (ToucHb) in 2008. These nonin-
vasive POC analyzers operate using a device called
the CO-oximeter, which measures the oxygen satu-
ration (SpQO,), pulse rate, perfusion index (Pi), and
total Hb by detecting the levels of oxygen and car-
bon monoxide (CO) bound to Hb in the individual.
This is done simply by placing a monitor on the fin-
ger of the individual (i.e., appropriate to the size and
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age of the individual), requiring them to sit com-
pletely still, and measuring the total Hb within 30
seconds,40-42.44-46

In 2013, a color-based POC analyzer was devel-
oped to measure Hb aiming to provide a rapid,
simple to use, and disposable method that did not
require electricity.*’” The device consists of a small
round tube with a cap that holds the solution, which
mixes with the capillary blood sample that enters
the device via capillary action. After 60 s, the Hb
sample is compared with a color chart. Use of the
test is applicable to all settings.*”

Preanalytical factors influencing Hb
measurements including blood source of
collection, postural effect, and environmental
factors
Capillary, arterial, and venous sources of blood
collection. There are three primary sources of
blood collection: artery, vein, and capillary. Collec-
tion of cord blood among women who just gave
birth is also used as a surrogate to venous blood
(reference) to measure Hb concentrations. Earlobe
puncture to collect capillary blood (~75 pL) is a
historical form of blood collection.”*®->° Arterial
blood is collected from the radial artery in the fore-
arm, a less common and more complex form of col-
lection. Arterial blood can be useful when arterial
blood gas measurements are required, and Hb can
be measured using arterial blood. Arterial blood is
oxygenated (i.e., flowing from the heart) and has
higher amounts of oxygen-bound Hb compared
with blood sources not flowing from the heart. Due
to the complexity in collecting arterial blood, only
well-trained personnel should collect it in clini-
cal settings. It is not a field-friendly method and
is not an appropriate source for blood collection
in public health population-based surveys in field
settings.”">

Capillary blood collected from the finger or
heel can be collected as individual drops or pooled
blood. It is collected in all settings and is used for
obtaining approximately ~50—500 pL of blood.
Just below the dermal layer of skin, the finger and
heel contain capillary loops, which are a collection
of small blood vessels that contain a combination of
arterial and venous blood, as well as interstitial and
intracellular fluids. The highly oxygenated arterial
blood flows into the capillaries via small arteries
called arterioles and then leaves the capillaries
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deoxygenated into the small veins called venules.
Since oxygen is bound to Hb when it enters capil-
laries, when collected with appropriate techniques,
the measured level of Hb should be higher in
capillaries compared with venous blood because
venous blood is deoxygenated, that is, contains less
oxygen.'%3433-55 [t is particularly important to not
squeeze the finger or heel too hard when collecting
capillary blood because this can cause interstitial
fluid to mix with the blood diluting the sample, thus
leading to an incorrect (lower) Hb concentration.
Warming the hands is also important. Cold fingers
can also lead to incorrect Hb results due to poor
circulation in the fingers.

For multiple reasons, venous blood is the ref-
erence for blood collection. Venous blood is eas-
ier to collect compared with arterial blood. Venous
blood is also the most common form of blood col-
lection in clinical settings and blood banks; blood
sample from the cubital vein provides a larger vol-
ume of blood (~2—5 mL blood) allowing for
the assessment of multiple biological indicators
compared with capillary blood, and larger blood
volumes might be necessary when performing mul-
tiple biological tests. Blood banks also use capillary
fingerprick blood samples as a screening method
for donation eligibility. Field settings are also a
prime location for venous blood collection when the
assessment of multiple biological indicators requir-
ing larger blood volumes is required.

Venous blood and capillary blood from the finger
or heel (usually heel is among the youngest children
aged less than 6 or 12 months, depending on coun-
try requirements) are currently the commonly used
forms of blood collection for the estimation of Hb
concentration in both clinical laboratories and field
settings.'®!1*37 For both sources, blood collection
may be more challenging among younger children
compared with older children and adults because
their fingers and veins are smaller.!

Figure 1A and B include a summary of 25 com-
parisons from 18 studies comparing the sources
of blood collection against venous or cord blood
(reference) (Fig. 1A), and single drops of blood
compared with pooled blood (reference) (Fig. 1B),
as well as right compared with left-hand choice
(reference) (Fig. 1B). The sample sizes and pop-
ulation groups comparing the source of blood
varied, including both male and female adults
and from infancy to 73 years (Fig. 1A). Twelve
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studies found higher mean Hb concentrations
(1.0—7.0 g/L) by capillary blood compared with
venous blood,!!"19715256-63140 and three studies
found lower mean Hb concentrations (0.8—8.1 g/L)
by capillary blood compared with venous blood.®>*”
Two studies measuring arterial blood found oppo-
site findings with one having a higher mean Hb
concentration (0.1 g/L) and one having a lower
mean Hb concentration (2.0 g/L) compared with
the venous blood.”"”* Eslami et al. also compared
mean Hb concentrations among female and male
infants by capillary blood compared with cord
blood and found a higher mean Hb concen-
tration (4.6 g/L) by capillary blood (Fig. 1A).%
When applying the mean difference threshold of
+7% for the comparison of sources of blood
collection (venous or cord blood as the refer-
ence), all studies were within the £7% variation
threshold,11:19:51,52,54,56-65,76,87,140

Figure 1B shows four comparisons examining
drop to drop variability compared with pooled cap-
illary blood as the reference among adults aged
18 years and older.!"6>¢ All studies found a lower
mean Hb concentration (1.0, 1.0, 1.6, and 4.8 g/L) by
single drops (first or fourth drop,*® single drops,*®
fourth drop,'! respectively) compared with pooled
capillary blood.!"6*%6 Morris et al. studied mean
Hb concentration differences in capillary blood col-
lected in the right hand versus the left hand (refer-
ence) among 87 females aged 9—49 years (Fig. 1B)
and found a lower mean Hb concentration (0.5 g/L)
by the right hand compared with the left hand.'*’
Morris et al. also reported a higher mean Hb con-
centration (0.1 g/L) from the first venous blood
draw (2 mL) compared with the second venous
blood draw (2 mL) among 141 female infants
4 months of age from poor families who had been
exclusively breastfed."*® When applying the +7%
threshold for mean difference between methods
comparing drops of capillary blood to pooled cap-
illary blood (reference), all studies were within the
+7% variation threshold.'!6366.140

Postural effect. Postural effect (sitting versus
standing) during blood collection may influence
Hb values and individuals should be seated to
ensure accurate measurement of Hb.”%” Standing
during blood collection can cause Hb concentra-
tions to become diluted in the lower extremities of
the body due to pooling of fluids in these areas,
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A

@ (1) Daae et al. 1988 (57) (C vs V; n=43; M/F; 22-62y)
®(2) Daae et al. 1991 (59) (Cvs V; n=16; M/F; 3 mo-14 y)
@ (3) Hinchiffe et al. 1996 (76) (C vs V; n=188; M/F; 5 mo-16.9y)

(4) Chen et al. 1992 (51) (C vs A; n=42; M/F; 18+v)
®(5) Chen et al. 1992 (51) (C vs V; n=42; M'F; 18+y)
®(6) Chen et al. 1992 (51) (A vs V; n=42; M/F; 18+y)
®(7) Morris etal. 1999 (140) (V vs V; n=87; F; 949 y)
®(8) Neufeld et al. 2001 (56) (C vs V; n=72; M/F; 17-73 y)
®(9) Neufeld et al. 2001 (56) (C vs V; n=72; M/F; 5m-15 y)
®(10) Yang etal 2001 (52) (C vs V; n=24; M/F; 20-22 y)
®(11) Yang etal 2001 (52) (A vs V; n=12; M/F; 20-22 y)
®(12) Paiva Ade et al. 2004 (60) (C vs V; n=29; PW; 18+ y)
©(13) Monérrez-Espino et al. 2008 (19) (C vs V; n=62; M'F; 6-9 y)
© (14) Monarrez-Espino et al. 2008 (19) (C vs V; n=62; M'F; 6-9 y)

(15) Tong etal. 2010 (87) (C vs V; n=25,762; F; 18+ y)

(16) Tong et al. 2010 (87) (C vs V; n=10,496; M; 18+y) 16
®(17) Ziemann et al. 2011 (61) (C vs V; n=8,910; M/F; 18+ y)
®(18) Eslami et al. 2012 (62) (C vs V; n=1,600; M/F; Infants)
®(19) Eslami et al. 2012 (62) (C vs Cord; n=1,600; M/F; Infants)
®(20) Patel et al. 2013 (54) (C vs V; n=150; M'F; 20-71y)
®(21) Patel et al. 2013 (54) (C vs V; n=150; M/F; 20-71y)
©(22) Bond etal 2015 (63)(C vs V; n=11; F; 18+y)
®(23) Pawlowski etal. 2015 (64) (C vs V; n=122; M/F; 48-65 )

(24) Karakochuk et al. 2017 (65) (C vs V); n=28; F; 1845y)
®(25) Whitehead etal. 2017 (11) (C vs V; n=33; M/F; 25-61 y)
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B
® (1) Conway et al. 1998 (66) (1st Drop vs Pooled; n=10; M/F; 18+ y)
@ (2) Conway et al. 1998 (66) (4th Drop vs Pooled; n=10; M/F; 18+ y)
(3) Bond et al. 2015 (63) (Single Drop vs Pooled; n=11; F; 18+y)
@ (4) Whitehead et al. 2017 (11) (4th Drop vs Pooled; n=32; M/F; 25-61y)
@ (5) Momis etal. 1999 (140) (R Hand vs L Hand; n=87; F; 9-49 y)

@ (6) Morris etal. 1999 (140) (1st V draw vs 2nd V draw; n=87; F; 9-49 y)
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4
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Figure 1. (A) Differences in mean Hb by arterial (A) and capillary (C) blood source compared with venous (V) or cord blood
source as the reference” among infants, children, and adult males (M), females (F), and pregnant women (PW). (B) Differences in
mean Hb by single drops of capillary (C) blood source compared with pooled capillary blood source as the reference’, right (R)
hand compared with left (L) hand as the standard’, and first venous draw compared with second venous draw as the standard”

among children and adult males (M) and females (F).
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which leads to lower Hb concentrations (up to
3.5 g/L lower).” Lima-Oliveira ef al. studied postu-
ral effects on Hb concentrations among 19 healthy
adults (7 males and 12 females) with a mean age
33—55 years.”” The study included testing with
the individuals laying down, sitting, and standing.
Lower mean Hb concentrations (3.0 and 7.0 g/L)
were found when a lying position was compared
with a sitting position and when a sitting posi-
tion was compared with standing, respectively.”
For all blood sources, it is important for participants
to be seated (not standing) during blood collec-
tion to minimize any postural effects on the blood
specimen®®’

Environmental factors. Unfavorable environ-
mental conditions (i.e., increased temperature and
humidity); poor infrastructure (i.e., lack of elec-
tricity, clinical laboratory space, cold storage, and
back-up generator); poor cold chain management;
and inadequate training of laboratory personnel
can affect Hb measurements.'*® Following proper
technique and protocols is essential to minimize
the risk of hemolysis during collection of the blood
sample; ensure proper storage of the blood sample
after collection; and ensure proper processing of
the blood sample in the clinical laboratory or field
setting to prevent any delayed effects that may
occur when processing the samples. Adequate
temperature is necessary for the proper opera-
tion of instrumentation used by all methods in
both clinical laboratories and field settings. Hb
measurements can also be negatively affected by
improper storage of supplies used in the assessment
of Hb concentrations in the clinical laboratory
and field setting, as well as the use of expired
supplies.!967:69-72

Field settings are of particular concern because of
the less controlled and possibly harsh climatic set-
tings. It is important to ensure appropriate methods
and take into consideration the optimal operat-
ing temperatures for storage and use of supplies
and equipment. Studies have shown that elevated
temperatures and humidity can potentially be an
issue for invasive photometric POC analyzers and
their supplies, including cuvettes and liquid QCs
where Hb concentrations are known to significantly
increase (1.3 g/L) after 3 weeks of exposure to poor
conditions.'!6873

Methods for hemoglobin measurement

Analytical and postanalytical factors and
training requirements

Table 1 describes analytical factors to consider when
deciding which method to use, including the vol-
ume of the sample needed, time per test, and QC
requirements. Postanalytical factors must also be
considered in order to accurately use Hb concen-
tration data to properly assess anemia in individ-
uals and populations in both clinical laboratories
and field settings. WHO provides recommenda-
tions on properly diagnosing anemia using age, sex,
and pregnancy status specific cutoffs, as well as
guidance on properly adjusting Hb values for alti-
tude and smoking status.’ In population-based sur-
veys, thresholds for referral to the public health
facility for low Hb concentrations (determined by
the Ministry of Health) may be adjusted for altitude
or smoking depending on the context. The prac-
tice of universal precautions with blood collection
and standardized training of laboratory person-
nel are required regardless of the method selected

for measuring Hb (Supplementary Text S1, online
only).!1:20.3468.69.7475

Comparability of the automated hematology
analyzer (reference) with other methods and
analyzers in clinical laboratories and field
settings

Eighty-three studies compared AHA (reference) to
other methods and analyzers in clinical laborato-
ries and field settings among infants, children, and
adult males, females, and pregnant women (PW)
aged newborn to >90 years.

Comparability of the automated hematology ana-
lyzer with CST and CM. Figure 2A shows four
studies where venous blood analyzed by the refer-
ence was compared with the CST among infants
and children aged 6 months to 6 years, adult males,
females, and PW aged 18 years and older.””-%° All
studies reported lower mean Hb concentrations
(2.0—16.0 g/L) in venous blood analyzed by the
CST compared with the reference (Fig. 2A). When
applying the £7% threshold for mean difference for
the studies comparing the CST with the reference,
two studies were within the threshold range’®”’
and two studies exceeded the +7% bias’”*
(Fig. 2A). Figure 2B shows two studies where
venous blood analyzed by the reference was com-
pared with the CM among infants and children aged
5 months to 5 years and adult males and females
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AA
@ (1) Pistorius et al. 1996 (77) (V vs V; n=100; PW; 18+ y; CST) ® 1A
©(2) Funk et al. 2002 (78) (V vs V; n=100; M/F; 6 mo-6 y) CST) ® 2
(3) Tondon et al. 2009 (79) (V vs V; n=167; M/F; 18+y; CST)
®(4) Antwi-Baffour et al. 2015 (80) (V vs V; n=538; M/F; 18+ y; CST) ® 4A

("]
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B
@ (1) Sawant et al. 2007 (84) (V vs V; n=116; MF; 21-54 y; CM) ® ]

® (2) Sawant et al. 2007 (84) (C vs V; n=116; M/F; 21-54 y; CM) ® 2

@ (3) Nkrumah et al. 2011 (99) (C vs V; n=398; M/F; 5 mo-59 y; CM) ® 3

0 2 4 6 8 10
Mean Hb Concentration (g/L)

C

® (1) Lewis et al. 1998 (24) (V vs V; n=1,213; M/F; 18+ y; WCS) ° 1
® (2) Tatsumiet al. 1999 (81) (V vs V; n=442; M'F; 18+y; WCS) ® 2
© (3) van den Broek et al. 1999 (82) (V vs V; n=729; F; 18+y; WCS) ® 3

(4) Ingram et al. 2000 (83) (V vs V;n=548; M/F; 18+ y; WCS) 4
@ (5) Sawant et al. 2007 (84) (V vs V; n=116; MF; 21-54 y; WCS) o5
@ (6) Tondon et al. 2009 (79) (V vs V; n=167; M/F; 18+y; WCS) ® 6
® (7) Khan et al. 2015 (122) (V vs V; n=194; PW; 20-29 y; WCS) ®7A
@ (8) Sawant et al. 2007 (85) (C vs V;n=116; M/F; 21-54 y; WCS) ® 8
@ (9) Yang et al. 2013 (25) (V vs V; n=54; M/F; 18+y; PCM) ® 9
® (10) Tyburski et al. 2014 (47) (V vs V; n=238; M/F; 1+ y; PCM) ® 10
® (11) McGann et al. 2016 (86) (V vs V; n=86; M/F; 18+y; PCM) ® 11

-10 -8 6 4 -2 0 2 4 6 8 10
Mean Hb Concentration (g/L)

Figure 2. (A) Differences in mean Hb of the copper sulfate technique (CST) compared with an automated hematology analyzer
(AHA) (reference’) by venous (V) source among infants and children and adult males (M), females (F), and pregnant women
(PW). (2B) Differences in mean Hb of the cyanmetHb method (CM) compared with an AHA (reference”) by venous (V) source
among infants and children and adult males (M) and females (F). (2C) Differences in mean Hb of the WHO Colour Scale and
paper- and color-based methods (PCM) compared with an AHA (reference’) by venous (V) source among infants and children
and adult males (M), females (F), and pregnant women (PW).
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aged 21—543%% Sawant et al. compared the
reference with the CM in venous and capillary
blood and reported higher mean concentrations
(8.0 g/L) for both blood sources compared with the
reference.®* Nkrumabh et al. compared the reference
with the CM in capillary blood and reported a
higher mean concentration (1.0 g/L) in capillary
blood (Fig. 2B).” When applying the +7% mean
difference threshold comparing the CM with the
reference, all studies were within the £7% variation
threshold.®+

Comparability of the automated hematology ana-
lyzer with WHO Colour Scale and paper- and
color-based methods. In Figure 2C, seven stud-
ies used venous blood to compare the reference to
the WHO Colour Scale among infants, children,
and adult males, females, and PW aged 18 years
and older. 24798184122 Gix studies?81-85122 reported
higher mean Hb concentrations (0.5—10.0 g/L)
compared with the reference, while Tondon et al.””
reported a lower mean Hb concentration (5.0 g/L).
Sawant et al. also collected capillary blood and
reported higher mean Hb concentrations (0.5 g/L)
for the WHO Colour Scale compared with the
reference.>¥ When applying the mean difference
variation threshold to the seven studies®>848122
comparing the WHO Colour Scale with the ref-
erence, only one study'?? exceeded the +7% bias
(Fig. 2C). Three studies using venous blood com-
pared a novel device, including either a microflu-
idic paper-based analytic device (WPAD) or a color-
based assay***”% with the reference (Fig. 2C).
McGann et al® and Tyburski et al*’ reported
higher mean Hb concentrations (5.0 and 6.7 g/L,
respectively) with a color-based assay compared
with the reference. Yang et al. reported lower mean
Hb concentrations (7.0 g/dL) comparing the paper-
based analytic device to the reference.”> When
applying the £7% threshold for mean HB con-
centration difference for the studies comparing the
microfluidic paper-based analytic device (WPAD)
or a color-based assay with the reference, all three
studies were within the threshold variation of
+7%>4478 (Fig. 2C).

Comparability of the automated hematology
analyzer with HemoCue Hb-2014+. Twenty-
eight comparisons from 23 studies compared the
reference and a HemoCue Hb-2014 using either
arterial, venous, or capillary blood in both the clin-

Methods for hemoglobin measurement

ical laboratory and field setting among infants and
children aged 6 months to 17 years and adult males,
females, and PW aged 18 years and older (Fig. 3A).
Using arterial blood, Seguin et al.''® reported a
lower mean Hb concentration and Giraud et al.'” a
higher mean concentration by Hb-201+ compared
with the reference. Eleven studies analyzed venous
blood with eight comparisons finding higher mean
Hb concentrations (2.0—16.0 g/L) by the Hb-201+4
compared with the reference®!%>4103:104,106,107,139
and four comparisons found lower mean Hb
concentrations (0.2—15.0 g/L).%!15147 Fourteen
comparisons from 13 studies compared capil-
lary blood with venous blood®>*646>103,108-114,133
with 9 comparisons finding higher mean Hb
concentrations  (2.0—9.0  g/L).%>105108,110-113
Five found a lower mean Hb concentration
(2.6—13.0 g/L for all findings).6*6>109114115
When applying the mean concentration varia-
tion threshold of £7% for the studies comparing
the Hb-201+ with the reference, 27 of the 28
comparisons®!%546463104106- 114133139147 et the
allowable degree of variation with one compar-
ison from one study exceeding the +7% bias'"
(Fig. 3A). Figure S1 and Supplementary Text
S2 (both online only; see Fig. S1 for 89-94,
96-98, 100, 101, 141-145) describe 30 studies
with 37 comparisons examining the HemoCue
B-Hb invasive photometric POC analyzer to the
reference.

Comparability of the automated hematology ana-
lyzer with HemoCue Hb-301. Eight studies con-
ducted nine comparisons between the reference
and a HemoCue Hb-301 using blood collected
in both the clinical laboratory and field settings
(Fig. 3B) and from arterial, venous, and capil-
lary blood among adult males and females aged
18 years and older.!88495113.116-119.146 A]] compar-
isons reported higher Hb concentrations compared
with the AHA (0.5—6.1 g/L), but were within
the £7% threshold for mean difference in Hb
concentrations, 185495113,116-119,146

Comparability of the automated hematology ana-
lyzer with other portable photometric invasive
POC analyzers or clinical blood gas analyzers.

Eleven studies included 18 comparisons between
the reference and other portable photometric inva-
sive POC analyzers or clinical blood gas analyzers
using blood collected in both the clinical laboratory
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A

(1) Seguin et al. 2011 (115) (A vs V; n=79; M/F; 22-54 y)
®(2) Giraud et al. 2013 (107) (A vs V; n=53; M'F; 55-75 ¥)
@ (3) Monarrez-Espino et al. 2008 (19) (V vs V; n=62; M/F; 6-9y)
®(4) Seguin et al. 2011 (19) (V vs V; n=79; M'F; 2-54 y)
® (5) Patel etal 2013 (115) (V vs V; n=150; M'F; 20-71y)
© (6) Shahshahani et al. 2013 (103) (V vs V; n=314; M/F; 18-63 y)
(7) Skelton et al. 2013 (200) (V vs V; n=200; M/F; 18+ )
(8) Shah etal 2014 (139) (V vs V; n=440; M'F; 3-86 y)
®(9) Gwetu etal. 2015 (147) (V vs V; n=184; M'F; 6-9 y)
© (10) Pawlowski etal 2015 (64) (V vs V; n=122; M/F; 48-65 y)
®(11) Zatloukal et al 2016 (106) (V vs V; n=99; M/F; 4-88y)
®(12) Boghani et al., 2017 (8) (V vs V; n=638; M'F; 1-3 y)
@ (13) Boghani et al., 2017 (8) (V vs V; n=397, PW, 18+ y)

(14) Shamah Levy etal 2017 (133) (V vs V; n=11; M/F; 6 mo-5 y)

© (15) Mendrone Jr et al. 2009 (108) (C vs V; n=969; F; 18+ y)
© (16) Lamhaut et al. 2011 (109) (C; vs V; n=44; M/F; 45-71y)
®(17) Seguin et al. 2011 (115) (C vs V; n=79; M/F; 22-54 y)
@ (18) Goldman etal. 2012 (110) (C vs V; n=115; M'F; 18+y)
®(19) Mmmoz etal 2012 (111) (C vs V; n=198; M/F; 26-77y)
® (20) Belardinelli et al. 2013 (112) (C vs V; n=463; M/F; 18+y)
®(21) Patel et al. 2013 (54) (C vs V; n=150; M/F; 20-71y)
@ (22) Shahshahani et al. 2013 (103) (C vs V; n=314; M/F; 18-63 y)
(23) Karakochuk et al. 2015 (114) (C vs V; n=420; F; 18-45y)
® (24) Pawlowski etal 2015 (64) (C vs V; n=122; M/F; 18+y)
® (25) Baart etal 2016 (113) (C vs V; n=2,589; M/F; 18+y)
@ (26) Boghani et al., 2017 (8) (C vs V; n=638; M'F; 1-3 y)
(27) Boghani et al., 2017 (8) (C vs V; n=397; PW; 18+ y)
(28) Karakochuk et al. 2017 (65) (C vs V; n=28; F; 18-45 y)

® 1
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® 17A
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28
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B
(1) Frascaetal. 2011 (116) (A vs V; n=62; M/F; 36-76 y) 1
®(2) Sawant et al. 2007 (84) (V vs V;n=116; M/G; 21-54 y) ® 2
@ (3) Morris et al. 2007 (146) (C vs V; n=300; M/F; 18+y) ® 3
© (4) Sawant et al. 2007 (84) (C vs V;n=116; MF; 21-54 y) ® 4
®(5) Siimnig et al. 2015 (117) (C vs V; n=553; M/F; 27-32 y) ® 5
©(6) Baart et al. 2016 (113) (C vs V: n=2,589; M/ 18+ y) ®s
@(7) Daves et al. 2016 (118) (C vs V; n=1,014; M/G; 18-64 y) &7
@ (8) Jaggemath et al. 2016 (18) (C vs V; n=100; M'F; 18+ y) ® &
@ (9) Hinnouho et al. 2016 (119) (C vs V; n=1487; M/F; 6-23 mo) 3
0 2 4 6 8
Mean Hb Concentration (g/L)

Figure 3. (A) Differences in mean Hb of the HemoCue Hb-201+ compared with an automated hematology analyzer (AHA)
(reference”) by arterial (A), venous (V), cord, and capillary (C) blood source among infants and children and adult males (M),
females (F), and pregnant women (PW). (B) Differences in mean Hb of the HemoCue Hb-301 compared with an AHA (reference’)
by arterial (A), venous (V), and capillary (C) blood source among adult males (M) and females (F).
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@ (1) McNulty et al. 1995 (120) (V vs V; n=25; M/F; 18+ y; IPOC-1)
@ (2) McNulty et al. 1995 (120) (V vs V; n=25; M/F; 18+ y; IPOC-2)
(3) Rudolf-Oliveriaetal. 2013 (102) (V vs V; n=326; MF; 16-60y; IPOC)
(4) Singh et al. 2015 (125) (V vs V; n=485; M/F; 18+ y; IPOC-1)
@(5) Singh et al. 2015 (121) (V vs V; n=485; M/F; 18+ y; IPOC-2)
®(6) Srivastava etal. 2015 (122) (V vs V; n=200; M'F; 18+ y; IPOC)
®(7) Baart et al. 2016 (113) (V vs V; n=2,589; M/F; 18+ y; [POC)
@ (8) Jaggemath et al. 2016 (18) (V vs V; n=100; M/F; 18+ y; IPOC-1)
©(9) Jaggemath et al. 2016 (18) (V vs V; n=100; M/F; 18+ y; IPOC-2)
©(10) Goldman etal 2012 (110) (C vs V; n=115; M/F; 18+y; IPOC)
®(11) Rudolf-Olivena et al. 2013 (102) (C vs V; n=326; M/F; 16-60 y; IPOC)
®(12) Ardin et al. 2015 (42) (C vs V; n=120; M/F; 22-50 y; IPOC-1)
(13) Ardin et al 2015 (42) (C vs V; n=120; M/F; 22-50 y; IPOC-2)
(14) Spielmann et al. 2012 (138) (V vs V; n=71; M/F; 6 mo-5 y; CBGA-1)
(15) Spielmann et al. 2012 (138) (V vs V;n=71; M'F; 6 mo-5 y; CBGA-2)

©(16) Spielmann et al. 2012 (138) (V vs V; n=71; M'F; 6 mo-5 y; CBGA-3)
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(17) Broderick et al. 2015 (55) (V vs V; n=25; M'F; 57-74y; CBGA)

©(18) Zatloukal et al. 2016 (106) (V vs V; n=99; M/F; 4-88 y; CBGA)
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Figure 4. Differences in mean Hb of the other invasive point-of-care (IPOC) analyzers and clinical blood gas analyzer (CBGA)
compared with an automated hematology analyzer (reference’) by venous (V) and capillary (C) blood source among children and

adult males (M) and females (F).

and field setting from venous and capillary blood
sources among children 6 months to 17 years and
adult males and females 18 years and older (Fig. 4).
Eight of these studies reported 13 comparisons of
venous or capillary blood for other portable photo-
metric invasive POC analyzers that were compared
with the reference.!84243102110.113.120.21 Gix gtudies
with nine comparisons analyzing venous blood
found higher mean Hb concentrations (0.5—20.0
g/L) by the portable photometric invasive POC
analyzer compared with the reference,!®!!>120-122
including McNulty et al.,' Singh ef al,'*! and
Jaggernath et al.'® who each compared two dif-
ferent analyzers to the reference in their studies.
Goldman et al,''® Rudolf-Oliveira et al.,'”> and
Ardin ef al.** analyzed capillary blood by a portable
photometric invasive POC analyzer compared with
the reference, with Ardin et al.** comparing two
different analyzers to the reference. Rudolf-Oliveira
et al. found no difference in Hb concentration by
the POC analyzer compared with the reference.'’?

Goldman et al. found higher mean Hb concen-
trations (1.0 g/L) by the portable POC analyzer
compared with the reference.!'’ Ardin et al.*
reported a higher mean Hb concentration (1.2 g/L)
using one invasive POC analyzer (IPOC-2)*»10%110
and Ardin et al.** reported a different analyzer
(IPOC-1) having a lower mean Hb concentration
(4.9 g/L). Spielmann et al.,'*® Broderick et al.,** and
Zatloukal et al.'* analyzed venous blood by clinical
laboratory blood gas analyzers compared with the
reference in five comparisons. Broderick et al*’
found a lower mean Hb concentration (1.5 g/L)
and Zatloukal et al.'% found a higher mean Hb
concentration (1.0 g/L). Spielmann et al. found two
different clinical blood gas analyzers (CBGA-1 and
CBGA-2) to have a higher mean Hb concentration
(5.8—8.0 g/L) and one analyzer (CBGA-3) to have
a lower mean Hb concentration (0.5 g/L) compared
with the reference.*® When applying the mean
concentration difference threshold of +7% for the
studies comparing the other portable photometric
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invasive POC analyzers or clinical laboratory blood
gas analyzers with the reference, 11 studies includ-
ing 17 comparisons'®3143102106.110.113,120.12L138 e
the allowable degree of variation with one study
exceeding the +7% bias** (Fig. 4).

Comparability of the automated hematology ana-
lyzer with noninvasive POC analyzers. Twenty-
five studies included 32 comparisons between the
reference and other noninvasive POC analyzers
in clinical laboratories (Fig. 5A and C). Eleven
studies included 13 comparisons between the ref-
erence and the Masimo Radical-7 with the ref-
erence among children aged 3 years and 12—17
years and adult males and females aged 18 years
and older*!43107:116.123-128 (Rjg 5A). Frasca et al.
analyzed arterial blood finding the same mean
Hb concentration by the Masimo Radical-7 com-
pared with the reference.!'® Giraud et al. analyzed
arterial blood finding a lower mean Hb concen-
tration (10 g/L) for arterial blood."”” Ten stud-
ies with 11 comparisons analyzed venous blood
with six comparisons finding a lower mean Hb
concentration (1.4—10.0 g/L) and five compar-
isons having a higher mean Hb concentration
(1.2—7.0 g/L) by Radical-7 compared with the
reference.t3°%104123,124.126-128 /oy Schweinitz et al.
also analyzed venous blood by the Masimo Radical-
57 compared with the reference finding a higher
mean Hb concentration (12.0 g/L) by the Masimo
Radical-57 (data not shown).'” When applying the
variation in mean difference threshold of £7% to
the studies comparing the Masimo Radical-7 with
the reference, nine studies?"#353104116,124,125,127,128
were within the allowable range of variation and
four studies exceeded the £-7% bias range**!07:123.126
(Fig. 5A).

Ten studies analyzed venous blood by the
Masimo Pronto-7 compared with the reference
among children aged 6 months to 17 years
and adult males and females aged 18 years
and older!042112117.129-133139(Rjg " 5B Eight
studies?®4211217129-3L133 found  higher mean
Hb concentrations (0.3-14.0 g/L) and two'3*!¥?
found lower mean concentrations (9.2—11.0 g/L)
by the Pronto-7 compared with the reference.
Eight studies**#2112117:129-132 yere within the £7%
threshold for mean concentration variation for
comparisons of the Masimo Pronto-7 with the refer-
ence, while two studies exceeded the 7% bias'3*!%?

Whitehead et al.

(Fig. 5B). Eight studies including nine comparisons
compared the OrSense NBM-200 noninvasive
analyzer, the Mediscan 2000, and the Siemens
CO-Oximeter with the reference among infants
aged 1—2 months and adult males and females aged
18 years and older’#2102112113116121129 (Rjg 50).
Six studies analyzed venous blood by the OrSense
NBM-200 noninvasive analyzer to compare with the
reference??102112113.12L129 3 three reported lower
mean Hb concentrations (1.0—7.0 g/L)*"102121
and three found higher mean Hb concentrations
(22-3.0 g/L).*»!12129 Rabe et al. compared
Mediscan 2000 with the reference analyzing both
venous and capillary blood and found lower mean
Hb concentrations (6.0 and 6.0 g/L, respectively)
for each blood source (Fig. 5C)."** Frasca et al.
analyzed arterial blood and found a lower mean
Hb concentration (9.0 g/L) by the Siemens CO-
Oximeter compared with the reference.!'® For the
studies comparing the OrSense NBM-200 noninva-
sive analyzer, the Mediscan 2000, and the Siemens
CO-Oximeter with the reference, all studies were
within the £7% mean concentration threshold for
the degree of variation,?42102112113.116.121,129.134

Comparability of HemoCue models with
portable invasive and noninvasive
photometric POC analyzers

Figure S2A and S2B (online only) include 16 studies
with 28 comparisons of different models of portable
HemoCue invasive photometric POC analyzers to
other invasive and noninvasive POC analyzers used
in clinical laboratories and field settings compar-
ing both venous and capillary samples among chil-
dren aged 6—9 and 16—17 years and adult males
and females aged 18 years and older!l!819:102113
These results are presented in Supplementary Text
S3 (online only; see this file for Ref. 173).

Review of indicators collected to assess the
etiology of anemia, feasibility, and cost
Multiple factors may contribute to the condition of
anemia, including micronutrient deficiencies (e.g.,
iron, zinc, vitamins A and B, ); helminth infection
and malaria; other sources of blood loss and inflam-
mation (other morbidities and chronic disease);
and blood disorders (e.g., sickle cell disease and
thalassemia)."”~ Pasricha describes approximately
17 different factors related to the etiology of ane-
mia based on a review using data from the Global
Burden of Diseases, Injuries, and Risk Factors 2010
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© (1) Frascaetal. 2011 (116) (A; n=62; M/F; 36-76 )
®(2) Giraud et al. 2013 (107) (A; n=53; M/F; 55-75 )
® (3) Giraud et al. 2013 (107) (V; n=53; M/F; 55-75 y)
(4) Amano et al. 2013 (41) (V; n=110; M/F; 3 y)
® (5) Bruells et al. 2013 (128) (V; n=18; M/F; 45-74y)
@ (6) Skelton et al. 2013 (104) (V; n=200; M/F; 18+y)
® (7) Skelton et al. 2013 (104) (V;n=137, M/F; 18+y)
®(8) Awada et al. 2015 (123) (V; n=99; M/F; 12-60 y)
@ (9) Broderick et al. 2015 (43) (V; n=25; M/F; 57-74 ¥)
©(10) Park et al. 2015 (124) (V;n=26; M'F; 25-50y)
@®(11) von Schweinitz et al. 2015 (125) (V; n=135; M'F; 20-95y)
@ (12) Erdogan Kayhan et al. 2017 (126) (V; n=53; M/F; 34-59y)
©(13) Gamal et al. 2017 (127) (V; n=70; M/F; 27-46 Y
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Figure 5. (A) Differences in mean Hb of the noninvasive Masimo Radical-7 analyzer compared with an automated hematology
analyzer (AHA) (reference”) by arterial (A) and venous (V) blood source among children and adult males (M) and females (F).
(B) Differences in mean Hb of the noninvasive Masimo Pronto-7 analyzer compared with an AHA (reference”) venous (V) blood
source children and adult males (M) and females (F). (C) Differences in mean Hb of noninvasive OrSense NBM-200 analyzers
(NBM) and other noninvasive point-of-care analyzers (Siemens CO-Oximeter (SO) and Mediscan (MS)) compared with an AHA
(reference”) by arterial (A), venous (V), and capillary (C) blood source among infants and adult males (M) and females (F).
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(GDB 2010) study.'** Table 2 describes biological
indicators included in recent surveys assessing the
etiology of anemia, along with matrix and the vol-
ume of the specimen, testing methods, and cost per
test for these analytical tests. Critical factors to con-
sider when designing surveys can be found in Sup-
plementary Text S4 (online only; see this file for
Refs. 136 and 137).

Discussion

For all settings, appropriate and high-quality meth-
ods are necessary to ensure the accuracy of Hb
assessment as measurement and interpretation
can vary significantly by preanalytical, analytical,
and postanalytical factors. CAP and CLIA have
both set evaluation criteria of 7% to be used as
requirements for analytical quality for Hb.!7%!7!
For this analysis, the vast majority of all studies
compared with the AHA as the reference were
within the +7% mean concentration bias threshold
with a few exceptions. Limited studies compared
CM (international reference) to the AHA, but the
three comparisons that did so were within the
mean variation threshold of £7%. All comparisons
examining mean Hb concentration difference by
blood source were also within the £7% mean bias
threshold. Overall, these comparisons suggest that
different blood sources and most methods and ana-
lyzers had acceptable performance based on a 7%
bias threshold and may be useful for Hb assessment
depending on the purpose. It is relevant to consider
that the +7% threshold may not necessarily have
clinical relevance.

Few studies in our review examined the sensi-
tivity or specificity to identify anemia, which is a
primary purpose of collecting Hb in all settings.
In a study among low-income young children and
PW in the United States that had all comparisons
falling within the +7% mean concentration bias
threshold, Boghani et al. reported sensitivity and
specificity for the different data collection sites and
included various analyses examining either capil-
lary or venous blood analyzed on HemoCue models
compared with venous blood analyzed on a Coulter
Counter as the reference.® The sensitivities reported
for all comparisons for young children ranged from
32.8% to 60.4% and the specificities from 85.6% to
97.7%. For PW, sensitivities were 66.7% and 92.6%;
and specificities were 98.1% and 96.7%, respectively.
Another study among adults in South Africa exam-
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ining various POC Hb meters and blood sources
in both central laboratory and community clinic
settings reported sensitivities ranging from 72% to
100% and specificities of 50-100%. '8

Ideally, both sensitivity and specificity will be
high to avoid misdiagnosis of anemia and unneces-
sary treatment, but high sensitivity and specificity
have not been consistently demonstrated in the
limited available literature comparing populations,
blood sources, methods, and analyzers.®!%170:17!
Criteria for determining acceptable levels of sensi-
tivity and specificity may vary depending on factors
related to purpose, as well as cost and feasibility of
follow-up testing, particularly in settings where ane-
mia is used as a proxy for diagnosing iron deficiency
anemia and iron supplementation may be automat-
ically prescribed upon anemia diagnosis. In a con-
text of screening for anemia in a setting where addi-
tional testing will occur among those who screen
positive before prescribing treatment, attention to
higher sensitivity for anemia may be useful to avoid
missing those who need treatment. Higher speci-
ficity will limit mistakenly treating people who do
not need treatment. However, if follow-up assess-
ment after positive screening is not possible, then
a higher balance of sensitivity and specificity may
be more important to avoid unnecessary treatment,
especially in settings where malaria or other infec-
tions may be risks of giving iron to those who
are iron replete. Notably, low sensitivity and speci-
ficity to identify anemia may result in erroneous
population-based prevalence estimates of ane-
mia, which may have significant consequences for
national policies and—particularly in low-income
and middle-income countries as anemia prevalence
is often the basis of national nutrition policy pri-
oritization, evaluation, and accountability. Further,
discordant anemia prevalence results in countries
with two nationally representative surveys collected
close in time and causes confusion and uncer-
tainty for policymakers, donors, and other users
of these data. Recent discordant national anemia
prevalences resulted when different blood sources
(single drops, pooled samples, and venous) and ana-
lyzer models varied in household surveys, among
other differences.!”> Additional research in real-
world (less controlled) population-based household
survey settings on Hb variability and the impact
on prevalence estimates when collecting drops,
pooled capillary samples, and venous samples could
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Table 2. Potential biological indicators included in public health population-based surveys to assess the etiology of

anemia
Method implications
Optimal
Matrix: Optimal sample Storage of operating/
Collec- whole blood, processing time: blood storage
tion serum, Blood 1.1-2h2.Same matrix conditions
source: A, plasma, volume for day 3. Within  Analysis Needs  until andequip- Equip-  Analysis
Health status V.G, S, U, stool,and  analysis 3—4 days (stored setting (CL electricity analyzed:  ment’ ment cost  cost/test
assessment Indicator ~ H,and W urine (L) cold or FS) Method (Y/N) (RorF) (°C) (USD) (USD)
Anemia Hemoglobin A, V,and Whole blood 200 2 CL  Automated Y R RT $$$$$ $$
© hematology
analyzer”
10 1and 2 CL/  Portable invasive POC N R 15—30 (Hb- $$$ $
FS analyzers 2017);
10—40
(Hb-301)
NA 1 and 2 CL/  Portable noninvasive N R RT $$$$ $
FS POC analyzers
30 land 2 CL/  WHO Colour Scale N R RT $$$ $
ES
10 1and 2 CL  Cyanmethemoglobin Y R RT $$$ $
method
20 1and2 CL  Paper-based analytical Y R RT $$$ $
device
5 1and 2 CL/  Color-based method N R RT $$$ $
ES
Malaria Plasmodium A, V, and Whole blood 5 land2 CL/ RTK N R 10—40 $ $
species C FS
50 land 2 CL/ Microscopy” N R RT $$$ $
ES
Serum 10 1 and 2 CL  Indirect fluorescent Y R RT $$$$ $
antibody
Serum 10 land2 CL  ELISA Y RT $$$$ $
Gastric Helicobacter A, V, and Whole blood 5 1and 2 CL/  RTK N R 10—40 $ $
wellness pylori © FS
S Stool lg land 2 CL  Enzymeimmunoassay Y R R $$$$ $
Vitamin A Retinol A, V,and Serum, 25—250 land2 CL HPLC" Y F RT $$$$$ $$
status C plasma
Retinol-binding 50 land2 CL  ELISA Y F RT $$$3 $
protein (RBP)
Modified relative 250 land2 CL  HPLC' Y F RT $$559 $3
dose response
(MRDR)
Iron Ferritin A, V,and Serum, 250 1and 2 CL  Clinical analyzer Y E RT $$3$$ $$
status @ plasma
50 ELISA Y B RT $$$$
Soluble A, V, and Serum, 250 1and2 CL Clinical analyzer” Y F RT $$$$$ $$
transferrin © plasma
receptor
50 ELISA Y 17 RT $$$$ $
lodine Urinary iodine U Urine 500 1,2,and 3 CL  Ammonium Y F RT $$3$ $
status persulfate”
Zinc status  Zinc AandV Serum 500 1and 2 CL  Atomic absorption Y F RT $$$$ $$
ICP-MS RT $$3$$ $$
Inflamma-  C-reactive A, V,and Serum, 250 land2 CL  Clinical analyzer’ Y F RT $$$3$ $$
tion status protein C plasma
50 ELISA Y F RT $$$$
Alpha-1-acid A, V, and Serum, 250 1and 2 CL  Clinical analyzer” Y F RT $$$3$ $$
glycoprotein C plasma
50 ELISA Y F RT $$$$ $
Folate status Red blood cell A, V, and Whole blood 100 land2 CL Folate microbiological Y F RT $$% $$
folate (© assay”
Serum folate A, V, and Serum 100 1and 2 CL  Folate microbiological Y E RT $$$ $$
C assay*
Vitamin By,  Vitamin AandV Serum, 150 1and 2 CL  Immunoassay Y F RT $$$$$ $$
status Ba plasma

Continued
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Table 2. Continued
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Method implications

Optimal
Matrix: Optimal sample Storage of operating/
Collec- whole blood, processing time: blood storage
tion serum, Blood 1.1-2h 2. Same matrix  conditions
source: A, plasma, volume for day 3. Within  Analysis Needs  until andequip- Equip-  Analysis
Health status V,C,S, U, stool,and  analysis 3—4 days (stored setting (CL electricity analyzed: ment” ment cost  cost/test
assessment Indicator ~ H,and W  urine (L) cold or FS) Method (Y/N) (RorF) (°C) (USD) (USD)
Soil Round worm S S 2¢g 1 CL and FS Kato-Katz via N R 10—40 $8$ $
transmitted microscopy‘
helminths
(STHs)
infections
Ascaris S S 2g 1 CL and FS Kato-Katz via N R 10—40 $8$ $
lumbricoides microscopy”
Trichuris S S 2g 1 CL and FS Kato-Katz via N R 10—40 $$$ $
trichiura microscopy‘
(whipworm)
Overweight/ Body mass index H NA NA NA CL and FS Adult/infant/ NA NA RT $8$ NA
obesity child expandable
measuring length/
height board
W NA NA NA CL and FS Mother/child tarred NA NA RT $$$ NA

scale

$$$8$ = >$2000; $$$$ = $1000—1999 ; $$$ = $100—999; $$ = $10—99; $ = <$10.

A, arterial blood; C, capillary blood; CL, clinical laboratory; ELISA, enzyme-linked immunosorbent assay; FS, field setting; F, frozen;
H, height; HPLC, high-performance liquid chromatography; ICP-MS, inductively coupled plasma mass spectrometry; NA, not appli-
cable; POC, point-of-care; RTK, rapid test kit; R, refrigerated; RT, room temperature (23—28 °C); S, stool; U, urine; V, venous blood;

W, weight.

* : . . . . .
Supplies are $5 per person for small survey assessing anemia and malaria versus $75 per person for large survey assessing anemia,

malaria, serum ferritin, serum soluble transferrin receptor, inflammation, serum vitamin A, serum vitamin B12, folate, serum zinc,
and urinary iodine (i.e., costs include supplies and analytical costs) (see Refs. 148 and 149).

help improve the accuracy of field estimates of
anemia.

Our review found, regardless of setting or pur-
pose, that the degree of attention to preanalytical,
analytical, and postanalytical factors has important
implications for the quality of the measurements
and interpretation. In general, it is easier to control
all potential factors influencing the quality of the
measurement and interpretation in more controlled
settings than in less controlled field settings, but
high-quality data are possible in all settings. Inno-
vation to develop new quantitative methods and
analyzers is important, and for the methods to be
practical in the field, both their performance, as well
as their ability to be portable and field-friendly will
need to be considered.!” New quantitative meth-
ods must be able to meet the same standards and
QC measures as the reference while still meeting
preanalytical, analytical, and postanalytical factors
often presented in field settings and population-
based surveys.!7%171

Last, venous and capillary blood remain the most
readily collected sources for blood for clinical and

field settings, and venous blood is considered the
reference. AHAs are optimal analyzers for measur-
ing Hb for clinical laboratories while still calibrating
with the CM method.?® Most studies compared the
invasive photometric POC analyzers developed by
HemoCue to the reference, as these are frequently
used to measure Hb in public health population-
based surveys in field settings and other settings
requiring low technological solutions that provide
immediate Hb results. There were a few studies
of the HemoCue Hb-301 analyzer and most stud-
ies were limited to adults and did not include
PW or children less than 18 years, which is a key
research gap. Noninvasive and invasive POC ana-
lyzers were considered feasible for field settings
because of their portability, cost, weight, and com-
parability to the reference. New technology, includ-
ing noninvasive POC analyzers and paper- and
color-based analytical devices, provides promise for
the future and research that tests these methods
in field settings, among young children less than
5 years of age and among PW, would fill a gap in
the field.
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