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 Early diagnosis in neurodegenerative diseases is important in terms of starting early treatment and increasing 

the quality of life of individuals. Therefore, effective diagnostic methods with low cost and fast results have 

an important place.  In diagnosis, peripheral biomarkers are very few. Erythrocyte morphology as a potential 

biomarker is promising for future studies. Altered morphology may not only be used as a diagnostic 

biomarker but may also be important in the early pathogenesis of the disease.  Here we reviewed importance 

of erythrocyte morphologies on the neurodegenerative pathologies- Alzheimer's disease (AD), Parkinson's 

disease (PD), Multiple Sclerosis (MS) Disease, and Epilepsy. Important studies on optical microscopy, 

scanning electron microscopy, atomic force microscopy, and quantitative phase imaging methods, which 

are widely used in the imaging of erythrocytes and detection of morphological changes in these 

neurodegenerative diseases, were reviewed from the literature.  
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1. Introduction 

Erythrocytes are unique cells with an extraordinary ability 

to deform, which is crucial for their oxygen transport function 

and can be significantly altered under pathophysiological 

conditions. Their main function is the transport of respiratory 

gases and are in the range of 4-6 million in the blood. As non-

nuclear cells, they are very sensitive to pathological conditions 

in which the biconcave discoid shape typical of healthy human 

cells changes to atypical morphologies such as spicular cells 

(echinocytes and acanthocytes), spherocytes, etc. Mature 

erythrocytes under physiological conditions are biconcave disc-

shaped with a diameter of 6-8 µm, an average volume of 90 

femtolitres (fL), and a membrane surface of 120-140 µm2. The 

maximum thickness of this disc at the edges is 2.5 µm, and the 

minimum thickness at the centre is 0.8 µm [1-3]. They do not 

have cytoplasmic organelles such as nuclei, mitochondria, or 

ribosomes. They cannot synthesize proteins, carry out oxidative 

reactions associated with mitochondria, or undergo mitosis. 

Four different cell shapes (biconcave, crenate, spiculated and 

spherocytic) are distinguished in the literature for healthy 

erythrocytes, and the morphology of erythrocytes changes 

during the ageing process [4]. During the aging process, healthy 

erythrocytes show an increase in the proportion of spicules and 

spherocytes morphological types and a decrease in the 

proportion of dissociates and crenate shaped cells [4,5].  

The morphological changes of erythrocytes in chronic 

neuro degenerative diseases have been investigated in many 

studies [5]. Erythrocytes may contribute to chronic 
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neurodegenerative diseases such as Alzheimer's disease (AD), 

Parkinson's disease (PD), and Multiple Sclerosis (MS) through 

impaired antioxidant capacity and altered hemorheology [5,6]. 

Erythrocytes in the blood circulation are exposed to the action 

of toxic pathological proteins that diffuse and accumulate in 

AD, PD, and Amyotrophic Lateral Sclerosis.  

There have been many studies looking at the morphology 

of erythrocytes from samples taken from patients or at the 

effects of drugs in vitro [7-13]. Ficarra et al. and Suwalsky et al. 

investigated the effects of antiepileptic drugs on erythrocyte 

morphology in vitro [7,9]. A recent study investigated the 

morphological changes of erythrocytes of epileptic patients 

under effective therapeutic doses of antiepileptic drugs using 

quantitative phase imaging, SEM, and light microscopy [14]. 

Optical imaging has many advantages compared with 

clinical imaging modalities (e.g., high sensitivity, non-

invasiveness, high imaging speed, low cost, three-dimensional 

imaging) and enables the detection of biological processes at the 

cellular or molecular level [15]. Erythrocyte surface 

observations have generally been made using optical 

microscopy, atomic force microscopy (AFM), and scanning 

electron microscopy (SEM) [16]. In recent years, quantitative 

phase imaging (QPI), a widely used optical measurement 

technique, has been used to calculate the projected surface area 

and structural parameters of erythrocytes, such as mean 

corpuscular volume and mean corpuscular haemoglobin, from 

mailto:fdilek@nku.edu.tr


Erythrocytes in Neurological Diseases Journal of Balkan Science and Technology 2024: 3(3): 65-76 
 

66 

 

the three-dimensional (3D) height profile [17]. Studies of the 

clustering of erythrocytes according to their shapes in samples 

from healthy individuals have focused more on providing 

quantitative information at the single cell level [13, 17-29]. 

This study focuses on the importance of erythrocyte 

morphology in neurodegenerative diseases and the light 

microscopy, SEM, AFM, and QPI imaging methods that are 

often used to image erythrocyte morphology. A review of the 

literature on imaging techniques used to assess erythrocyte 

morphology, and the importance of applying these techniques 

in neurodegenerative diseases is presented. 

2. Material And Method 

2.1. Imaging methods used to evaluate erythrocyte 

morphology. 

2.1.1. Optical Microscopy DNA extraction and Sequencing 

Microscopy is the study of magnifying images of objects 

that are too small to be observed with the naked eye. It uses 

radiation that is emitted, absorbed, transmitted, or reflected by 

the specimen being imaged. The type of radiation used by 

optical microscopy, also called light microscopy, is the visible 

part of the electromagnetic spectrum. [30, 31]. In a standard 

upright microscope, the objective is above the specimen, in an 

inverted microscope the objective is below the specimen. In 

both cases, almost all microscopes are designed for direct 

imaging, and the digital camera is added only for image capture 

[32]. 

The resolution of conventional optical microscopes is 

expected to be limited to about 0.6λ/NA. Where λ is the 

wavelength of light, NA is called the "numerical aperture" and 

is usually marked on each objective lens. The resolution of 

optical microscopes is very limited compared to that of electron 

microscopes or atomic force microscopes. Images can be 

obtained quickly over a wide magnification range. Conventional 

optical microscopy's low capital and maintenance costs remain 

an important advantage [32,33].  

Because of its wide range of contrast-enhancing 

techniques and its ease of use, light microscopy continues to 

hold its own. It is a traditional method used for cell imaging in 

neurodegenerative diseases. In a study, authors observed an 

Amyloid b-induced erythrocytic damage by optical microscope 

images [6]. Research published in 2022 used light microscopy 

to image the morphology of fresh and aged erythrocytes in 

neurodegenerative disease and healthy samples, characterizing 

them as biconcave, crenate, spiculated, and spherocytic [5]. A 

study focusing on quantitative phase imaging of erythrocytes 

was conducted by Deniz et al. in 2023 to evaluate the effects of 

high dose methylprednisolone on erythrocytes in vivo under 

physiological conditions in human blood samples. In that study, 

erythrocytes classified as biconcave or irregularly shaped from 

light microscopy images were examined [34]. In a study carried 

out by Ünal et al. with blood samples taken from 50 epilepsy 

patients, the samples were observed by light microscopy. While 

the cells observed in healthy individuals were mostly biconcave 

in shape, erythrocytes collected from patients showed an altered 

morphology. They stated that the number of biconcave shaped 

cells was lower in the samples collected from patients under 

antiepileptic treatment than that of the control group [14]. As 

can be seen from the literature, light microscopy is a widely 

used imaging technique for characterizing erythrocyte 

morphology in both neurodegenerative diseases and healthy 

samples. Although it has advantages such as the ability to 

observe many cells simultaneously, generate images at different 

magnifications, and being inexpensive, the images obtained by 

this method are two-dimensional, do not contain height 

information, and quantitative information cannot be obtained. In 

addition, the fact that it depends on the visual interpretation of 

the researcher performing the analyses is a disadvantage. 

Example erythrocyte images, taken by optical microscope, from 

healthy person and a patient with Alzheimer's disease samples 

are shown in Fig. 1.  

2.1.2.AFM 

In 1986, Binning, Gerber, and Quate developed the first 

AFM [35]. The AFM consists of a flexible lever and a pointed 

tip too small to be visible by eye. When the tip gets close enough 

to the sample surface, the forces between it and the surface 

cause the lever to bend. The bending is measured by a laser 

beam projected from the tip of the lever onto the detector. As 

the bending is proportional to the force, the force is also 

measured when the bending is measured. As the lever scans the 

surface, it detects the peaks and ridges on the surface. If the peak 

height is constant, the surface can be damaged. Therefore, while 

scanning is performed by moving in the X and Y directions, the 

height is adjusted by moving in the Z direction. When the bends 

are recorded in the computer, the topography of the surface is 

also obtained [36,37]. AFM can image biological membranes in 

their native state with a lateral resolution of 0.5-1 nm and a 

vertical resolution of 0.1-0.2 nm [35,38].  

After the 2000s, there have been many studies imaging 

erythrocytes with AFM [5,10,39,40]. AFM imaging of 

erythrocytes in a physiological medium was reported in 2001 

[41]. Strijkova-Kenderova et al. performed ultrastructural 

analysis of erythrocytes for neurodegenerative pathologies, PD, 

AD, and Amyotrophic Lateral Sclerosis, using AFM [5]. There 

is a study in which the morphological changes in the erythrocyte 

membrane induced by antiepileptic treatment were imaged by 

AFM [12]. In 2015, Mukherjee published a critical review of 

nanoscale surface characterization of human erythrocytes using 

AFM [16]. Buys et al. used AFM imaging to investigate 

erythrocyte membrane roughness and ultrastructural changes in 

type 2 diabetes [10]. A study published in 2021 examined the 

quantification of physical differences in protein aggregates 

implicated in AD, using AFM to profile erythrocytes from 50 

neurocognitive patients and 16 healthy individuals [42].  

As suggested in the literature, AFM allows imaging of 

erythrocytes in air or in aqueous (buffer) solutions, simulating 

physiological conditions, with sample preparation steps. The 

major advantage of AFM is that it allows the topography of the 

sample to be monitored with high resolution and in three 

dimensions. However, due to the sample preparation and the 

need to change the tip of the AFM instrument for each sample, 

there are disadvantages in terms of time and cost when 

measuring topography with this instrument. Erythrocyte images 

obtained with AFM from healthy person and a patient with 

Alzheimer's disease are given as an example in Fig. 2.  
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2.1.3.  SEM 

An electron microscope essentially acts as an electron 

source, emitting electrons that interact with the specimen being 

examined, which are then processed by a detector to produce an 

image. The electron source is an electron gun containing a 

tungsten or tungsten filament wire. A high voltage is applied to 

the filament, which heats the wire and releases electrons. For 

this oscillation to occur, both the current and the voltage applied 

to the wire must be increased. The oscillating electrons are 

guided by the anode plate, pass through lenses with 

electromagnetic properties, and fall onto the sample. This 

environment is under 10-4 Pa vacuum. The accelerated electron 

beam interacts with the sample, and the electrons which change 

direction because of elastic collisions with the sample atoms are 

scattered back. Inelastic collisions of the beam electrons with 

the outer orbital electrons of the sample atoms also result in the 

formation of lower energy Auger electrons, which provide 

information about the sample surface. As a result of all these 

collisions, electrons that have left their orbits and lost energy 

form secondary electrons. These secondary electrons from 

10nm below the sample surface provide a high-resolution 

topographic image of the sample [43,44,45]. 

Numerous studies have been published investigating 

erythrocyte morphology using SEM [5,10,40,44]. A study 

published in 2012 focuses on thalassemia screening using 

geometric features that characterize the morphology of 

erythrocytes based on SEM images [46]. The classification of 

erythrocytes in anaemic cases using SEM was investigated by 

[47]. In a recent study, SEM images were used to observe 

erythrocyte populations with different morphological stages of 

stomatocytosis and echinocytosis [48]. The morphology, 

structure, and function of human and animal erythrocytes have 

been studied using SEM [49]. Also, there is an important study 

in which erythrocyte membrane roughness and ultrastructural 

changes in type 2 diabetes were examined by SEM [10]. Ünal 

et al. reported on the morphological changes of erythrocytes in 

epileptic patients under effective therapeutic doses of 

antiepileptic drugs. Among other techniques, they used SEM 

images of erythrocytes to show the morphological changes of 

the cells [14]. 

As stated in the literature, structural, morphological, and 

topographical features of erythrocyte surfaces can be realized 

with SEM, and it is possible to observe the samples at different 

magnifications. SEM provides a two-dimensional surface image 

with scale information [18]. In addition, blood cells must be 

subjected to a preliminary preparation process prior to imaging 

[10,14]. During imaging, distortion of the sample can occur due 

to the pressure applied within the instrument. In these respects, 

SEM has disadvantages compared to surface profilometers or 

quantitative phase imaging techniques. SEM images are not 

dynamic but provide a qualitative measurement result. SEM 

images of erythrocytes from healthy person and a patient with 

Alzheimer's disease are given as an example in Fig. 3.  

2.1.4. Quantitative Phase Imaging 

In basic sciences such as biology and physics, quantitative 

studies have come to the forefront in recent years. Making 

optical measurement techniques used in basic laboratories 

capable of performing healthy measurements without damaging 

or contacting the human sample and using them in medical 

laboratory studies will support the design of more accurate and 

inexpensive methods in the diagnosis and treatment phase. 

Increasing the sensitivity of profilometric measurement systems 

which are used in many fields of industry and research is 

necessary for more accurate and reliable measurement [50,51]. 

Quantitative phase imaging is the general name for a few 

different experimental setups that use techniques to record the 

phase of light, such as interferometry and holography. By 

recording the interferogram, which carries the phase 

information of the light from an object, and analysing it using 

phase calculation techniques, a profile of the object can be 

created with a known height at each point [52-54]. If the object 

is micrometre sized, it is possible to obtain quantitative 

information about the morphology of the object by using the 

microscope and interferometer together [22,55-57]. Relying on 

the current success of quantitative phase imaging, researchers 

have recently applied these techniques to a variety of clinically 

relevant problems in their research covering a wide range of 

diseases [52,58].  

Eliminating the need to label the sample means that 

several steps in tissue preparation can be avoided, reducing the 

time and cost of analysis. Perhaps most interestingly, the 

quantitative information on the structure of the biopsied tissue 

allows the diagnosis to be made objectively and independently 

of the observer or preparation [59]. These techniques can 

provide quantitatively detailed information about cell structure 

at the level of a single cell [18]. In medical applications, 

parameters related to erythrocyte count and morphology are 

frequently used in the diagnosis and monitoring of many 

diseases [56,60,61]. As the health sciences and biomedical 

fields clearly require more quantitative data, quantitative phase 

imaging will play an incrementally significant role in the 

generation of quantitative clinical data [17,18,20,62-64].  

There are several different approaches to quantitative 

phase imaging, such as common path, phase shift, off-axis, and 

white light interferometry, and each has its own advantages and 

disadvantages [61]. In principle, common-path geometries are 

extremely stable because both arms of the interferometer 

overlap and are highly correlated, but subject to noise. Some 

common-path methods are Fourier phase microscopy (FPM) 

[65] and diffraction phase microscopy (DPM) [66]. Phase shift 

methods perform temporal phase modulation and require a large 

number of raw images (more than 2) to reconstruct a single-

phase image. Therefore, phase shifting methods are usually not 

used for high*speed applications [67]. Off-axis methods 

modulate spatially and require only a single image to create a 

phase image. An off-axis approach is used in most conventional 

digital holography methods [18,68-70]. Such methods are well 

suited to high-speed measurements and single shot imaging. For 

imaging erythrocyte morphology, white light diffraction phase 

microscopy (WDPM) offers the speed and phase sensitivity of 

off-axis holographic imaging [14,34,59,71]. 

To acquire the surface profile of erythrocytes in a dynamic 

three-dimensional structure and to determine the parameters 

related to erythrocyte morphology from this structure, it is first 

necessary to obtain an interferogram image of the sample and 

the reference. The WDPM setup used for this purpose consists 

of a Zeiss Axio Observer A1 inverted microscope, a Mach-
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Zehnder-like interferometer and a Hamamatsu Orca Flash 4.0 

camera [14,34,59,71]. With this setup, blood samples from 

patients and healthy individuals can be imaged without any 

preliminary preparation. These interferogram images are 

analysed using phase calculation techniques such as Fourier or 

wavelet transforms to generate surface height profiles of 

erythrocytes [14,34,59,71]. From this profile, many 2D and 3D 

parameters such as mean cell thickness, mean corpuscular 

volume, projected surface area, mean corpuscular haemoglobin, 

and surface area to volume ratio can be calculated for 

morphological assessment [34,59]. Examples erythrocyte 

profiles derived from samples taken from a healthy person and 

a patient with Alzheimer's disease is shown in Fig. 4. The 

morphology-related parameters calculated from these two 

profiles are given in Table 1. 

 

 

  

Fig. 1 Optical microscope images taken from samples (a) a healthy person and (b) a patient with Alzheimer's disease. 

  

Fig. 2 Erythrocyte images obtained with AFM, for samples (a) a healthy person and (b) a patient with Alzheimer's disease. 

  

Fig. 3 SEM images of erythrocytes from samples (a) a healthy person and (b) a patient with Alzheimer's disease. 
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Fig. 4   Erythrocyte height profiles obtained from samples from (a) a healthy person and (b) a patient with Alzheimer's disease. 

 
 

Table 1. Parameters related to erythrocyte morphology for a healthy person and a patient with Alzheimer's disease estimated by 

WDPM 

 For a healthy person For a patient with Alzheimer's disease 

Mean corpuscular volume (µm3) 78.5043 94.0952 

Average cell thickness (µm) 1.4463 1.4096 

Projected surface area (µm2) 71.9283 68.4627 

Mean corpuscular haemoglobin (picogram) 35.8518 31.8403 

Diameter (µm) 6.9110 6.7424 

Entire cell surface area (µm2) 109.5537 116.7166 

Surface area to volume ratio 1.3955 1.2404 

 

2.2. Reported erythrocyte morphological changes in 

Neurodegenerative Diseases  

2.2.1. Alzheimer's disease 

AD, the most common cause of dementia and cognitive 

disorder among the aging population, is a progressive 

neurodegenerative disease that affects cognition, function, and 

behaviour [72,73]. AD is thought to account for 60-80% of all 

dementia cases. It is important to prevent, diagnose, treat, and 

manage AD because of its progressive nature and high resource 

consumption due to the need for care. AD is a disease that 

progresses in three stages: early, moderate, and advanced, and 

the cost of care increases as the stage of the disease increases 

[74]. Early diagnosis is important in terms of low cost and 

preserving the patient's level of independence; from this 

perspective, informative biomarkers are of great value for 

population-based screening. Developing new diagnostic 

approaches and discovering new reliable, more cost-effective, 

and easily accessible diagnostic biomarkers are also important 

for the development of new treatments [5]. 

A review of research into plasma/serum biomarkers for 

the diagnosis of dementia identifies several relevant and 

potentially promising erythrocyte biomarkers for dementia 

subtypes such as erythrocyte membrane proteins like glucose 

transporter (GLUT-1), amyloid-β, IgG, Hsp90, calpain-1 and 

band 3 protein, oxidative stress, and erythrocyte morphology. 

The most promising biomarkers are preclinical Hsp90, amyloid-

β, calpain-1, and band 3. However, the most interesting aspect 

of erythrocytes is their changing morphology during dementia 

[75]. Erythrocytes are easy to obtain and do not have any 

internal organelles in the red blood cells, which makes them 

easy to analyse.   

In AD, erythrocytes are exposed to toxic pathological 

proteins (such as Aβ peptide, α-sin, τ-protein, and their 

heterocomplexes) that replicate and accumulate [5]. Since there 

is a characteristic decrease in cerebral perfusion and energy 

metabolism in AD, it is thought that the capillary disruptions 

often found in the brain of AD patients lead to hemodynamic 

changes that alter the delivery and transport of essential 

nutrients to neuronal and glial cells, especially glucose and 

oxygen [76,77].  Mohanty et al. reported a possible link between 

changes in the erythrocyte membrane proteome and AD 

pathology. They reported that 15% of erythrocytes in 

Alzheimer's patients were elongated and there were changes in 

erythrocyte membrane architecture. It has been suggested that 

this may be due to erythrocyte-beta-amyloid interactions and/or 

changes in the expression of membrane proteins [78]. Based on 

the information that amyloid β (Aβ) binds to erythrocytes and 

that this process damages them, Lan et al. conducted a study in 

50 healthy individuals and 50 individuals diagnosed with AD; 

Aβ amyloid fibrils and/or aggregation in peripheral 

erythrocytes, Thioflavin T (ThT) staining to confirm the 

presence of Aβ amyloid fibrils and/or aggregation in 

erythrocytes, followed by immunofluorescence testing after 

optimizing fluorescent staining and imaging conditions, and 

analysis of the images obtained using image processing 

software. They found that 16.8% of erythrocytes in the 

peripheral blood of Alzheimer's patients were elongated, versus 
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6.7% in normal controls, and there was a downward correlation 

between the two parameters.  The study found that 98% of 

peripheral erythrocytes from Alzheimer's patients could bind 

amyloid peptides, compared to 38% in healthy individuals. This 

result showed that the binding of Aβ to erythrocytes in the 

peripheral blood of Alzheimer's patients alters the morphology 

of the erythrocytes [39].  

The abundance of the biconcave type decreases 

significantly by day 40 of ageing in healthy cells and by day 20 

in those with AD. The proportion of the crenated type does not 

change significantly during ageing in healthy erythrocytes until 

day 30 and then decreases, whereas in Alzheimer's patients, it 

decreases significantly as early as day 10. The contribution of 

spherocyte shape to the morphology of Alzheimer's 

erythrocytes increases much more rapidly with age, reaching 

30-40% compared to healthy cells by day 10. After 40 days of 

ageing, the contribution of Alzheimer's erythrocytes is about 

70% and that of healthy cells is about 60%. Therefore, 

spherocytic is the predominant morphological type found in all 

cells examined in aged erythrocytes in healthy and AD patients. 

When the morphology of erythrocytes from healthy and AD 

patients was characterized, the predominant shape of 

erythrocytes in healthy individuals was biconcave discoid 

(73%), crenate (21%), and spiculated (6%). The morphological 

composition of Alzheimer's erythrocytes is 61% biconcave, 

33% crenate, and 5-6% spiculated cell types [5]. 

2.2.2.  Parkinson's disease 

PD, a chronic disease that causes progressive motor 

impairment and affects more than 1% of the population over the 

age of 65, is the second most common age-related 

neurodegenerative disease after AD [79]. The Global Burden of 

Disease Study estimates that the number of Parkinson's disease 

cases will double from approximately 7 million in 2015 to 

approximately 13 million in 2040 [80]. The neurotransmitter 

dopamine is involved in regulating movement, motivation, 

memory, and other physiological processes. Loss of 

dopaminergic neurons in the individual leads to a decrease in 

dopamine levels, which causes motor impairment and 

contributes to the cognitive deficits observed in some patients 

[81]. Since most of the motor features of PD are caused by the 

loss of dopaminergic neuronal cells in the substantia nigra pars 

compacta region of the midbrain, most of the current 

pharmacological treatment approaches aim to provide 

dopaminergic replacement [82]. Imaging techniques (magnetic 

resonance imaging (MRI), single photon emission computed 

tomography (SPECT) and positron emission tomography 

(PET)), and biomarkers (alpha-synuclein (αS), amyloid-beta 

(Aβ) and tau protein, neurofilament light chain (NfL) etc.) are 

used in the diagnosis [83]. 

An important trend in recent PD research is the search for 

biomarkers that may help identify individuals at risk or monitor 

disease progression and response to treatments. One of these 

trends is the study of erythrocyte structure [5]. The literature 

suggests that inflammatory signalling molecules involved in the 

pathophysiology of PD may affect the haematological system of 

these patients and that this may be used as a potential prognostic 

or diagnostic tool [84]. Signalling molecules involved in PD 

(cyclooxygenases, prostaglandins, thromboxanes iron) are 

intimately involved in the development of the variable 

programmed cell death of erythrocytes known as erythroses. 

The possible interaction of these abnormal signalling molecules 

involved in Parkinson's disease affects the erythrocyte structure 

of Parkinson's patients. In a study of 30 healthy and 30 

Parkinson's patients, erythrocytes in healthy individuals showed 

a typical discoid shape, whereas most erythrocytes from 

Parkinson's patients did not have a typical discoid shape as seen 

in axial ratios but instead showed a typical erythristic and/or 

longitudinal morphology. Elastic modulus calculations from 

force-distance curves showed an increase in the Young's 

modulus of PD erythrocytes compared with erythrocyte 

measurements from control subjects (this increase in Young's 

modulus reflects a decrease in the elasticity of the cell 

membrane). In the same study, light microscopy showed that the 

shape of erythrocytes in whole blood smears was altered and 

that most erythrocytes had a typical erythrocytic shape. The 

average axial ratio of healthy subjects’ erythrocytes was 1.13 

and PD patients was 1.18 [79].  

2.2.3.  Multiple Sclerosis Disease 

MS is a chronic disease of the central nervous system 

commonly affecting young adults between the ages of 20-40 

years, and its main feature is the presence of foci of 

demyelination [85,86]. MS is a global problem, and its 

prevalence is increasing. The prevalence is highest in North 

America, Western Europe, and Australasia and lowest in 

countries centred around the equator.  Clinically, MS follows 

two pathways: relapsing and progressive.  Most commonly, the 

relapsing form of MS (RMS) is a form of MS that manifests as 

discrete episodes of neurological dysfunction followed by 

initial, partial, complete, or no remission. Over time, relapses 

usually decrease in frequency, but a gradual worsening usually 

occurs, resulting in uninterrupted progression (secondary 

progressive MS). Less than 10 per cent of patients with MS 

experience progression from onset; this category is called 

primary progressive MS (PPMS) [87,88]. In RMS, women are 

affected approximately 3 times more frequently than men, and 

the average age of onset is 30 years, whereas in PPMS, the 

proportion of affected men and women is similar, and the 

average age of onset is 40 years [88]. Typical acute neurological 

symptoms include visual, sensory, and motor deficits. 

Symptoms include both physical and psychosocial elements that 

negatively affect many aspects of patients' quality of life and 

perception of health [89]. The diagnosis is made by 

demonstrating the involvement of different neurological 

systems at different times with history, examination, and 

laboratory (evoked potentials, Magnetic Resonance Imaging) 

findings [90]. Today, increasing treatment options in MS offer 

the possibility of reducing disability and prolonging survival, 

but complete cure is not possible. In treatment, it is important to 

identify individuals with MS early in their disease to prevent 

relapses and long-term disability [91].  There is not yet an 

accepted biomarker that can predict disease activity and guide 

the treatment strategy. MRI is the most frequently used method 

to assess disease activity in addition to clinical and 

Cerebrospinal Fluid (CSF) findings. However, the search for a 

more accessible biomarker continues due to its financial burden 

and difficulties in its widespread and reliable applicability [92]. 

Therefore, it is crucial to identify new pathways underlying the 
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pathogenesis of MS. Previous studies have suggested that 

Erythrocytes may participate in the pathophysiological 

mechanisms of MS via reduced antioxidant capacity and altered 

hemorheology, leading to increased peripheral oxidative stress 

and potential ischaemic tissue damage, respectively. Nearly half 

a century ago, in a sample of 73 MS patients and 38 healthy 

controls, erythrocyte osmotic fragility was shown to be 

significantly higher in patients with MS than in controls. In 

2009, there was report of erythrocyte membrane fluidity 

abnormalities in MS [93]. Based on the fact that peripheral 

blood erythrocytes (PBER), which are in close contact with all 

tissues and enter into morpho-functional relationships with 

them, reflect the physiological and pathological changes 

occurring in the body through their qualitative and quantitative 

reorganization. Churpiy et al. examined 62 patients with MS 

according to MacDonald criteria in the neurology department in 

2024. Patients were divided into three groups as RMS, SPMS, 

and PPMS. A control group was also included in the study.  It 

was found that SPMS and PPMS patients showed changes not 

only in the form of PBER but also in its chemical composition, 

and this was most prominent in PPMS patients. It is stated that 

as MS progresses, erythrocytes in the double convoluted discs 

transform into spherocytes and microrelief irregularities appear 

on their surfaces.  The ratio of spherocytes to dissociates is 1:7 

in the MS compensation stage, 1:4 in the sub compensation 

stage, and 1:9 in the decompensation stage. In the control group, 

this ratio was determined as 1:60. It was stated that erythrocyte 

deformation may be one of the pathogenetic factors of the 

progression of multiple sclerosis [94].   

2.2.4. Epilepsy Disease 

Epilepsy is a neurological disorder characterized by 

abnormal neurophysiological activity resulting from abnormal 

and excessive electrical discharge in cortical neurons, leading to 

sudden, recurrent epileptic seizures or abnormal behaviour not 

triggered by an identifiable event, and accompanied by varying 

degrees of sensory or consciousness loss [95,96]. Epilepsy is 

one of the most common neurological disorders affecting 

approximately 1 per cent of the population and accounts for 0.75 

per cent of the global burden of disease [97,98]. With limited 

treatment options other than surgery, approximately 30% of 

patients eventually progress to drug-resistant epilepsy with 

unpredictable recurrent seizures. Two important 

pathohistological features of drug-resistant epilepsy are 

neuronal death and glial scarring in the epileptogenic focus [98]. 

The diagnosis is made by neuroimaging techniques such as non-

invasive electroencephalography (EEG) and invasive 

electrocorticography (ECoG), positron emission tomography 

(PET), and magnetic resonance imaging (MRI) [96].  

To date, clinicians involved in the treatment of epilepsy 

have mostly studied the effects of antiepileptic drugs on 

haematological cell counts using antiepileptic drugs and 

peripheral smears (thrombocytopenia, neutropenia, or anaemia). 

Laboratory researchers have focused on and reported the in vitro 

effects of antiepileptic drugs on red blood cell morphology in a 

self-created environment. Although all antiepileptic drugs, 

especially older ones, rarely cause clinically significant or 

relevant haematological adverse events, antiepileptic drugs 

have been found to cause morphological changes in 

erythrocytes [14]. In a study by Ünal et al. focusing on 

quantitative phase imaging of erythrocytes and aiming to 

compare the morphological differences between epilepsy 

patients under antiepileptic treatment without any other disease 

that may affect erythrocyte morphology and healthy control 

group, it was determined that epileptic drugs cause erythrocyte 

morphological changes. In 50 epilepsy and 30 healthy 

individuals, the erythrocyte morphology was analysed by white 

light diffraction microscopy, SEM, and light microscopy. In 

epilepsy patients, the diameter of the cell was 7.104 μm, the 

height of the erythrocyte was 1.4 μm, and the surface structure 

of the erythrocyte was determined as distorted thick-edged. In 

healthy individuals, the diameter of the cell was 7.387 μm, the 

erythrocyte height was 2.7 μm and the surface structure of the 

erythrocyte was biconcave [14]. In a different study 

investigating the morphological changes induced by 

antiepileptic treatment in erythrocyte membranes, the sample 

group consisted of 6 patients under drug treatment and one 

healthy individual. When the surface texture parameters 

calculated from the AFM images of erythrocyte membranes 

obtained for each healthy and treated patient were analysed, the 

average erythrocyte height in healthy individuals was 7.1 μm, 

the average smoothness was 1.2 μm, the distortion coefficient 

was -0.02, and the surface structure of the erythrocyte was 

normal. In a 63-year-old female patient who has been on 

anticonvulsant therapy for 24 years of age and psychiatric 

treatment for 3 years of age, the mean erythrocyte height was 

17.7 μm, the mean smoothness was 2.7 μm, the skew coefficient 

was 1.05, and the erythrocyte structure was platicuric [12]. 

3. Conclusion 

The progressive degeneration and/or loss of neurons in the 

central nervous system is generally considered to be involved in 

neurodegenerative diseases. They share common underlying 

pathogenic mechanisms, including reactive oxygen species 

generation and oxidative stress [99-103], mitochondrial 

dysfunction [104,105], neuroinflammation [106-108] by 

abnormal accumulation, and misfolding of specific proteins, 

mainly β-amyloid peptide (Aβ), τ-protein, and α-synuclein (α-

syn), in the brain and in peripheral blood cells. [102,109-111]. 

There is no cure for neurodegenerative diseases, and the 

treatments available only alleviate symptoms or slow disease 

progression in spite of advances in diagnostics and therapeutics. 

The development of new diagnostic approaches, the discovery 

of new reliable, inexpensive, and easily accessible diagnostic 

biomarkers, and the establishment of new therapies for these 

diseases are of extreme importance. The analyses in this review 

show that RBCs together with their ultrastructural properties are 

promising candidates to be biomarkers in neurodegenerative 

diseases and may help in the diagnosis and prognosis prediction 

of the diseases studied.  
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