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Abstract

Background/Objectives: Thalassemias, a hereditary condition commonly linked to chronic
anemia, require regular blood transfusions and repeated blood draws for assessments
of hemoglobin (Hb) content, which can be uncomfortable. A promising substitute for
laboratory hemoglobin testing is non-invasive spectrophotometric hemoglobin (SpHb)
monitoring; however, its applicability particularly among blood transfusion-dependent
thalassaemic patients needs to be investigated. This study’s primary goal was to investigate
the relationships and agreements between SpHb, g/dL, and an automated hematology
analyzer (Hb, g/dL) in this particular patient population. The secondary goal was to track
how blood transfusions affect SpHb, g/dL, laboratory Hb, and pleth variability index
(PVI, %). Methods: In this study, sixty patients were included. A Masimo Radical-7 pulse
CO-oximeter was used to measure the SpHb, and a Sysmex XN-1000 hematological ana-
lyzer measured the laboratory Hb. Results: The results revealed a significant correlation
between SpHb and laboratory Hb (n = 108, r = 0.587, p < 0.001) but also demonstrated that
SpHb consistently overestimated laboratory Hb levels, with a mean bias of −1.18 g/dL
(95% CI: −1.4344 to −0.9267). The Bland–Altman analysis showed a good degree of reliabil-
ity between this bias (SpHb–Hb) and laboratory Hb (g/dL), with an Intra Class Correlation
(ICC) of 0.613 but with a wide 95% CI ranging from 0.557 to 0.736 (t = 3.817, p < 0.001).
The 95% limits of agreement ranged from −3.7893 to +1.4228 g/dL. Conclusions: This
significant bias restricted the application of SpHb as a trustworthy method for assessing
hemoglobin levels in patients with blood transfusion-dependent thalassemia. Nonetheless,
the capability to monitor SpHb and PVI variations during blood transfusions offered a
real-time assessment of the impact of transfusions on patients’ hemoglobin levels and
volume status.
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1. Introduction
Thalassemias are a genetic disorder characterized by the insufficient production of

alpha or beta hemoglobin chains leading to anemia and associated complications. Beta-
thalassemia requires regular blood transfusions to maintain adequate hemoglobin levels
and prevent severe anemia [1]; however, chronic blood transfusions carry significant risks,
including iron overload, which can lead to long-term complications such as organ damage
and endocrine dysfunction [2]. The accurate monitoring of hemoglobin (Hb) levels is
therefore critical to optimize transfusion therapy, ensure adequate oxygen delivery, and
minimize associated morbidities [3]. The traditional methods of hemoglobin measurement,
including laboratory-based automated hematology analyzers, remain the gold standard
for these measurements’ precision and reliability. However, these methods have several
disadvantages including patient discomfort from repeated blood sampling and venous
access complications [4]. The repetitive nature of invasive testing, particularly in critical
ill, can also cause significant stress, further diminishing the quality of life [5]. Real-time
non-invasive hemoglobin monitoring methods such pulse CO-oximetry-based spectropho-
tometric hemoglobin (SpHb) via the skin have shown promising results. These gadgets
are especially desirable because of their mobility, simplicity of use, and quick results with-
out requiring blood samples [4]. Despite their promise, SpHb monitoring’s accuracy and
clinical usefulness are still not well understood, especially in patients with transfusion-
dependent beta-thalassemia whose hemoglobin profiles are frequently complicated by
hemolysis, chronic anemia, and frequent transfusions. In stable patients, non-invasive
hemoglobin assessment has been demonstrated in numerous trials to be generally reliable.
This may lessen the need for frequent invasive blood collection particularly in groups who
require frequent transfusions [5,6]. By reducing the need for recurrent invasive procedures,
non-invasive hemoglobin assessment has the potential to improve the quality of care for
patients [6]. The clinical application of non-invasive hemoglobin testing in thalassemia
patients is still being investigated despite its potential. Even though pulse CO-oximetry
has shown consistent results in a variety of clinical contexts, the accuracy can be impacted
by variables such as patient movement, skin pigmentation, and perfusion [5]. This study
primarily aimed to compare spectrophotometric hemoglobin (SpHb, g/dL) measured by a
point-of-care pulse CO-oximetry device with standard laboratory hematology analyzers
(Hb, g/dL) in transfusion-dependent beta-thalassemia patients. The secondary aim was to
monitor the changes in SpHb (g/dL), laboratory Hb (g/dL), and pleth variability index
(PVI, %) with blood transfusion.

2. Materials and Methods
The Al-Ahsa Health Cluster in Hofuf City, Saudi Arabia, authorized this diagnostic

test accuracy study (IRB KFHH No.: H-05-HS-065; IRB Log No.: 04-EP-2025) on the
1 January 2025.

2.1. Patients

This study was performed at the Hereditary Blood Disease Center in Hofuf, Al-Ahsa,
Kingdom of Saudi Arabia. Before the study began, all subjects gave their informed consent.
Clinical and demographic information was taken from their medical records. Patients of all
age groups with transfusion-dependent beta-thalassemia who had a stable clinical status
and presenting for regular, planned blood transfusions met the inclusion criteria. Patients
who were hemodynamically unstable, in need of an immediate blood transfusion, or who
refused consent were excluded.
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2.2. SpHb, Hb, and Pleth Variability Index (PVI)

The Sysmex XN 100i (Sysmex Europe SE, Norderstedt, Germany) was used to assess
the conventional laboratory hemoglobin, while the Radical-7 pulse CO-oximeter (Masimo
Corporation, Irvine, CA, USA) was used to measure non-invasive hemoglobin concentra-
tions (SpHb). The Radical-7 pulse CO-oximeter (Masimo Corporation, Irvine, CA, USA)
was used to determine the PVI (%). A fingertip probe fitted with rainbow signal extraction
technology, which measures hemoglobin concentrations non-invasively utilizing a range of
wavelengths (575–1100 nm), was used to measure the SpHb. To reduce movement interfer-
ence, SpHb was solely monitored while patients were at rest. To prevent light interference,
an optical shield was placed over the finger sensors. The fluctuation in plethysmographic
signals throughout respiratory cycles is known as the PVI, and it is a measure of fluid
responsiveness. It typically ranges between 9 and 13%. Both a trend graph and a percentage
(numerical value) representation of the PVI were shown. There is less variation in the
Perfusion Index (PI) across a respiratory cycle when the PVI value is lower. The patient
is more likely to react to fluid infusion by increasing cardiac output if the variability is
higher. The Perfusion Index (PI), which is determined by dividing the pulsatile blood
flow by the static blood flow, indicates the intensity of the pulse at the measurement site.
Patients were excluded if their PI was less than 0.3, which is necessary for reliable SpHb
values. Patients were instructed to stay still for five minutes prior to measurement in order
to reduce interference. Using the Masimo Radical-7, the oxygen saturation percentage (%)
was calculated and recorded in the findings. According to a recent study by Gomaa et al.,
the accuracy of SpHb is impacted by oxygen saturation [7].

2.3. Measurement of Hemoglobin in the Laboratory

The Sysmex XN-1000 hematological analyzer (Sysmex Europe SE, Norderstedt, Ger-
many) was used to measure the blood Hb concentration in the laboratory. Venipuncture
was performed to obtain the blood samples, and the cyanide-free sodium lauryl sulfate
(SLS), which creates a detectable SLS-HGB complex, was used in the measurements. After
being carefully combined in a K2EDTA test tube (BD Vacutainer, Becton Dickinson, Franklin
Lakes, NJ, USA), two milliliters of blood were sent immediately to the central laboratory
for hematology analyzer analysis. All blood samples and SpHb tests were carried out
by qualified phlebotomy professionals. Prior to and during blood transfusion, SpHb and
venous laboratory Hb measurements were simultaneously recorded.

2.4. Sample Size and Methodology

The study by Okazaki et al. [8], who evaluated the precision of non-invasive
hemoglobin monitors, served as the basis for determining the sample size. Assuming
a statistical power (1 − β) of 80% and a significance level of 5% (α = 0.05), a minimum of
59 patients was determined to be adequate for this agreement study. To keep the sample
size at the necessary level, any patient withdrawals were substituted. Participants were
chosen from clinical cases that were available at the Hereditary Blood Disease Center in
Hofuf, Alahsa, Saudi Arabia, during the study period using convenience sampling.

2.5. Analysis of Statistics

SPSS (Statistical Package for Social Science, version 25) was used to analyze the
data [9]. The Shapiro–Wilk test indicated that the continuous variables were normally
distributed [10]. Then, parametric statistics were used [11]. The paired samples t test was
used for comparisons [12]. The Bland–Altman assessment, intra-class correlation (ICC),
and parametric Pearson’s correlation were used to test correlations and agreements [13–15].
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3. Results
A total of 63 transfusion-dependent thalassaemia patients consented to the trial, but

3 were disqualified because their PI signals were too weak (<0.3). Males (n = 30, 50.0%) and
females (n = 30, 50.0%) made up the remaining 60 patients. Table 1 displays the body mass
index (BMI), sex, and age (years) of the individuals. Overall, 16 of the 60 patients included
were under 18 years old. According to the blood group analysis, the largest percentage of
patients had O+ (26, 43.33%), followed by A+ (12, 20.0%), B− (11, 18.33%), B+ (5, 8.33%),
O− (4, 6.67%), and AB+ (2, 3.33%) (Table 1).

Table 1. Demographics, body mass index (BMI), and blood group type.

Age (years)

Min–Max 0.42–52.17
Mean ± S.D. 23.67 ± 12.60

95% CI of the mean 20.41–26.92

Sex

Male 30 (50.00%)
Female 30 (50.00%)

BMI

Min–Max 14.42–31.88
Mean ± Std. Deviation 20.60 ± 3.91

95% CI of the mean 19.59–21.61

Blood Group

A+ 12 (20.00%)
B+ 5 (8.33%)
B− 11 (18.33%)
O+ 26 (43.33%)
O− 4 (6.67%)
AB+ 2 (3.33%)

Min–Max: Minimum–Maximum. S.D.: Standard Deviation. CI: Confidence Interval.

SpHb consistently overestimated the laboratory Hb levels, with a mean bias of
−1.18 g/dL (95% CI: −1.4344 to −0.9267)—Figure 1. A positive correlation existed be-
tween laboratory Hb and SpHb, with a Pearson’s correlation (r) (n = 108) of r = 0.587,
p < 0.001—Figure 2.

A simple scatter diagram representing this is shown in Figure 2, with a regression line
showing a moderately positive correlation between the spectrophotometric hemoglobin
(SpHb, g/dL) and laboratory hemoglobin (Hb, g/dL).

A Bland–Altman plot was used to evaluate the agreement between SpHb and labo-
ratory Hb values (Figure 3). With a 95% CI ranging from −1.434 to −0.926 and a limit of
agreement between −3.78 and 1.4 at ±1.96 SD, the mean difference or bias of Hb-SpHb
was −1.18 (SD 1.76) g/dL. Nevertheless, this wide 95% bias range (=−5.2 g/dL) suggests
that SpHb has poor precision and that it cannot be used to accurately predict laboratory
hemoglobin levels in thalassemic patients. A good degree of reliability was observed be-
tween the bias (Hb-SpHb) and laboratory Hb (g/dL), with an Intra Class Correlation (ICC)
of 0.613 and a 95% CI from 0.557 to 0.736 (t = 3.817, p < 0.001)—Figure 3. Table 2 demon-
strates a significant (p < 0.001)) increase in post transfusion hemoglobin concentrations as
measured by both Masimo Radical-7 pulse CO-oximeter (Masimo Corporation, Irvine, CA,
USA) (SpHb) and Sysmex XN 100i (Sysmex Europe SE, Norderstedt, Germany).
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Figure 1. Dot plots with connecting lines for mean and 25th to 75th percentiles of both spectrophoto-
metric hemoglobin (SpHb, g/dL) and laboratory hemoglobin (Hb, g/dL). SpHb overestimated (mean
difference = 1.180) laboratory Hb concentration values. Paired samples t test was performed.

Figure 2. Simple scatter plot with regression (best-fit) line showing moderate positive correlation
between laboratory hemoglobin (g/dL) and spectrophotometric hemoglobin (g/dL). The mean differ-
ence or bias of SpHb–Hb was 1.18 (SD 1.76) g/dL, with a 95% confidence interval (CI) from −1.434 to
−0.926 and a limit of agreement from −3.8 to 1.4 at ±1.96 SD. * is statistical significance = p < 0.0001.
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Figure 3. Bland–Altman plot demonstrating the agreement between SpHb and laboratory Hb
concentrations. The 95% limits of agreement ranged from −3.7893 to +1.4228 g/dL, reflecting
moderate variability in the measurements.

Table 2. The effect of blood transfusion on the laboratory hemoglobin (Hb, g/dL) and spectrophoto-
metric hemoglobin concentrations (g/dL) before and after blood transfusion.

Hb (g/dL) SpHb (g/dL) Paired Sample t Test
p Value

Pre Blood Transfusion

t(df=59) = 9.047
p < 0.001 *

n 60 60
Min–Max 6.40–12.20 8.00–15.00

Mean ± S.D. 9.48 ± 1.10 10.72 ± 1.40
95% CI of the mean 9.19–9.76 10.35–11.08

Post Blood Transfusion

t(df=47) = 7.553
p < 0.001 *

n 48 59
Min–Max 8.40–13.20 9.00–14.40

Mean ± Std. Deviation 11.14 ± 1.14 12.08 ± 1.29
95% CI of the mean 10.81–11.47 11.74–12.41

Paired sample t test t(df=47) = 14.061 t(df=58) = 7.744
p value p < 0.001 * p < 0.001 *

Percentage change (%)

t(df=47) = 1.450
p = 0.154 NS

n 48 59
Min–Max 0.00–44.19 −29.33–43.43

Mean ± Std. Deviation 19.29 ± 9.81 14.11 ± 13.22
95% CI of the mean 16.44–22.14 10.67–17.56

Min–Max: Minimum–Maximum. S.D.: Standard Deviation. CI: Confidence Interval. df = degree of freedom.
*: Statistically significant (p < 0.05). NS: Statistically not significant (p ≥ 0.05).
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Table 3 shows the oxygen saturation (%) and pleth variability index (%) before and
after blood transfusions. It also shows that the study group of thalassemia patients had
significantly high blood levels of serum bilirubin (pre) (µmol/L) due to the repeated blood
transfusions they received. It is anticipated that the spectrophotometric measurements
of hemoglobin (SpHb) will be affected by these elevated blood levels that precipitate in
the skin.

Table 3. Pleth variability index (%) and oxygen saturation (%) before and after blood transfusion.
High serum bilirubin levels before the blood transfusion affected SpHb values, as it precipitates in
the skin.

Pleth Variability
Index

(PVI) (%)

Oxygen
Saturation

(%)
Serum Bilirubin (µmol/L)

Pre Blood Transfusion
n 60 60 60

Min–Max 7.00–21.00 96.00–100.00 1.00–95.50
Mean ± S.D. 14.50 ± 2.93 98.45 ± 1.14 27.33 ± 19.53

95% CI of the mean 13.74–15.26 98.16–98.74 22.28–32.37

Post Blood Transfusion
n 60 60

Min–Max 7.00–25.00 98.00–100.00
Mean ± Std. Deviation 13.77 ± 3.06 99.53 ± 0.65

95% CI of the mean 12.98–14.56 99.37–99.70

Paired sample t test t(df=59) = 1.469 t(df=59) = 6.129
p value p = 0.147 NS p < 0.001 *

Percentage change (%)
n 60 60

Min–Max −53.33–92.31 −2.00–4.17
Mean ± Std. Deviation −1.31 ± 29.26 1.11 ± 1.41

95% CI of the mean −8.87–6.25 0.75–1.48
Min–Max: Minimum–Maximum. S.D.: Standard Deviation. CI: Confidence Interval. df = degree of freedom.
*: Statistically significant (p < 0.05). NS: Statistically not significant (p ≥ 0.05).

Finally, this study revealed a significant prevalence of SpHb sensor failure. The
following is the stated number of trials required to obtain accurate measurements: 1 trial in
30 patients (50%), 2 trials in 21 patients (35%), and 3 in 9 patients (15%).

4. Discussion
This study is among the few to evaluate the accuracy and reliability of non-invasive

spectrophotometric hemoglobin (SpHb) readings in comparison to laboratory hemoglobin
(Hb) assays for patients with transfusion-dependent major beta-thalassemia. The results
showed a mean bias (Hb-SpHb) of −1.18 g/dL, indicating that SpHb consistently over-
estimated Hb concentrations. In comparison to the standard laboratory tests, Yassen,
K. et al. [16] documented similar SpHb overestimations in other hemoglobin disorders,
such as sickle cell anemia. SpHb has a propensity to overread hemoglobin blood levels,
which can lead to clinical issues, especially in cases when transfusion therapy requires
an accurate measurement, as in patients with blood transfusion-dependent thalassemia.
The Bland–Altman analysis’s limits of agreement further emphasize the disparity and
significant variability between SpHb and LabHb data.

A well known problem in diagnostic research is spectrum bias, which frequently causes
the sensitivity and specificity of new diagnostic tests to be overestimated. Nonetheless,
earlier research by Al-Khabori et al. has shown that the Pronto-7 pulse CO-oximetry
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equipment is useful for measuring SpHb in sickle cell disease (SCD) patients as well as for
healthy blood donors [17,18]. Radical 7 (Masimo), which employs the same technology and
is the focus of our current research, overestimates hemoglobin (Hb) levels in patients with
transfusion-dependent beta-thalassemia by a clinically significant amount, in contrast to the
results of above studies by Al-Khabori et al. This may be explained by the elevated levels
of hemosiderin and bilirubin in thalassemic individuals as result of the disease pathology,
which causes them to precipitate in the skin and interfere with their ability to absorb light.

Another reason for this discrepancy in results could be the generally lower hemoglobin
blood levels (anemia) seen in patients with transfusion-dependent beta-thalassemia. Our
current study’s findings, however, are in line with the third study by Al Khabori et al.,
which also discovered that individuals with beta-thalassemia exhibited a significant bias in
Hb values measured by pulse CO-oximetry [19]. The idea that pulse CO-oximetry tends
to overestimate hemoglobin values in this thalassemia population is further supported
by another study by Bıcılıoğlu et al. [20], which discovered a similar overestimation of
hemoglobin levels. SpHb values cannot be used exclusively as an accurate or primary tech-
nique for hemoglobin trend monitoring in patients with transfusion-dependent thalassemia
due to these observed bias and variabilities. SpHb can provide a broad approximation of
the hemoglobin levels in this specific population.

As was already indicated, the elevated blood bilirubin may have contributed to
the overestimation of SpHb in this study of patients with blood transfusion-dependent
thalassaemia. Its presence in thalassemia patients’ skin changes how light is absorbed.
Prolonged hemolysis can produce bilirubin, which might distort results when measuring
SpHb with spectrophotometry. High ferritin levels, often caused by iron overload after
repeated blood transfusions, can also alter the optical properties of the skin tissue. This
is consistent with the results of related studies [19,21,22]. The bias seen in the current
investigation is most likely a result of the aforementioned causes.

Another significant study limitation was sensor failure; in 30 instances, the SpHb
device was unable to provide reliable readings from the initial trial application. There
could be several reasons for these failures. The low perfusion and anemia may have made
it difficult for the sensor to measure hemoglobin levels effectively. For SpHb to receive
accurate sensor readings, there must be sufficient blood flow. Patient movements, improper
sensor placement, or issues with the sensor’s fit on the patient’s fingertip could all be
additional contributing causes. Al-Khabori and colleagues observed similar difficulties and
irregularities in determining the SpHb values [19].

In contrast, Yassen et al.’s study of sickle cell anemia patients revealed a lower failure
rate of only 1.25 percent. In future studies, short sub-section or clarification on sensor
performance stratified by patient parameters need is recommended, as this could help in
developing this technology.

SpHb can still be utilized to instantly track the effects of blood transfusions, even
with its broad bias and sensor malfunctions. The SpHb sensor could be a helpful tool for
monitoring the effect of administering blood transfusions. The trend changes in hemoglobin
levels, even though it is not accurate enough for precise clinical decision-making, will help
to optimize the blood unit volumes infused. Furthermore, the elimination of frequent blood
draws by this non-invasive monitoring method may lessen patient pain and the hazards
involved with invasive blood sampling. However, before using SpHb in patients with
transfusion-dependent thalassemia, further validation and improvements in technology to
overcome the challenges are needed, and the limitations must be noted.

Hiscock et al. [23], in a systematic review and meta analysis assessed the agreement in
hemoglobin measurement between Masimo pulse co-oximeters (Rad-7™ and Pronto-7™)
with standard laboratory tests. They studied 39 relevant studies and came to the conclusion
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that Masimo devices have lower precision. They recommended that these limits should
be considered before basing blood transfusion or other clinical management decisions
on them.

The future evolution and development of other non-invasive, pain-free, and accessible
anemia screening tools tailored specifically for pediatric patients and depending on artificial
intelligence programs were recently explored by Gordon et al. (2024) [24]. They designed
a clinical study to measure hemoglobin by an optical artificial intelligence method and
reported an initial ability to diagnose anemia with 87% sensitivity and 84% specificity.

In conclusion, the substantial wide bias (SpHb-Hb) severely restricts the reliability
of SpHb as a hemoglobin monitoring tool in blood transfusion-dependent thalassemia
patients, even if a moderate correlation was found between SpHb and laboratory Hb values.
Although SpHb exhibits considerable agreement with laboratory Hb readings, its accuracy
is still low for routine clinical usage in this specific population. SpHb can be helpful for
tracking broad patterns, but it cannot be trusted for the accurate hemoglobin values needed
for clinical decision-making. SpHb is not precise enough to be utilized as a primary tool
for transfusion management, but it might be useful as an additional tool for monitoring
the overall changes in hemoglobin levels prior to and following transfusions. SpHb is not
suitable for standalone diagnostic decision-making in thalassemia management but may
serve as a supportive adjunct during transfusion sessions.

SpHb can be utilized for trend monitoring to reduce the discomfort that patients
endure from recurrent blood sampling.
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