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A B S T R A C T   

Purpose: The hand motor cortex (HMC) is a reliable anatomical landmark for identifying the 
precentral gyrus. The current study aimed to investigate the morphology of HMC on axial MRI of 
glioma patients, propose a new morphological classification of HMC and analyze the effect of 
tumors on the morphology of HMC. 
Methods: A retrospective study of 276 adult right-handed glioma patients was conducted. The 
morphology of HMC was assessed using T2 axial images. Subsequently, the distribution of 
morphological subtypes was compared between the bilateral hemispheres and the tumor-affected 
and healthy hemispheres. Finally, the influence of tumor pathology on the morphology of HMC 
was investigated. 
Results: A new morphological classification of HMC with four subtypes (Ω, ε, Ω-ε and ε-Ω) was 
proposed. No significant difference was identified in the distribution of morphological subtypes 
between the bilateral hemispheres (p = 0.0901, Chi-square test), or between the tumor-affected 
and healthy hemispheres (p = 0.3507, Chi-square test), and the morphology of HMC between the 
bilateral hemispheres were consistent (p < 0.0001, Kappa test). In addition, a significant dif
ference was identified in the distribution of morphological subtypes between astrocytic and 
oligodendroglial tumors (p = 0.0135, Chi-square test). 
Conclusion: In the current study, we proposed a new morphological classification of HMC, and 
found that tumor could affect the morphology of HMC in glioma patients. The results can help our 
clinical practice, enabling us to further understand the spatial structure of the cerebral 
hemispheres.   

1. Introduction 

The cerebral cortex is anatomically complex and exhibits great variation among individuals. When there is a space-occupying 
lesion within the brain, such as a tumor or vascular malformation, the normal anatomical structure will be distorted, making it 
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difficult to identify a specified cortical region. Magnetic resonance imaging (MRI) enables high-resolution, non-invasive investigation 
of cerebral cortical morphology, and functional MRI (fMRI) techniques can locate corresponding anatomical regions based on func
tional activation changes [1,2]. However, fMRI is difficult to be widely applied due to additional time for data acquisition and analysis 
and the requirement for high-field magnetic resonance equipment. Understanding the anatomical landmarks of the cerebral cortex 
plays quite an important role in clinical research and daily clinical work. 

The hand motor cortex (HMC), which is also known as the “hand knob”, has been widely accepted as a reliable anatomical 
landmark for identifying the precentral gyrus on MRI [3,4]. To date, various modalities have been applied to locate HMC and 
investigate its morphological features [5,6,7,8]. In 1997, Yousry et al. first defined a knob-like structure for identifying the precentral 
gyrus directly, which is shaped like an omega (Ω) in the axial plane [9]. This characteristic inverted Ω shape is formed by two small 
fissures directly from the precentral sulcus. Occasionally, a third fissure occurs between the two fissures, which can lead to a horizontal 
epsilon (ε) shape appearance. According to previous studies, the region activated by hand movements is mainly located in the Ω region 
of the precentral gyrus [10,11,12]. Overall, on axial MRI images, HMC generally presents as a Ω shape and sometimes as a horizontal ε 
shape. While on sagittal MRI images, it could represent a typical shape of a hook, step, bayonet, or zigzag. In 2007, Caulo et al. 
performed a MRI study on the structure of the normal human brain and proposed that the morphology of HMC could be divided into 
five subtypes to better identify precentral gyrus: Ω, ε, laterally asymmetric ε, medially asymmetric ε and null [13]. 

Glioma is the most common type of primary intracranial malignant tumors, and gliomas involving eloquent areas, e.g., HMC, 
remain a great challenge for neurosurgeons [14,15]. Clinicians have already conducted some functional studies to investigate the 
impact of glioma on eloquent areas [16,17]. Nevertheless, morphological studies on the eloquent cortex affected by glioma are 
relatively rare. When gliomas involve the motor area, it compresses or infiltrates the cortex of motor area, causing deformation and 
even inability to recognize it. However, there is currently no research to prove whether glioma can still affect the morphology of HMC 
when they are far away from the motor area (more than 2 cm). Moreover, according to our previous research experience and clinical 
practice, the morphology of HMC is not fixed and unchanging. In some cases, the morphology of HMC varies at different slices of MRI 
scan, which is inconsistent with the common classification [13]. For the above two reasons, it is necessary to conduct a large sample 
study on the morphology of HMC in glioma patients. 

The current study aimed to investigate the morphology of HMC on axial MRI of glioma patients, and propose a new morphological 
classification that is more suitable for clinical application. In addition, the morphology of HMC in the tumor-affected hemisphere was 
assessed to clarify the influence of tumor pathology on it. 

2. Methods 

2.1. Ethical standard 

All studies on humans described in this article were carried out with the approval of the responsible ethics committee and in 
accordance with national law and the HELSINKI Declaration from 1964. Informed consent was obtained from all patients prior to 
participation in the study. 

2.2. Data collection 

Data of 276 diffuse glioma patients operated at our Hospital from August 2010 to May 2012 were systematically reviewed. In
clusion criteria: 1) age over 18 years; 2) right-handedness; 3) no pushing or infiltrating to the anterior central gyrus; 4) no previous 

Table 1 
Demographic and clinical data of the patients.  

Characteristics Value 

Age (yrs, mean ± SD) 44.59 ± 12.62 
Sex 
Male 176 (63.77%) 
Female 100 (36.23%) 
Handness 
Left 0 (0%) 
Right 276 (100%) 
Hemisphere of Lesion 
Left 154 (55.80%) 
Right 122 (44.20%) 
Tumor histopathology 
WHO Grade II 126 (45.65%) 
WHO Grade III 67 (24.28%) 
WHO Grade IV 83 (30.07%) 
Origin of pathology 
A 115 (41.67%) 
O 161 (58.33%) 

A: astrocytoma; O: oligodendroglioma. 
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history of craniotomy or biopsy; 5) no history of alcohol and drug abuse; 6) no history of other diseases which may affect brain 
morphology; 7) confirmed as diffuse gliomas by pathological diagnosis. Exclusion criteria: 1) blurred MRI; 2) long-term history of 
hypertension and/or diabetes; 3) pregnant women; 4) history of mental disease; 5) history of musical training or other activities 
involving hand dexterity. The enrolled patients included 176 males (63.8%) and 100 females (36.2%), and the average age of all 
patients was 44.59 ± 12.62 years old. The cohort had 126 cases of World Health Organization (WHO) grade II tumors, 67 cases of WHO 
grade III and 83 cases of WHO grade IV, with 154 tumors in the left hemisphere, and 122 tumors in the right hemisphere. The general 
clinical data of the patients are shown in Table 1. 

2.3. Magnetic resonance imaging 

All patients underwent a preoperative 3.0T MR scan. Conventional MRI sequences were performed in all patients and the pa
rameters were as follows: repetition time: 5500 MS; echo time: 120 ms; field of view: 240 × 240 mm2; layer thickness: 5 mm; layer 
spacing: 1 mm; turning angle: 150◦. All images were obtained by using the 512 × 512 voxel matrix. The voxel size was 0.47 × 0.47 ×
6.0 mm3. T2 axial images were selected for study and the morphology of HMC was subject to mutual analysis by MRIcron software 
(http://www.nitrc.org/projects/mricron). 

2.4. Morphological evaluation of HMC 

Prior to the assessment of HMC, the clinical data of all patients were confidential. The researchers first identified the anterior 
central gyrus in two ways: 1) by identifying the relationship between the end of the anterior central gyrus and the posterior part of the 
inferior frontal gyrus; 2) by identifying the superior frontal gyrus and the anterior central sulcus. The cortex protruding from the 
middle and upper part of the anterior central gyrus to the central sulcus is considered the hand area. Meanwhile, it is necessary to 
adjust the number of axial slices to accurately evaluate the morphology of HMC. The evaluation was performed according to the actual 
observation, the changing trend of the shape (if any) should also be recorded. The assessment was conducted independently by two 
neurosurgeons, if their results were inconsistent, the conflicts would be resolved through group meetings with adding an experienced 
neuroradiologist. 

2.5. Statistical analysis 

Statistical analysis was performed using SPSS Statistics (Version 19.0, IBM Corp., Armonk, New York, USA) and GraphPad Prism 
(Version 8.0.1, GraphPad Software Inc., San Diego, California, USA). The chi-square test was used to detect the distribution of different 
morphological types in the cerebral hemisphere and its gender gap. The Kappa test was used to detect the morphological consistency of 
HMC between bilateral cerebral hemispheres. P < 0.05 was considered statistically significant. 

3. Results 

3.1. Morphological classification of HMC 

In all 276 glioma patients, 552 brain hemispheres were studied. Four morphological types were observed: Ω, ε, Ω-ε, ε-Ω. Among 
those four subtypes, Ω and ε were previously reported classical types, Ω-ε represented that the shape of HMC gradually changed from Ω 
to ε with the increase of MRI layers, and vice versa. The last two subtypes could only be seen in hemispheres affected by gliomas, and 
ε-Ω were only seen in the left affected cerebral hemisphere of male patients (Figs. 1–4). The most common morphological subtypes 

Fig. 1. The morphology of bilateral HMC. A) The 20th slice from the baseline of the magnetic resonance axial image, the morphology of the 
bilateral HMC is Ω. B) On the 21st slice, the morphology of the bilateral HMC is still Ω. 
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from high to low were Ω, ε, Ω-ε, and ε-Ω. 

3.2. Distribution of morphological subtypes 

The distribution of morphological subtypes in the bilateral hemispheres was as follows: 1) in the left hemisphere, 153 cases of Ω 
(55.4%), 77 cases of ε (27.9%), 43 cases of Ω-ε (15.6%), 3 cases of ε-Ω (1.1%); 2) in the right hemisphere, 160 cases of Ω (58.0%), 87 
cases of ε (31.5%), 29 cases of Ω-ε (10.5%). No significant difference was identified in the distribution of morphological subtypes 
between the bilateral hemispheres (p = 0.0901, Chi-square test, Table 2). In addition, in order to assess the effect of gliomas on the 
morphology of HMC, we compared the distribution of morphological subtypes between the tumor-affected and healthy hemispheres. 
The results were as follows: 1) in the tumor-affected hemisphere, 157 cases of Ω (56.9%), 79 cases of ε (28.6%), 37 cases of Ω-ε 
(13.4%), 3 cases of ε-Ω (1.1%); 2) in the healthy hemisphere, 156 cases of Ω (56.5%), 85 cases of ε (30.8%), 35 cases of Ω-ε (12.7%). No 
significant difference was identified in the distribution of morphological subtypes between the tumor-affected hemisphere and the 
healthy hemisphere (p = 0.3507, Chi-square test, Table 3). 

3.3. Morphological consistency of HMC between the bilateral hemispheres 

Among all 276 patients, 209 (75.8%) showed morphological consistency of HMC between the bilateral hemispheres: 128 cases of Ω 
(46.4%), 58 cases of ε (21.0%), 23 cases of Ω-ε (8.4%). In the 176 male patients, 133 (75.6%) showed morphological consistency of 
HMC, with 70 cases of Ω (39.8%), 46 cases of ε (26.1%), 17 cases of Ω-ε (9.7%). In comparison, in the 100 female patients, 76 (76.0%) 
showed morphological consistency of HMC, with 58 cases of Ω (58.0%), 12 cases of ε (12.0%), 6 cases of Ω-ε (6.0%). Overall, the 
morphological consistency of HMC between the bilateral hemispheres was significant, regardless of gender difference (p < 0.0001 for 
the whole cohort, males and females, Kappa test, Tables 2, 4 and 5). 

3.4. The influence of gender on the morphology of HMC 

As previous studies suggested that gender differences could lead to different arrangements of sulcus and gyrus in the cerebral cortex 
and thus result in morphological differences, here we also tried to investigate the influence of gender on the morphology of HMC. In the 
176 male patients, the distribution of morphological subtypes of HMC in the bilateral hemispheres was as follows: 1) in the left 
hemisphere, 89 cases of Ω (50.6%), 57 cases of ε (32.3%), 27 cases of Ω-ε (15.4%), 3 cases of ε-Ω (1.7%). 2) in the right hemisphere, 87 
cases of Ω (49.4%), 66 cases of ε (37.5%), and 23 cases of Ω-ε (13.1%). In the 100 female patients, the distribution of morphological 
subtypes was as follows: 1) In the left hemisphere, 64 cases of Ω (64.0%), 20 cases of ε (20.0%), 16 cases of Ω-ε (16.0%). 2) In the right 
hemisphere, 73 cases of Ω (73.0%), 21 cases of ε (21.0%), and 6 cases of Ω-ε (6.0%). Overall, the difference is not statistically sig
nificant in the distribution of morphological subtypes between the bilateral hemispheres in either male or female patients (p = 0.2613 
and 0.0758 for males and females, respectively, Chi-square test, Table 4). However, it seemed that the ε subtype was more common in 
male patients (p = 0.0002, Chi-square test, Table 6). 

3.5. The influence of tumor pathology on the morphology of HMC in the tumor-affected hemisphere 

The relationship between the morphology of HMC in the tumor-affected hemisphere and glioma grade was assessed. The results 
were as follows: 1) in patients with WHO grade II gliomas: 66 cases of Ω, 41 cases of ε, 17 cases of Ω-ε, 2 cases of ε-Ω; 2) in patients with 
WHO grade III gliomas: 41 cases of Ω, 21 cases of ε, 5 cases of Ω-ε, none of ε-Ω; 3) in patients with WHO grade IV gliomas: 50 cases of Ω, 
17 cases of ε, 15 cases of Ω-ε, 1 case of ε-Ω. There was no significant difference in the distribution of morphological subtypes of the 
tumor-affected hemisphere (p = 0.2573, Chi-square test, Table 7). 

Fig. 2. The morphology of bilateral HMC. A) The 20th slice from the baseline of the magnetic resonance axial image, the morphology of the 
bilateral HMC is ε. B) On the 21st slice, the morphology of the bilateral HMC is still ε. 
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Glioma can originate from either astrocytes or oligodendrocytes. Here, we also investigated the correlation between the 
morphology of HMC in the tumor-affected hemisphere and tumor origin. Among the 276 tumors, 115 originated from astrocytes, while 
161 originated from oligodendrocytes. In patients with astrocytic tumors, the distribution of morphological subtypes was as follows: 
67 cases of Ω, 24 cases of ε, 23 cases of Ω-ε, 1 case of ε-Ω. In patients with oligodendroglial tumors, there are 90 cases of Ω, 55 cases of ε, 
14 cases of Ω-ε, and 2 cases of ε-Ω. A significant difference was identified in the distribution of morphological subtypes of HMC in the 
tumor-affected hemisphere between patients with astrocytic tumors and those with oligodendroglial tumors (p = 0.0135, Chi-square 
test, Table 8). 

Fig. 3. The morphology of bilateral HMC. A) The 20th slice from the baseline of the magnetic resonance axial image, the morphology of the 
bilateral HMC is Ω. B) On the 21st slice, the morphology of the bilateral HMC is ε. 

Fig. 4. The morphology of bilateral HMC. A) The 20th slice from the baseline of the magnetic resonance axial image, the morphology of the left 
HMC is Ω. B) On the 21st slice, the morphology of the left HMC is ε. 

Table 2 
Distribution of morphologic variants in HMC across both hemispheres in glioma patients.    

Right Total 

Ω ε Ω-ε ε-Ω 

Left Ω 128 (46.4) 21 (7.6) 4 (1.4) 0 (0.0) 153 (55.4)  
ε 17 (6.2) 58 (21.0) 2 (0.7) 0 (0.0) 77 (27.9)  
Ω-ε 13 (4.7) 7 (2.5) 23 (8.4) 0 (0.0) 43 (15.6)  
ε-Ω 2 (0.7) 1 (0.4) 0 (0.0) 0 (0.0) 3 (1.1) 

Total  160 (58.0) 87 (31.5) 29 (10.5) 0 (0.0) 276 

No significant difference was observed in the incidence of morphological variants of HMC across bilateral cerebral hemispheres (p = 0.0901, Chi- 
square test). 
The morphology of HMC in bilateral cerebral hemispheres demonstrated consistency (p < 0.0001, Kappa test). 
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Table 3 
Comparative analysis of HMC morphologic variants in glioma-affected and unaffected hemispheres.    

Unaffected Total 

Ω ε Ω-ε ε-Ω 

Affected Ω 128 (46.4) 22 (8.0) 7 (2.5) 0 (0.0) 157 (56.9)  
ε 16 (5.8) 58 (21.0) 5 (1.8) 0 (0.0) 79 (28.6)  
Ω-ε 10 (3.6) 4 (1.4) 23 (8.4) 0 (0.0) 37 (13.4)  
ε-Ω 2 (0.7) 1 (0.4) 0 (0.0) 0 (0.0) 3 (1.1) 

Total  156 (56.5) 85 (30.8) 35 (12.7) 0 (0.0) 276 

No significant difference was observed in the morphological incidence of HMC between affected and unaffected cerebral hemispheres (p = 0.3507, 
Chi-square test). 

Table 4 
Distribution of HMC morphology in bilateral cerebral hemispheres among male patients.  

Men  Right Total 

Ω ε Ω-ε ε-Ω 

Left Ω 70 (39.8) 15 (8.5) 4 (2.3) 0 (0.0) 89 (50.6) 
ε 9 (5.1) 46 (26.1) 2 (1.1) 0 (0.0) 57 (32.3) 
Ω-ε 6 (3.4) 4 (2.3) 17 (9.7) 0 (0.0) 27 (15.4) 
ε-Ω 2 (1.1) 1 (0.6) 0 (0.0) 0 (0.0) 3 (1.7) 

Total  87 (49.4) 66 (37.5) 23 (13.1) 0 (0.0) 176 

No significant difference was observed in the incidence of morphological variants of HMC across bilateral cerebral hemispheres (p = 0.2613, Chi- 
square test). 
Consistent morphology of HMC was demonstrated in bilateral cerebral hemispheres (p < 0.0001, Kappa test). 

Table 5 
Distribution of HMC morphology in bilateral cerebral hemispheres among female patients.  

Women  Right Total 

Ω ε Ω-ε ε-Ω 

Left Ω 58 (58.0) 6 (6.0) 0 (0.0) 0 (0.0) 64 (64.0)  
ε 8 (8.0) 12 (12.0) 0 (0.0) 0 (0.0) 20 (20.0)  
Ω-ε 7 (7.0) 3 (3.0) 6 (6.0) 0 (0.0) 16 (16.0)  
ε-Ω 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 

Total  73 (73.0) 21 (21.0) 6 (6.0) 0 (0.0) 100 

No significant difference was found in the incidence of HMC morphological variants across bilateral cerebral hemispheres (p = 0.0757, Chi-square 
test). 
Consistent morphology of HMC was observed in bilateral cerebral hemispheres (p < 0.0001, Kappa test). 

Table 6 
Overall incidence of HMC morphology in male and female patients.   

Ω ε Ω-ε ε-Ω Hemispheres 

Male 176 (50.0) 123 (34.9) 50 (14.2) 3 (0.9) 352 
Female 137 (68.5) 41 (20.5) 22 (11.0) 0 (0.0) 200 

A significant difference was observed in the total incidence of four HMC types between male and female patients (p = 0.0002, Chi-square test).. 

Table 7 
Distribution of HMC morphology in affected cerebral hemispheres across different pathological grades.    

II III IV Total  

Ω 66 41 50 157  
ε 41 21 17 79  
Ω-ε 17 5 15 37  
ε-Ω 2 0 1 3 

Total  126 67 83 276 

No significant difference was observed in the morphological distribution of HMC (p = 0.2573, Chi-square test). 
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3.6. The influence of age on the morphology of HMC 

To analyze whether age has an impact on the morphology of the HMC, we divided the subjects into two groups (20–40years, 
>40years). And we found that there was no significant difference in the distribution of morphology of HMC between the two groups (p 
= 0.4641, Chi-square test, Table 9). 

4. Discussion 

HMC is a crucial anatomical structure that protrudes from the central anterior gyrus to the central sulcus. In the current study, we 
investigated the morphology of HMC on axial MRI in a large cohort of glioma patients, and proposed a new morphological classifi
cation of HMC with four subtypes: Ω, ε, Ω-ε (Ω convert to ε), ε-Ω (ε convert to Ω). 

In this study, we only enrolled patients whose central anterior gyrus was not pushed or infiltrated by their tumors to exclude the 
direct effect of glioma on the morphology of HMC. We found no significant difference in the distribution of morphological subtypes in 
the bilateral hemispheres or between the affected and healthy hemispheres. It was worth noting that the ε-Ω subtype could be only 
found in the tumor-affected left hemisphere of male patients, but the incidence was extremely low. We speculated that this subtype 
might be accidental and could be caused by the potential indirect influence of tumor. As we know, the normal aging process can affects 
gyrification, and as age increases, the brain become more flattened, to avoid bias caused by age, we divided the subjects into two 
groups (20–40 years,>40 years). And we found that there was no significant difference in the distribution of morphology of HMC 
between the two groups. 

Previous studies suggested that gender differences in the morphology of HMC, women were more likely to have the folding of the 
frontal and parietal cortex, and have higher complexity of the cerebral cortex [18,19]. Our study did not find significant differences in 
the distribution of morphological subtypes between male and female patients. However, ε subtype was more common in male patients, 
and ε-Ω could be seen only in male patients, either. If we consider that the ε subtype is a more complex morphological presentation of 
the hand motor cortex, such results were inconsistent with a study published by Louders et al. [19], but consistent with the results 
reported by Caulo et al. [13]. One of the reasons may be that Louders et al. used a three-dimensional analytic technique, while Caulo 
et al. and our study used a two-dimensional analytic technique. 

Hemispheric asymmetry has been accepted as a typical feature of the human brain. In general, during the development of the 
human brain, the bilateral cerebral hemispheres remain relatively symmetrical, and due to some acquired reasons, such as gender, age, 
and environment, the bilateral cerebral hemispheres can appear asymmetric in certain areas. Some previous studies showed that 
asymmetry in the cerebral hemispheres was more common in males, and such asymmetry can be observed in the temporal surface, 
parietal lobe, and the posterior part of the end of the sylvian fissure [13,20]. However, in the current study, we found that the 
morphology of HMC between the bilateral hemispheres was generally consistent, regardless of gender difference. This may indicate 
that the morphology of HMC is not the main manifestation of hemispheric asymmetry. 

There was no previous research on the relationship between the morphology of HMC and tumor pathology in glioma patients. In 
our study, we analyzed the influence of tumors on the morphology of HMC according to tumor grade and tumor origin. No difference 
was identified in the distribution of morphological subtypes of the tumor-affected hemisphere among different tumor grades. How
ever, Ω-ε subtype had a sognificantly higher incidence in patients with astrocytic tumors. We speculated that there are two expla
nations for this result. The first possibility is that our sample size is not large enough, resulting in such statistical results. Secondly, it 
may be attributed to differences in the biological behaviors between astrocytic and oligodendroglial tumors. Astrocytic tumors are 
highly invasive and generally show a diffuse infiltrating growth pattern. On the contrary, oligodendroglial tumors often exert a 
squeezing effect on the surrounding brain tissue. Accordingly, in patients with astrocytic tumors, the morphology of HMC is more 
complicated. Although the tumor is far from HMC(>2 cm), the morphology of HMC will still be affected by tumors, it may be related to 
distant microinfiltration or growth factors secreted by the tumor, this requires further experimental verification. 

The study had its limitations. Firstly, it was performed only based on two-dimensional analysis. However, as axial images are 
commonly used in clinical practice and are convenient for neurosurgeons, such limitation was relatively acceptable. Secondly, only 
right-handed patients were included in the study. The relationship between the morphology of HMC and handedness should be further 
investigated. Thirdly, we did not conduct external verification to support our results. Finally, this study only found that gliomas may 
affect the morphology of HMC, and did not delve into its underlying mechanism. Of course, we are currently conducting research in an 
attempt to explain this phenomenon. 

Table 8 
Distribution of HMC morphology in affected cerebral hemispheres of various pathological origins.    

A O Total  

Ω 67 90 157  
ε 24 55 79  
Ω-ε 23 14 37  
ε-Ω 1 2 3 

Total  115 161 276 

A significant difference was observed in the morphological distribution of HMC in the affected cerebral hemisphere (p = 0.0135, 
Chi-square test). 
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5. Conclusion 

In the current study, we proposed a new morphological classification of HMC with four subtypes: Ω, ε, Ω-ε (Ω convert to ε), ε-Ω (ε 
convert to Ω). No significant difference was identified in the distribution of morphological subtypes between the bilateral hemispheres, 
or between the tumor-affected and healthy hemispheres, and the morphology of HMC between the bilateral hemispheres were 
generally consistent. Moreover, gender and tumor origin may affect the morphology of HMC. The results can help our clinical practice, 
enabling us to further understand the spatial structure of the cerebral hemispheres. 
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