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1 Introduction
Haemolysis occurs in many haematologic, non-haematologic 

diseases and transfusion of stored blood. α and β thalassemia are 
characterized by small cell, hypochromic anemia and are often 
misdiagnosed as iron deficiency anaemia (IDA). The potential 
mechanisms associated with transfusion-related toxicity remain 
controversial, and the relative contribution of intra- vs extra-vascular 
haemolysis is still under discussion (Rapido, 2017). When there 
is microcytic anemia but iron therapy is not improved or anemia, 
especially in high-risk groups, the characteristics of thalassemia 
should be considered. In addition, certain characteristics of the 
complete blood count (CBC) index may suggest thalassemia 
characteristics, such as a microcytic anemia and an increase in 
RBC counts. The β thalassemia trait can be diagnosed by detecting 
elevated Hb A2. The α thalassemia profile can be diagnosed by 
displaying a hemoglobin H body on a peripheral blood smear 
using a special stain. In some thalassemia patients with suspected 
phenotypic outcomes, genetic testing for specific thalassemia 
mutations may be needed(Akers et al., 2017).

The lifespan of red blood cells refers to the survival period of 
circulating red blood cells after they are released from the bone 

marrow. In a healthy individual, the red blood cells survival time 
after release from the bone marrow is approximately 120 days 
(García-Roa et al., 2017). In 1919, Winifred Ashby first estimated 
Measuring red blood cell survival (RBCS) accurately by using 
the differential agglutination technique (Ashby, 1919). Later, 
both radioactive isotopes and nonradioactive isotypes were 
used to label red blood cells to estimate their lifespan (by using 
51Cr to determine blood volume and RBCS) (Gray & Sterling, 
1950; Ebaugh et al., 1953). Although this method has been used 
as the gold standard, it takes weeks to measure RBCS, and it is 
not safe to use in infants and pregnant woman. Recently, a rapid 
and noninvasive carbon monoxide (CO) breath test has been 
developed to determine RBCS (Ma et al., 2016; Mitlyng et al., 
2006; Zhang et al., 2018; Karim et al., 2016). CO is byproduct of 
catablic heme during catabolism and bout 70% of heme turnover 
is due to hemoglobin (HGB) decay, therefore measuring the rate 
of endogenous CO production can accutatly indicate the red 
blood cell turnover (Coburn, 2012).

RBCS can be used as an important physiological indicator 
for the diagnosis of various diseases, such as hemolytic anemia, 
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Measuring red blood cell survival (RBCS) by a carbon monoxide breath test can help diagnose and analyze disease type and 
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width (RDW). There were significant differences between RBCS in different types of thalassemia. RBCS by endogenous alveolar 
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Practical Application: RBCS provides an excellent diagnostic accuracy through CO breath test. Combined with other red blood 
cell indices, the use of RBCS contributes to the clinical differential diagnosis of thalassemia and IDA, distinguishing between 
severe b-thalassemia and mild b-thalassemia or ±-thalassemia. The determination of erythrocyte lifespan will contribute to a 
comprehensive analysis of the etiology of anemia and serve as guide for  customized treatment options.
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aplastic anemia, Myelodysplastic syndromes anemia, leukemia 
anemia, renal anemia, hypersplenism and cirrhosis (Franco, 
2009). Patients with these diseases usually exhibit a shortened 
lifespan of red blood cells. The degree of lifespan shortening 
is related to the type of disease, the progression of the disease, 
and the degree of hemolysis, thereby revealing the clinical 
significance of RBCS in the diagnosis and quantitative analysis 
of anemia hemolytic factors.

The determination of red blood cell life has special significance 
when it is difficult to diagnose hemolytic anemia or hemolytic 
disease. Several studies have reported the clinical application of 
RBCS in multiple diseases, such as hemolysis (Tidmarsh et al., 
2014; Christensen  et  al., 2015), plasma CO levels and heme 
oxygenase in patients with liver cirrhosis (Tarquini  et  al., 
2009), hemoglobinopathiesassessment (James  et  al., 2010), 
diabetes monitoring effect evaluation (Virtue  et  al., 2004b; 
Cohen et al., 2008), ribavirin treatment (Virtue et al., 2004a), 
chronic renal insufficiency hemodialysis (Franco, 2009), and 
heart valve replacement safety assessment (Mitlyng  et  al., 
2006). The lifespan of red blood cells can reflect the degree of 
hemolysis of erythrocytes. When the patient is in hemolysis state 
without anemia symptoms, RBCS value is obviously shortened. 
Therefore, it is of particular significance to determine RBCS at 
this time for determining the hemolytic status, screening for 
thalassemia carriers or identifying hemolytic status caused by 
chronic diseases (Shrestha et al., 2016).

Recently, a new clinically relevant parameter to assess the 
quality of transfused red blood cells called Mean Remaining 
Lifespan (MRL) has been introduced (Kuruvilla et al., 2014). 
MRL is analogous to the area under the receiver operating 
characteristic (ROC) curve (AUC) or mean residence time (MRT) 
in pharmacokinetics (PK) studies. It is defined as the AUC of 
the fraction of the transfused RBCS remaining in the circulation 
versus time (Peng et al., 2015). This is in fact an estimate of 
mean residual lifespan (Mitlyng et al., 2006). In this report, we 
measured RBCS by CO breath test to help clinically distinguish 
between iron deficiency anemia (IDA) and thalassemia.

2 Materials and methods
2.1 Study subjects

From May 2017 to May 2018, a total of 233 patients from 
the Affiliated Hospital of Southern Medical University were 
enrolled , including 48 IDA patients (20 males , 28 females, 
aged 14-86), 60 thalassemia patients (30 males, 30 females, aged 
6-65),of which 40 were β-thalassemia (30 mild β-thalassemia and 
10 severe β-thalassemia) and 20 were α-thalassemia. The control 
group included 125 healthy individuals (61 males, 64 females, 
aged 19-67). This study was approved by the Council of Ethics 
Committee. The subject has signed an informed consent form.

In the thalassemia group, all patients were confirmed by 
genetic tests. They did not have chronic inflammation, infection, 
chronic or malignant diseases. Routine blood results and iron 
metabolism indicators were not in line with IDA. Exclude Patients 
if one of the following conditions: active and/or passive smoking 
24 hours prior to testing, infection, dysfunctions of heart, lung 
and liver, acute or chronic bleeding, pregnancy, taking ribavirin 

or phenobarbital sodium that negatively impact on RBCS, or 
menstrual period.

2.2 Devices and instruments

Gas collection devices and detection instruments were all 
developed and provided by Shenzhen XianYa Biotechnology 
Co., Ltd. (Zhang et al., 2018), including (1) RBCS-01 red blood 
cell lifespan meter; (2) Exhaled gas collection devices: alveolar 
gas collection bag (1500 ml); cavity gas bag (adult 300 ml); blow 
nozzle and three-way catheter; (3) Environmental gas collection 
bag (1500 ml) and air exit bag.

2.3 Pulmonary alveolar air collection

The alveolar air was collected from the patients. Briefly, the 
patients held the alveolar gas collection device with the end of the 
blower close to the chest. After taking a deep breath and holding 
the breath for 10 seconds, patients exhaled completely to the 
bag at once. Once sufficient air was obtained in the alveolar gas 
collection bag, the gas collecting device was s removed, sealed 
and stored at room temperature. All other tests were completed 
within 5 days.

2.4 Environmental CO collection

To rule out exclude the interference of exogenous CO on 
end-tidal CO (ETCO) test results, ambient air was collected in 
the same environment as alveolar gas. Briefly, the investigator 
pinched the hand pump until the gas collection bag was filled 
with ambient air, then removed the hand pump and immediately 
sealed the bag . Samples were stored at room temperature and 
all other tests were completed within 5 days of collection.

2.5 Measurement of ETCO and RBCS

The alveolar gas collection bag and the ambient gas collection 
bag were connected to the instrument’s alveolar gas and base gas 
air nozzles to measure and record the ETCO and RBCS values. 
The test process took about 15 minutes.

RBCS was calculated based on CO measurements from 
the following formula, which equates mean RBC lifespan with 
the total capacity of CO from hemoglobin divided by the CO 
quantity released per day:

 1380 /(RBCS HGB endPco= × ,

Where HGB is the hemoglobin concentration (g/L), 1380 is the 
constant K and endPco is the mean endogenous CO production 
fraction. (Peng et al., 2015; Strauss et al., 2004)

3 Statistical analysis
The experimental data were analyzed by SPSS23.0 statistical 

software. Data normality was determined by Kolmogorov-
Smirnov test. Data obtained from the experimental groups and 
control group were expressed as means ± SD. The difference 
was compared by one way ANOVA followed by the post hoc 
test. Each comparison was considered statistically significant if 
P < 0.05. Pearson was used for correlation analysis. Diagnostic 
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threshold, sensitivity, specificity and area under the curve were 
calculated by receiver operating characteristic (ROC) curve.

4 Results
4.1 Red blood cell lifespan

After measuring the alveolar CO from all subjects, RBCS values 
were obtained and averaged within each group (Table 1). The mean 
RBCS was 67.5 ± 22.0 days for patients with mild β-thalassemia 
(n = 30), 31.3 ± 13.9 days for patients with severe β-thalassemia 
(n = 10), 69.3 ± 27.7 days for α-thalassemia patients (n = 20) and 
78.2 ± 28.2 days for IDA patients (n = 48). The mean RBCS of 
the control group was 114.3 ± 33.8 days. The RBCS value from 
the thalassemia group showed significant difference compared 
to IDA group or the control group. The RBCS value from IDA 
group was also statistically different from the control group.

Other red blood cell indices were also measured (Table 2). 
The examined HGB, mean corpuscular volume (MCV), mean 
corpuscular hemoglobin (MCH), mean corpuscular hemoglobin 
concentration (MCHC) and red cell distribution width (RDW) 
between thalassemia, IDA and healthy controls were significantly 
different (except red blood cell (RBC) counts). Compared with 
IDA patients, thalassemia patients showed significantly different 
RBC counts, but did not differ from the control group. On the 
other hand, RBC counts between IDA patients and healthy 
controls were significantly different. A comparison between 
thalassemia group and IDA group showed significant differences 
in HGB level and RDW value.

4.2 Diagnosis of thalassemia and IDA based on RBCS

ROC curves were plotted (Figure 1A, B) to obtain the cutoff 
points with higher sensitivity and specificity for every parameter 
in thalassemia and IDA diagnosis. The optimal cutoff value 
was obtained based on AUC and maximum sensitivity and 
specificity (Table 3).

For thalassemia, we found that MCV had the largest AUC 
(0.976) with the highest sensitivity (100%) and the highest 
specificity (91.2%). Compared to other parameters, RBCS 
showed an AUC (0.906) with high sensitivity (82.1%) and high 
specificity (80%). For the diagnosis of thalassemia, the sensitivity 
and specificity of RBCS were higher than the diagnosis of IDA. 
Its smallest AUC was MCHC (0.681).

For IDA, the highest sensitivity came from both MCV 
(97.9%) and MCH (97.9%). The highest specificity came from 
RDW (99.6%). The lowest sensitivity and specificity were derived 
from RBCS (66.7%) and RBC (78.4%). HGB showed the largest 
AUC (0.990) and RBCS showed the second lowest AUC (0.814). 
The lowest AUC comed from RBC (0.811). According to the 
results, the best cutoff point for the diagnosis of thalassemia 
based on index RBCS was < 72.5 sensitivity (82.1%), specificity 
(80.0%), Youden’s Index (YI) (62.1%), Positive Likelihood Ratio 
(LR+) (4.10) and Negative Likelihood Ratio (LR-) (0.22) . The best 
cutoff point for diagnosis of IDA based on index RBCS was < 83.5, 
sensitivity (66.7%), specificity (86.4%), YI (53.1%), LR+ (4.90) 
and LR- (0.39).

The relationship between RBCS and other red blood cell 
parameters in thalassemia and IDA patients were explored 
(Table 4). The strongest association between RBCS and RBC 
was observed in thalassemia patients (r = 0.582, P < 0.001) 
compared with other erythrocyte indices. In IDA patients, the 
strongest association was observed between RBCS and MCH 
(r = 0.455, P < 0.01).

The comparison of α, β thalassemia and controls RBCS 
(Table 1) showed that the mean RBCS of mild β-thalassemia 
(n = 30) was 67.5 ± 22.0 days, severe β-thalassemia (n = 10) was 
31.3±13.9 days, α-thalassemia (n = 20) was 69.3 ± 27.7 days and 
IDA was 78.2 ± 28.2 days. The RBCS value of the control group 
was 114.3 ± 33.8 days. The RBCS values of all thalassemia and 
IDA groups were significantly different from the RBCS values of 
the control group. There was a statistically significant difference 

Table 1. Comparison of RBCS between different types of thalassemia and controls (mean ± SD).

Group Subjects# RBCS(day) range(day) 95%CI
Thalassemia 60 60.8 ± 27.9a,b 32∼100 6∼114

Mild β-thalassemia 30 67.5 ± 22.0a

Severe β-thalassemia 10 30.2 ± 13.9a,c

α-thalassemia 20 69.3 ± 27.7a,d

IDA 48 78.2 ± 28.2a 60∼119 24∼133
Control 125 114.3 ± 33.8 75∼220 50∼180

RBCS = red blood cell survival; IDA = iron deficiency anemia; a Compared with controls, P<0.05; b Compared with mild b-thalassemia, P<0.05; c Compared with severe b-thalassemia, 
P<0.05; d Compared with a-thalassemia, P<0.05.

Table 2. Comparison of red blood cell indices in each group (mean ± SD).

Groups Subjects RBC
(×1012/L)

HGB
(g/L)

MCV
(fl)

MCH
(pg)

MCHC
(g/L)

RDW 
 (%)

Thalassemia 60 5.27 ± 1.11b 110 ± 19.04a,b 68.9 ± 7.84a 21.9 ± 3.74a 316 ± 25.71a,b 16.7 ± 3.35a,b

IDA 48 4.09 ± 0.67a 88 ± 21.07a 73.0 ± 8.60a 21.5 ± 3.51a 293 ± 20.95a 18.5 ± 3.46a

Control 125 4.85 ± 0.54 142 ± 18.84 90.9 ± 6.26 31.4 ± 10.18 325 ± 10.64 12.85 ± 0.75
IDA = iron deficiency anemia; RBC = red blood cell; HGB = hemoglobin; MCV = mean corpuscular volume; MCH = mean corpuscular hemoglobin; MCHC = mean corpuscular 
hemoglobin concentration; RDW = red cell distribution width; a Compared with the control group, P<0.05; b Compared with IDA group, P<0.05.
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in RBCS between patients with severe β-thalassemia and those 
with mild β- or α-thalassemia and IDA.

5 Discussion
Microcytic hypochromic anemia is a type of anemia 

characterized by smaller sized red blood cells. IDA and thalassemia 

syndromes are the two most common etiologies of microcytic 
hypochromic anemia in children and adults (Dolai et al., 2012; 
El-Agouza et al., 2002). While transfusions are more common 
in premature infants with approximately 40% of low birth 
weight infants and up to 90% of extremely low birth weight 
infants requiring red blood cell transfusion (Valancy  et  al., 
2021; Villeneuve  et  al., 2021). Patients with both conditions 

Figure 1. (A) receiver operating characteristic curve of red blood cell survival, hemoglobin, mean corpuscular volume, mean corpuscular 
hemoglobin, mean corpuscular hemoglobin concentration, red cell distribution width and red cell counts in the diagnosis of thalassemia. 
RBCS: red blood cell survival; RBC: red blood cell; HGB: hemoglobin; MCV: mean corpuscular volume; MCH: mean corpuscular hemoglobin; 
MCHC: mean corpuscular hemoglobin concentration; RDW: red cell distribution width; (B) receiver operating characteristic curve of red blood 
cell survival and red blood cell parameters in the iron deficiency anemia diagnosis. RBCS: red blood cell survival; RBC: red blood cell; HGB: 
hemoglobin; MCV: mean corpuscular volume; MCH: mean corpuscular hemoglobin; MCHC: mean corpuscular hemoglobin concentration; 
RDW: red cell distribution width.

Table 3. Performance of different indices in diagnosis of IDA and thalassemia.

Index Cut-off AUC
(95% CI)

SEN%
(95% CI)

SPE%
(95% CI)

YI% LR+
(95% CI)

LR-
(95% CI)

RBCS Thalassemia < 72.5 0.906, 82.1(81.3-83.4) 80.0(79.3-81.2) 62.1 4.10 (3.93-4.43) 0.22(0.20-0.23)
IDA < 83.5 0.814 66.7(64.1-67.6) 86.4(85.1-85.4) 53.1 4.90 (4.30-4.63) 0.39 (0.37-0.42)

RBC Thalassemia > 5.24 0.712 71.8(70.3-72.4) 80.0(78.7-82.3) 51.8 3.59 (3.30-4.01) 0.35 (0.33-0.37)
IDA < 4.41 0.811 70.8(69.3-71.1) 78.4(77.7-79.8) 49.2 3.28 (3.10-3.51) 0.37 (0.36-0.39)

HGB Thalassemia < 130.5 0.895 84.6(82.9-85.9) 79.2(78.3-81.3) 63.8 4.06 (3.82-4.59) 0.19 (0.17-0.21)
IDA < 114 0.990 91.7(90.1-92.9) 97.6(96.1-98.7) 89.3 38.21 (23.1-71.46) 0.09 (0.07-0.10)

MCV Thalassemia < 84.6 0.976 100(98.9-100) 91.2(90.8-92.6) 91.2 11.36 (10.75-13.51) 0.00 (0.00-0.01)
IDA < 86.9 0.953 97.9(96.4-99.1) 87.2(86.9-89.0) 85.1 7.65 (7.35-9.00) 0.02 (0.01-0.04)

MCH Thalassemia < 28.8 0.960 97.4(95.9-98.7) 84.0(83.1-85.4) 81.4 6.09 (5.67-6.76) 0.02 (0.02-0.05)
IDA < 27.7 0.968( 97.9(96.3-98.8) 90.4(89.1-92.2) 88.3 10.20 (8.83-12.66) 0.02 (0.01-0.04)

MCHC Thalassemia < 313.5 0.681 51.3(50.1-52.7) 89.6(88.4-91.9) 40.9 4.93(4.31-6.50) 0.54(0.51-0.56)
IDA < 312 0.928 81.3(80.2-82.4) 91.2(89.2-92.8) 72.5 9.24 (7.44-11.15) 0.21 (0.18-0.22)

RDW Thalassemia > 14.1 0.946 84.6(83.5-86.0) 96.0(95.4-97.6) 80.6 21.15(18.15-35.83) 0.16 (0.14-0.17)
IDA > 14.1 0.973 95.8(94.3-97.1) 99.6(98.1-99.9) 91.8 239.5 (49.63-971.0) 0.04 (0.03-0.06)

IDA = iron deficiency anemia; RBCS = red blood cell survival; RBC = red blood cell; HGB = hemoglobin; MCV = mean corpuscular volume; MCH = mean corpuscular hemoglobin; 
MCHC = mean corpuscular hemoglobin concentration; RDW = red cell distribution width; AUC = area under the ROC curve; SEN = sensitivity; SPE = specificity; YI = Youden’s index; 
LR+ = Positive Likelihood Ratio; LR- = Negative Likelihood Ratio.
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may exhibit morphologically similar red blood cell and anemia 
symptoms.Therefore, physicians often mistake mild thalassemia 
for IDA and prescribe unnecessary iron supplements (Keramati 
& Maybodi, 2007; Jameel et al., 2017). Red blood cell indices 
such as MCV, MCH, MCHC, RDW and blood morphology 
have been used in differentiation of IDA, thalassemia, and 
other hemolytic anemias (Nalbantoğlu et al., 2012; Verma et al., 
2014). However, these indicators vary in efficiency and have 
poor repeatability. The threshold for the same index also varies 
from region to region.

In this paper, we have analyzed the value of RBCS in the 
diagnosis and differential diagnosis of thalassemia and IDA 
through CO breath test. The mean RBCS from patients with 
thalassemia was significantly different from of the mean for 
IDA patients. The RBCS values of thalassemia and IDA patients 
were significantly lower than the control group. The optimal 
cutoff points for thalassemia and IDA were < 72.5 and < 83.5, 
respectively, which can be used to identify thalassemia or IDA. 
For the diagnosis of thalassemia, the sensitivity and specificity 
of RBCS were higher than the diagnosis of IDA. Sensitivity and 
specificity are the probabilities of accurately identifying individuals 
with or without a disease at a cut-off point. In thalassemia 
testing, highly sensitive and specific RBCS indicates that it is a 
good detection for this disease.

The YI of RBCS in both thalassemia (62.1%) and IDA (53.1%) 
showed that RBCS was a potentially effective tool for diagnosis of 
both disease. The LR+ value in diagnosis for thalassemia (4.10) 
and IDA (4.90) indicated that the probability of using RBCS to 
diagnose both diseases at the predicted cut-off point is small. 
The LR- value in diagnosis of thalassemia (0.22) and IDA (0.39) 
suggested that the probability of diagnosing these patients was 
moderate based on the predicted RBCS threshold.

In thalassemia, MCV showed the largest AUC with the 
greatest sensitivity and specificity. ROC curve indicated that 
RBCS could be used as a new indicator for primary screening of 
thalassemia. Meanwhile, based on Pearson correlation coefficient 
and P value, RBCS was significantly positively correlated with 
RBC count and HGB, moderately positively correlated with MCV, 
and weakly positively correlated with MCH, MCHC and RDW.

In IDA, RBCS showed a moderate positive correlation with 
HGB, MCV, MCH, MCHC, and RDW and a weak positive 
correlation with RBC. Our results indicated that although RBCS 
cannot be used to distinguish between α-thalassemia and mild 
β-thalassemia, there was a significant difference between severe 
β-thalassemia and mild β-thalassemia and severe β-thalassemia 

and α-thalassemia and severe β-thalassemia and IDA patients. 
Therefore, RBCS can be used to distinguish between different 
types of thalassemia.

The standard label for measuring red blood cell lifespan, 
such as 51Cr, is well suited for research applications, but not in 
clinical use, as there is a radioactive risk to both patients and 
staff, due to the length of measurement and the requirement for 
frequent blood collection. The alveolar CO breath test brings a 
new breakthrough in the determination of erythrocyte lifespan 
in vivo. It enhances direct determination of the survival of red 
blood cell, making it possible to detect large sample patients and 
improving the basic research and clinical diagnosis of diseases 
associated with shortened erythrocytes lifespan.

Thalassemia is a genetic disorder that can result in a 
decrease disappearance of HGB in red blood cells. Erythrocyte 
lifespan of these patients is usually short, leading to microcytic 
anemia. IDA affects the synthesis of heme, which in turn limits 
the synthesis of HGB in red blood cells. Studies also shown 
that IDA enhances oxidative stress level in red blood cells and 
that subsequent generation of Reactive Oxygen Species (ROS) 
can shortern lifespan of red blood cells (Arias & Arias, 2017; 
Kuhn et al., 2017). The current screening for IDA and thalassemia 
is by the use of HGB electrophoresis, body iron metabolism, bone 
biopsy and gene detection of thalassemia, and these technical 
requirements are high and the reporting time is long. Measuring 
RBCS through CO breath test is a fast and non-invasive method.

In conclusion, RBCS provides an excellent diagnostic accuracy 
through CO breath test. Combined with other red blood cell 
indices, the use of RBCS contributes to the clinical differential 
diagnosis of thalassemia and IDA, distinguishing between severe 
β-thalassemia and mild β-thalassemia or α-thalassemia. More 
work needs to be done to clarify whether RBCS can be used to 
aid in the diagnosis of other diseases associated with shortened 
erythrocytes lifespan. The determination of erythrocyte lifespan 
will contribute to a comprehensive analysis of the etiology of 
anemia and serve as guide for customized treatment options.
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