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Mechanism of megaloblastic anemia combined with hemolysis
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ABSTRACT
Megaloblastic anemia (MA) patients often exhibit hemolysis, but it is not clear whether there are 
other hemolytic mechanisms in addition to intramedullary hemolysis. We retrospectively analyzed 
the clinical characteristics of 124 MA patients, measured erythrocyte physical parameters in two 
patients with hemolysis and one healthy volunteer by atomic force microscopy, and measured 
18F-FDG uptake in one MA patient with hemolysis. In multivariate analysis, hemolysis was 
associated with mean corpuscular volume (MCV) and indirect bilirubin. A receiver operating 
characteristic curve analysis, with sensitivity of 83.1% and specificity of 68.7%, suggested that 
the MCV cutoff value that predicts hemolysis is 116.4 fL. Hb was negatively correlated with MCV in 
the hemolysis group (r = −0.317, P = 0.007) but not in the nonhemolysis group. The erythrocyte 
peak-valley value, average cell surface roughness and surface area in the MA patients with 
hemolysis were significantly lower than those in controls (P < 0.05). 18F-FDG uptake by the 
liver and spleen was diffuse and increased in MA patients undergoing hemolysis. MA combined 
with extramedullary hemolysis could be caused by macrophages removing mechanically 
damaged erythrocytes and the retention of erythrocytes with decreased deformability when 
blood circulates through narrow spaces in the liver and spleen.
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1. Introduction

Megaloblastic anemia (MA) accounts for approxi
mately 3.6% of patients with anemia [1] and is 
mainly caused by the abnormal maturation of 
hematopoietic cells with disrupted DNA synthesis. 
Deficiencies in folic acid and vitamin B12, which 
are essential for DNA synthesis, are the main cause 
of MA. Cells in the bone marrow or other prolif
erative tissue are characterized by large and imma
ture nuclei with chromatin, but the nucleus is 
surrounded by mature cytoplasm [2]. The asyn
chronous development of the nucleus and cyto
plasm leads to cell apoptosis, abnormal 
erythropoiesis, intramedullary hemolysis, and typi
cal abnormal cytomorphology in the blood and 
bone marrow [3], especially in erythron series.

However, in some MA patients, biochemical 
examination shows increases in the levels of LDH 
and TBIL, mainly IBIL, often occurring in patients 
with large MCV. These phenomena all suggest that 
MA patients could have excessive erythrocyte 
destruction. Some scholars have suggested that, 
before erythrocytes mature and are released into 
the peripheral blood, they can be destroyed in the 
bone marrow [4]. In vitro experiments have con
firmed that the lack of folic acid or vitamin B12 in 
hematopoietic stem cells grown in cell medium 
can cause cell cycle arrest in S phase and chromo
some breakage, resulting in cell apoptosis [5], and 
these apoptotic cells are eventually removed by 
phagocytes, leading to increased hemoglobin 
metabolite levels. Early research revealed that the 
lifespan of erythrocytes in MA patients is signifi
cantly shorter than that of normal erythrocytes [6]. 
The hemolysis in MA patients, in addition to 
intramedullary hemolysis, could be due to damage 
to dysplastic erythrocytes released into the blood 
circulation [7], but there is no associated literature 
to clarify this mechanism or the relationship 
between hemolysis and MCV.

According to our clinical observation and sum
mary of MA patients with hemolysis, we believe 
that, in the process of peripheral blood circulation, 
the red blood cells of MA patients are destroyed 
due to the decreased deformability, and they can
not pass through the narrow gap, leading to hemo
lysis. Therefore, in this study, we retrospectively 
analyzed case data from MA patients to determine 

the cutoff value of MCV, to diagnose hemolysis 
and identify factors related to hemolysis and to 
determine the places where erythrocytes were 
destroyed in MA patients with hemolysis. This 
study was approved by the ICE for Clinical 
Research and Animal Trials of the First Affiliated 
Hospital of Sun Yat-sen University, with the fol
lowing approval number: Lun Shen [2018] 
No. 201, date: 2018-8-29.

2. Materials and methods

2.1. Patients and their treatment

Anemia was defined as a hemoglobin (Hb) level 
<120 g/L in men and an Hb level <110 g/L in 
women with an Hb level <100 g/L in pregnant 
women. We retrospectively analyzed patients diag
nosed with MA between January 2007 and 
November 2018 at the First Affiliated Hospital, 
Sun Yat-sen University. All patients had an MCV 
>100 fL in their routine blood work, and all of 
them were cured after treatment with vitamin B12 
and folic acid. The exclusion criteria for patients in 
this study were: MA combined with liver or kidney 
function impairment or rheumatic diseases; pre
sence of tumors; other diseases that affect MCV, 
such as iron deficiency anemia and thalassemia; 
anemia caused by other factors (blood loss, anemia 
associated with chronic disease, etc.); hemolysis 
caused by other factors (immune hemolytic ane
mia, drug-induced hemolysis, or artificial heart 
valve replacement); and treatment with drugs 
that interfere with DNA synthesis. Only 1 patient 
in this research received whole-body 18F-FDG 
PET/CT before treatment, and we measured the 
maximum standard uptake value (SUVmax) in the 
liver, spleen, bone marrow and mediastinum.

2.2. Erythrocyte physical parameter 
measurements
Two treatment-naïve patients diagnosed with MA 
combined with hemolysis and one healthy volun
teer consented to a single erythrocyte measure
ment. A fasting venous blood sample (6 mL) was 
collected from each person in the morning. 
Heparin was used as an anticoagulant, and then 
the erythrocytes were separated by centrifugation, 
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washed repeatedly, diluted, and finally fixed on 
a glass slide. The morphology and size of the 
fixed erythrocytes were measured in contact 
mode at room temperature. The gold-plated silica 
tip was used for atomic force microscopy (AFM, 
icon 3000, Bruker, USA) measurements. The tip 
diameter was 20 nm, and the elastic coefficient of 
the tip was 2.5 N/m. The samples were scanned by 
a 100 µm scanner. All of the images were analyzed 
with the IP2.1 software (Veeco) included with the 
instrument.

2.3. Statistical analysis

SPSS software, version 22.0, was used for statistical 
analysis. A nonparametric test was used to com
pare the patients’ baseline data. Univariate and 
multivariate logistic regression models were used 
to analyze the hemolysis-related factors. The dis
criminative ability of the MCV for hemolysis was 
analyzed using the area under the receiver operat
ing characteristic (ROC) curve. The area under the 
ROC curve is presented with a 95% confidence 
interval (CI), and the Youden index was used to 
identify the maximal cutoff value. The t test was 
used to compare the erythrocyte parameters 
between the patients and healthy controls. All 
values were 2 sided, and P < 0.05 was considered 
statistically significant.

3. Results

In clinical work, we found that MA patients with 
hemolysis usually have a large MCV. We speculated 
that there might also be extramedullary hemolysis, 
not only hemolysis in situ. To this end, we retro
spectively analyzed the clinical data of 124MA 
patients to determine the factors related to hemoly
sis. Atomic force microscopy was used to measure 
the physical parameters of the erythrocytes of MA 
patients with hemolysis to evaluate their deform
ability. Finally, the site of the destruction of red 
blood cells outside the medulla was found by PET- 
CT to confirm our hypothesis.

3.1. Baseline characteristics of the patients

A total of 124 patients were analyzed retrospec
tively in this research. The patients who exhibited 

increased LDH and TBIL, especially IBIL, levels 
and an elevated proportion or absolute value of 
reticulocytes in the peripheral blood were placed 
in the hemolytic group, while the other patients 
were placed in the nonhaemolytic group. There 
were 52 patients in the nonhaemolytic group and 
72 in the hemolytic group. The majority of 
patients in the nonhaemolytic group had mild or 
moderate anemia, and in the hemolytic group, the 
majority had moderate or severe anemia. The 
MCV in the nonhaemolytic group was smaller 
than that in the hemolytic group (P < 0.05). As 
shown in Table 1, there were no significant differ
ences in sex, age, or bone marrow puncture status 
between the two groups.

3.2. Related factors of patients with hemolysis

There were no significant correlations of hemoly
sis with age, sex, serum folic acid or vitamin B12 
content (P > 0.05). Hemolysis was found to be 
related to Hb (OR = 0.964, P = 0.002), MCV 
(OR = 1.162, P < 0.001), LDH (OR = 1.001, 
P = 0.013), TBIL (OR = 1.235, P < 0.001) and 
IBIL (OR = 1.300, P < 0.001) in the patients after 
univariate logistic regression analysis (Table 2). 
We found that hemolysis in the patients was only 
related to MCV (OR = 0.828, P = 0.008) and IBIL 
(OR = 0.822, P = 0.015) after multivariate logistic 
regression analysis (Table 3).

3.3. MCV cutoff value determination

Since the IBIL level is affected by intramedullary 
hemolysis, we wanted to explore other hemolysis 
mechanisms; therefore, we used ROC curve analy
sis to find the best cutoff value for MCV to predict 
hemolysis. As shown in Figure 1, the MCV cutoff 
value was 116.4 fL. The sensitivity was 83.1%, the 
specificity was 68.7%, the area under the curve was 
0.803, and the 95% CI was 0.719–0.887 (P < 0.001).

3.4. Correlation between Hb and MCV

According to the above data analysis, we found 
that the larger that the MCV value is, the more 
likely that it is that MA will be combined with 
hemolysis. The correlations between Hb and MCV 
in the hemolytic group and the nonhaemolytic 

BIOENGINEERED 6705



group were further analyzed. As shown in 
Figure 2, there was a negative correlation between 
Hb and MCV in only the hemolytic group 
(r = −0.317, P = 0.007); there was no significant 
correlation in the nonhaemolytic group 
(r = −0.207, P = 0.142).

3.5. Detection of erythrocytes by AFM

We measured erythrocyte physical parameter in 
two MA patients with hemolysis and one healthy 
volunteer by atomic force microscopy, whose 
characteristics were shown in Table 4. The ery
throcytes from the patients were larger than 
those from the healthy controls, but the altitude 
of the erythrocytes from the patients was lower 
than that from the controls. We also obtained 
a 3D model of a single erythrocyte and images of 
the surface membrane of a single erythrocyte. It 
was clear that the Ra in the patients was signifi
cantly lower than that in the controls (Figure 3). 
The physical parameters, including the length, 
width, Rp-v and surface area of the erythrocytes, 
were also measured under a microscope (Figure 4). 
There were no significant differences in the length 
or width of the erythrocytes between the two 
groups, but the Rp-v and surface area of the ery
throcytes from the patients were significantly 

lower than those of the erythrocytes from the 
control.

3.6. Liver and spleen SUVmax of a patient

A 74-year-old man diagnosed with MA combined 
with hemolysis received a whole-body 18 F-FDG- 
PET/CT scan before treatment. The patient’s clin
ical laboratory results were as follows: Hb 71 g/L, 
moderate anemia, MCV 119 fL, LDH 301U/L, TBil 
63 µmol/L, and IBil 52 µmol/L. Diffuse 18F-FDG 
uptake significantly increased in the bone marrow, 
liver and spleen. The SUVmax values in the bone 
marrow, liver, and spleen were 6.6, 5.3, and 4.6, 
respectively, and these values were higher than 
those measured in healthy people who underwent 
whole-body 18F-FDG-PET/CT examination at our 
hospital [8] (Figure 5).

4. Discussion

Hemolysis in MA patients is mainly believed to be 
caused by the destruction of abnormal, immature, 
nucleated erythrocytes in the bone marrow before 
the cells can enter the peripheral blood circulation 
[7,9]. Some studies have suggested the possibility 
that extramedullary hemolysis occurs at the same 
time, but they have not clearly demonstrated the 

Table 1. Characteristics of patients.
Total Nonhaemolysis Hemolysis

P valuen % n % n %

Sex
Male 65 52.42 22 42.31 43 59.72 0.055
Female 59 47.58 30 57.69 29 40.28

Age
≤60 45 36.29 22 42.31 23 31.94 0.495
>60 79 63.71 30 57.69 49 68.06

Bone marrow aspiration
Yes 59 47.58 21 40.38 38 52.78 0.23
No 65 52.42 31 59.62 34 47.22

Anemia
Mild 20 16.13 17 32.69 3 4.17 0.001
Moderate 74 59.68 28 53.85 46 63.89
Severe 29 23.39 6 11.54 23 31.94
Very Severe 1 0.81 1 1.92 0 0.00

MCV (fL)
100–110 23 18.55 21 40.38 2 2.78 <0.001
110.1–120 48 38.71 21 40.38 27 37.50
120.1–130 41 33.06 8 15.38 33 45.83
≥130 12 9.68 2 3.85 10 13.89

Mild anemia was defined as an Hb level >90 g/L, moderate anemia was defined as an Hb level <90 g/L and ≥ 60 g/L, severe anemia was defined as 
an Hb level <60 g/L and ≥ 30 g/L, and very severe anemia was defined as an Hb level <30 g/L. 

Abbreviations: Hb, hemoglobin; MCV, mean corpuscular volume 

6706 Q. WU ET AL.



mechanism of extramedullary hemolysis. The 
results of the present study suggest that extrame
dullary hemolysis actually occurs in MA patients 
with hemolysis. In addition, extramedullary hemo
lysis is related to MCV in the peripheral blood. 
The larger that the MCV value is, the more likely 
that it is that MA will be associated with 
hemolysis.

Not all MA patients were associated with hemo
lysis. In this retrospective study, hemolysis was 
related to IBIL and MCV. If the hemolysis in 
a patient is only intramedullary hemolysis, only 
the level of IBIL, which is the metabolite of Hb 
after hemolysis, can be used to predict hemolysis, 
and the related factors will not include MCV, 
which is associated with erythrocytes in the per
ipheral blood. However, this relationship is not the 
case in MA patients. The incidence of hemolysis in 
MA patients is also related to MCV. It was also 
found that the life span of erythrocytes in the 
peripheral blood of MA patients was significantly 
shorter than that of erythrocytes from healthy 
people [6], further confirming the possibility of 
extramedullary hemolysis. In addition, we found 
that MCV was negatively correlated with Hb in the 
hemolysis group, and there was no correlation in 
the nonhaemolysis group. This finding revealed 
that extramedullary hemolysis in patients is related 
to the MCV value; the larger that the MCV is, the 
more likely that it is that hemolysis will occur, and 
the lower that the Hb level will be. The cutoff value 
of the MCV was 116.4 fL, which predicted 

Table 2. Related factors of patients with hemolysis in univariate 
logistic regression analysis.

χ2 P value OR 95% CI for OR

Hb 9.669 0.002 0.964 0.941–0.986
MCV 25.072 <0.001 1.162 1.096–1.233
LDH 6.211 0.013 1.001 1.000–1.001
TBIL 30.704 <0.001 1.235 1.146–1.331
IBIL 23.022 <0.001 1.300 1.168–1.447

Abbreviations: Hb, hemoglobin; MCV, mean corpuscular volume; LDH, 
lactate dehydrogenase; TBIL, total bilirubin; IBIL, indirect bilirubin; CI, 
confidence interval 

Table 3. Related factors of patients with hemolysis in multi
variate logistic regression analysis.

χ2 p value OR 95% CI for OR

MCV 7.055 0.008 0.828 0.721–0.952
IBIL 5.926 0.015 0.822 0.702–0.962

Abbreviations: MCV, Mean Corpuscular Volume; IBIL, indirect bilirubin; 

Figure 1. ROC curve between MCV and hemolysis.
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hemolysis in MA patients well (area under the 
ROC curve was 0.803).

When blood circulates through constrictions, 
small capillaries, or splenic interendothelial slits, 
which are narrower and shorter than capillaries 
[10], erythrocytes must pass through apertures 
far smaller than their own cross-sectional size. 
Normal erythrocytes with good deformability can 
change shape to successfully pass through these 
narrow gaps [11]. In addition, the surface-to- 
volume ratio, cytoplasmic viscosity, and intrinsic 
membrane deformability regulate erythrocytes’ 
capacity to deform and transit narrow gaps [12].

The atomic force microscope, invented by Binig 
et al. in 1986, is a new instrument that can image 
and measure the surface of specimens at the 
atomic level [13]. Compared with traditional opti
cal microscopy and scanning electron microscopy, 
AFM has the advantages of high spatial resolution, 
easy sample preparation, and a lack of invasion or 
destruction of the samples. Researchers can 
observe the ultrastructure of biological samples 
under physiological conditions and detect the 

mechanical properties of cells by AFM [14,15]. In 
this study, we used AFM to image the surface and 
measure the physical parameters of a single ery
throcyte. The results showed that, compared with 
the parameters of the cells from the healthy con
trols, the Rp-v and Ra of the erythrocytes from the 
patients were obviously reduced, and these reduc
tions led to reduced surface area. However, the 
MCV value of the MA patients was larger than 
that of the healthy controls, resulting in 
a significantly reduced ratio of surface area to 
volume. The decreased ratio led to reduced 
deformability. Therefore, we believe that the 
reduced deformability of the cells, indicating that 
they cannot withstand the shear stress of arterial 
circulation, prevents the maintenance of cell integ
rity during microcirculation and ultimately leads 
to hemolysis, and similar processes occur with 
erythrocytes in hereditary spherocytosis [16].

Abnormal and aged erythrocytes in the circula
tion are mainly removed by phagocytes in the 
spleen and liver [17,18]. When arterial blood 
within the splenic cord enters the sinus vein in 
the red pulp, erythrocytes must be squeezed into 
the space between the sinus endothelium and the 
stress fibers that extend underneath the basal 
plasma membrane, and they are arranged parallel 
to the cellular long axis [19]. If deformability 
decreases, erythrocytes cannot pass through the 
tiny gap; they will be destroyed and trapped in 
the spleen and then removed by macrophages. 
A similar process occurs in the liver.

Figure 2. Correlation between Hb and MCV in two groups. a: MA patients with hemolysis; b: MA patients with nonhaemolysis.

Table 4. Characteristics of healthy control and MA patients with 
hemolysis.

Gender Age Hb MCV TBIL IBIL LDH

Healthy control Man 58 137 86 12.1 8.0 201
Patient 1 Man 54 83 118 45.0 31.6 292
Patient 2 Man 73 75 121 56.1 47.5 320

Abbreviations: Hb, hemoglobin (g/L); MCV, mean corpuscular volume 
(80–100 fL); TBIL, total bilirubin, (3.4–17.1 µmol/L); IBIL, indirect 
bilirubin (1.7–10.2 µmol/L); LDH, lactate dehydrogenase (135– 
215 U/L) 
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Ogawa et al [20]. found that the SUVmax of 
arterial plaque detected by 18F-FDG PET/CT was 
positively correlated with the number and density 
of macrophages in the diseased vessel. Kawai et al. 
[21] also found that, in malaria-infected monkeys, 
the increased 18F-FDG uptake in the spleen was 
related to the activation of the spleen clearance 
system and the glucose consumption of the 
malaria parasite. These studies suggested that the 

activation of macrophages could lead to increased 
18F-FDG uptake.

In this study, the SUVmax in the liver and 
spleen of the patients with MA combined with 
hemolysis showed diffuse increases by PET/CT, 
and the 18F-FDG uptake in the spleen and liver 
of our patient was significantly higher than that in 
normal people who underwent PET/CT at our 
hospital and people examined at another 

Figure 3. Erythrocyte morphology. a and b are images of a single erythrocyte in healthy controls and patients, respectively; c and 
d are altitude profiles of a single erythrocyte in healthy controls and patients, respectively; e and f are 3D models of the single 
erythrocyte in panels a and b, respectively; g and h are images of the surface membrane of a single erythrocyte in healthy controls 
and patients, respectively; i and j are the ultrastructures of the membrane of the erythrocyte in panels a and b, respectively.
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institution (liver SUVmax was 3.2 ± 0.8; spleen 
SUVmax was 2.4 ± 0.6 in healthy men) [22]. 
Therefore, we believe that erythrocytes with 
decreased deformability cannot pass through the 
narrow gaps in the liver and spleen as blood cir
culates through the body. In this study, the 
mechanical destruction and retention of erythro
cytes were increased, and then macrophages in the 
liver and spleen were activated and gathered to 
remove these erythrocytes, ultimately leading to 
a significant increase in 18F-FDG uptake in the 
liver and spleen. Thus, we believe that the main 
sites of erythrocyte destruction in MA patients 
with extramedullary hemolysis are the liver and 
spleen.

However, there are still some limitations to this 
study. In this retrospective study, only one patient 
with hemolysis underwent PET/CT examination, 

and a larger sample size is needed. It is also neces
sary to further observe and compare 18F-FDG 
uptake in the spleen and liver of MA patients who 
do not exhibit hemolysis. In addition, we believe 
that there are a large number of activated macro
phages in the liver and spleen of patients with 
hemolysis that remove mechanically destroyed and 
detained erythrocytes, but this hypothesis has not 
been confirmed by pathological results.

5. Conclusion

In conclusion, extramedullary hemolysis was 
found in patients diagnosed with MA combined 
with hemolysis. The larger that the peripheral 
blood MCV was, the more likely that it was that 
the patient had MA combined with hemolysis. 
Extramedullary hemolysis is mainly caused by 

Figure 4. Erythrocyte physical parameters. a: The length of the erythrocytes in the control group was 7.76 ± 0.67 µm, and in the MA 
patients, it was 8.15 ± 0.69 µm (P = 0.722). The width of the erythrocytes in the control group was 6.24 ± 0.62 µm, and in the MA 
patients, it was 6.38 ± 0.59 µm (P = 0.878). The length-width ratio of the erythrocytes in the control was 1.26 ± 0.03, and in the MA 
patients, it was 1.31 ± 0.04 (P = 0.466). b: The Rp-v of the erythrocytes in the control group was 2462 ± 89.99 nm, and that in the 
MA patients was 1964 ± 134.50 nm (P = 0.021). The Ra of the erythrocytes in the control group was 865.44 ± 38.09 nm, and in the 
MA patients, it was 658.28 ± 55.23 nm (P = 0.020). c: The surface area of the erythrocytes in the control group was 
1082161.56 ± 14204.96 nm2, and in the MA patients, it was 1036047.11 ± 1896.13 nm2 (P < 0.001). L: length of erythrocyte; W: 
width of erythrocyte; both of which were the maximum cell diameter. Rp-v: peak-valley value, which is the difference between the 
maximum and minimum height of the Z-axis on the cell surface in the analysis area; Ra: erythrocyte surface roughness, which is the 
mean roughness in the analysis area, namely the relief on the surface of the erythrocytes; * P value <0.05, ** P value <0.01.
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mechanically damaging and retaining erythro
cytes with significantly decreased deformability 
that cannot pass through narrow spaces during 
blood circulation.

Research highlights

● We found the MCV cut-off value of MA 
patients with hemolysis.

● Atomic force microscopy was used to analyse 
and compare the erythrocyte parameters of 
MA patients with hemolysis and healthy 
controls.

● We revealed a new mechanism of hemolysis 
in MA patients.
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