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Abstract

:

The endocast was paid great attention in the study of human brain evolution. However, compared to that of the cerebrum, the cerebellar lobe is poorly studied regarding its morphology, function, and evolutionary changes in the process of human evolution. In this study, we define the major axis and four measurements to inspect possible asymmetric patterns within the genus Homo. Results show that significant asymmetry is only observed for the cerebellar length in modern humans and is absent in Homo erectus and Neanderthals. The influence of occipital petalia is obscure due to the small sample size for H. erectus and Neanderthals, while it has a significant influence over the asymmetries of cerebellar height and horizontal orientation in modern humans. Although the length and height of the Neanderthal cerebellum are comparable to that of modern humans, its sagittal orientation is closer to that of H. erectus, which is wider than that of modern humans. The cerebellar morphological difference between Neanderthals and modern humans is suggested to be related to high cognitive activities, such as social factors and language ability.
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1. Introduction


Endocast, or brain endocast, is the cast made of the interior of the neurocranium of a skull [1]. Endocast is the only agent to investigate how the human brain evolved physically in the process of evolution [2] regarding its volume [3,4,5,6,7], surface features [8,9,10,11], or size and shape [12,13,14,15,16].



Asymmetry of the brain, as one of the most debated questions, exhibits at different levels, such as the Broca’s area [17,18], perisylvian region [19], central sulcus, cortical and subcortical regions, lobes, and hemispheres [20,21]. Brain asymmetry is often related to functional and evolutionary significance; for example, petalia and the Yakovlevian torque is a geometric distortion of the brain hemisphere, in which the left occipital lobe and the right frontal lobe are wider and longer than the opposite side [21]. While a combination of left occipital and right frontal petalia is common in modern humans and fossilized hominins and is regarded as evidence of right-handedness [22,23,24], such observations are less exaggerated or rarely consistent in great apes and other primates [15,25]. Also, capuchins display a leftward frontal petalia [26] while macaques show the rightward frontal petalia [27], and both were absent of a left occipital petalia.



Compared to that of the cerebrum, the cerebellum receives less attention and is still poorly understood. However, with the advances of neuroimaging technology and theoretical innovation, there is increasing study of the cerebellum regarding its morphology, function, and evolutionary changes. Moreover, evidence from neuroimaging uncovers the cerebellum as the “missing link” in many cognitive domains [28]. Sereno, et al. [29] revealed in a recent study that the cerebellar cortex covers almost 80% of the surface area of the cerebral cortex, and the expansion of the human cerebellar surface area even exceeds the cerebral cortex when compared to that of monkeys. Also, neuroimaging evidence suggests that the function of the cerebellum is also highly involved in cognitive and social activities [30,31,32,33], which is also supported by clinical studies, such as developmental dyslexia [34,35].



The evolutionary changes of the cerebellum were also hotly debated. Studies suggest that the cerebellum shows a similar asymmetric pattern as the cerebrum (the left-occipital, right-frontal petalia), with larger anterior lobules on the right side and larger posterior lobules on the left side [36,37]. Compared to that of humans, the cerebellar torque is opposite in chimpanzees [26], while absent in capuchins. MacLeod, Zilles, Schleicher, Rilling, and Gibson [31] found that hominins have a great increase in the lateral cerebellum compared to that of monkeys. It is also a popular idea that the cerebrum and cerebellum underwent several expansions and reorganizations in the process of human evolution [2]. Weaver [38] came up with a hypothesis that the evolution of human cerebellar/neocortical occurred in three stages; the first stage as early encephalization with an expansion of the neocortex during Early-to-Middle Pleistocene; the second stage as the dramatic encephalization primarily happened to the neocortex in Middle-to-Late Pleistocene humans, accompanied by a proliferation of cultural objects as well as an increase in complex behaviors, such as pyrotechnology and prepared core techniques, and the third stage happened in the late Late Pleistocene and Holocene, with an increase in cognitive efficiency as a result of expanded cerebellar capacity, which is the reason why modern humans can do more without an increase in net brain volume. Cerebellar specialization is thought to be an important component in the evolution of humanity’s advanced technological capacities and languages [39,40].



The cerebellum is classically divided into three lobes, namely, the anterior lobe, the posterior lobe, and the flocculonodular lobe; it also has three major surfaces, with the superior surface toward the tentorium cerebelli, the posterior surface toward the internal occipital bone, and the anterior surface toward the petrous pyramid [41]. The cerebellar lobe reconstructed from the cerebellar fossa is surrounded by transverse sinus, sigmoid sinus, and occasionally occipital and marginal sinus. Accurate and homologous landmarks are important in the study of endocasts, such as in the case of Taung australopithecine endocast, in which a vague position of the lunate sulcus caused great debate [1,42,43,44,45,46,47,48]. Unlike the cerebrum, there are no gyrus or sulcus that exist on the surface of the cerebellum, and hence, it is difficult to identify landmarks to measure.



In this study, we tentatively define the major axis and four measurements on the cerebellum to achieve a more accurate between-group comparison. The main aim of this study is (1) to test whether certain asymmetric patterns existed within the genus Homo; (2) to find out possible factors that affected the asymmetry, and to (3) provide morphological evidence for cerebellar reorganization and cognitive increases in the genus Homo.




2. Materials and Methods


2.1. Materials


A total of 45 specimens were used in this study (as illustrated in Table 1), including Homo erectus (n = 11), Homo neanderthalensis (n = 4), and extant Homo sapiens (modern humans, n = 30). H. erectus specimens were mostly sourced from Asia and Indonesia to avoid significant regional differences. The 3D data of the fossil hominins were laser-scanned from endocast models housed in the American Museum of Natural History (AMNH) and the Institute of Vertebrate Paleontology and Paleoanthropology (IVPP) with a resolution of 0.5 mm or higher. Endocasts of extant H. sapiens were reconstructed from CT scans with a resolution of 160 μm. Frontal pole to occipital pole length was also measured in this study and compared to that of those from literature to ascertain whether no great discrepancy existed.




2.2. Cerebellar Metrics


Due to lacking prominent anatomical features, homologous landmarks on the cerebellar lobe are difficult to recognize and define. Although previous studies used transverse sinus and sigmoid sinus defining measurements of the cerebellum [1], the great variation suggests that the sinus was not an adequate reference.



Considering the ellipsoid shape of the cerebellar lobe, the size and shape can be best depicted by the major axis and two points it passes through (as illustrated in Figure 1). Here, we define the major axis as a straight line that divides the cerebellar lobe into two halves from both the inferior view and the posterior view. The point that the major axis passes through at the anterior part is defined as the most lateral and inferior point (LI point), which in most cases is medial to the sigmoid sinus. The point that the major axis passes through at the posterior part is defined as the most medial and superior point (MS point), which is close to the internal occipital protuberance point and is often asymmetric because of the occipital petalia. With the endocast at the standard position using the front pole to occipital pole as the horizontal plane [1], four measurements were defined upon the major axis (as illustrated in Figure 1, Table 2), namely, the cerebellar length, cerebellar height, sagittal orientation (the orientation of the major axis relative to the sagittal plane), and horizontal orientation (orientation of the major axis relative to the horizontal plane). Asymmetric parameters were also calculated as the difference between the left and right sides of the same measurement (L–R) [15], namely, the ML.lr, H.lr, Sagi.lr, and Hori.lr. The determination of the landmarks and the measurements were performed in Rapidform XOR3.




2.3. Descriptive Statistics of the Asymmetries


To demonstrate overall asymmetries of the cerebellum, all the measurements were summarized regarding different populations and measurements, with mean value, standard deviation, and coefficient of variation (CV) being presented. Paired t-test was conducted to test the difference between the two sides with bootstrap considering the small sample size.




2.4. Analysis of Covariance


Cerebellar size and shape may be influenced by occipital petalia and brain size (allometry) [49]. Therefore, those two factors were recorded and analyzed in this study. Endocasts with left occipital petalia, right occipital petalia, or equally bilateral situation are recorded as L, R, and B, respectively. To test how cerebellar asymmetries were influenced by those two factors, analysis of covariance (ANCOVA) was conducted within each population group, with asymmetric parameters as the dependent variable, natural log-transformed cranial capacity as the covariate, and occipital petalia as the independent variable.



The statistical analysis and plotting were carried out in R [50], with packages “plyr”, “tidyverse” and “ggplot2” [51].





3. Error Evaluation


To avoid interobserver error, all measurements were measured by the same author Y.Z. Also, to assess intraobserver error, three specimens were chosen and measured six times repeatedly on six different days. The coefficient of variation (CV) is calculated with the repeated measurements (as illustrated in Table 3). The intraobserver error is well controlled within most of the measurements except for the horizontal angle. All of the measurements were included in the formal analysis, although the results of the horizontal angle should be taken with great caution.




4. Results


4.1. Description of Cerebellar Asymmetries


Results of the descriptive statistics and bootstrapped t-test were shown in Table 4. No significant asymmetry was observed among the four measurements within H. erectus and H. neanderthalensis. However, the result of Neanderthals should be taken with caution as only a small sample size is available. Within the H. sapiens group, only the cerebellar length is significantly larger on the left side.



Together with the boxplot (as illustrated in Figure 2), a preliminary evolutionary change of the cerebellar metrics can be summarized. There is an obvious growth of the cerebellar length and cerebellar height for Neanderthals and modern humans over the H. erectus. However, the sagittal orientation of the cerebellar is wider for Neanderthals and H. erectus while this value is quite small for modern humans. For the horizontal orientation, Neanderthals and modern humans are relatively steep while it is rather flat in H. erectus. The CVs of horizontal orientation are high in the process of error evaluation and may contribute to within-group variation here.




4.2. ANCOVA


In H. erectus, the ANCOVA (as illustrated in Table 5) revealed a significant relationship between cerebellar length asymmetric parameter (ML.lr) and both cranial capacity and occipital petalia while other parameters had no such relationship. From the scatterplot (as illustrated in Figure 3), negative allometry can be observed between ML.lr and cranial capacity in H. erectus, indicating that individuals with small brain size will have a larger cerebellar length on the left side. However, only two specimens of H. erectus have right occipital petalia (as illustrated in Figure 3), making the relationship between cerebellar length and occipital petalia questionable.



Within H. sapiens, cranial capacity does not affect the asymmetric parameter significantly. Occipital petalia had a significant influence on cerebellar height asymmetric parameter (H.lr) and horizontal orientation asymmetric parameter (Hori.lr). Endocasts with right occipital petalia tend to have large positive H.lr and Hori.lr, indicating a tall and steep-orientated cerebellar lobe on the left side.



Because all of the four Neanderthal specimens were left occipital petalia, we performed linear regression instead of the ANCOVA in Neanderthals. Results show that Hori.lr is significantly affected by the cranial capacity. A large brain size would be accompanied by a steep cerebellar lobe, as revealed in the scatterplot (as illustrated in Figure 3).





5. Discussion


5.1. Cerebellar Asymmetric Pattern


The cerebellar asymmetry is only observed in H. sapiens while absent in H. erectus and possibly H. neanderthalensis. In H. sapiens, the cerebellar length is significantly longer on the left side, while its height, sagittal orientation, and horizontal orientation do not differ between left and right side (as illustrated in Figure 4).



Further analysis found that the petalia and cranial capacity did not influence the cerebellar length and sagittal orientation in H. sapiens. However, the occipital petalia is significantly related to cerebellar height and horizontal orientation in H. sapiens. Individuals with right occipital petalia would have high and steep orientated cerebellar on the left side (as illustrated in Figure 4). The prevalence of cerebellum contralateral to the occipital lobe is suggested to be a spatial compensation [52,53], supported by the fact that the occipital petalia can be used as a predictive sign for the transverse sinus [54]. This is not repeated in the cerebellar length and sagittal orientation, indicating that the occipital petalia only affects the superior–inferior dimension instead of the anterior–posterior and medial–lateral dimension of the cerebellum.




5.2. Cerebellar Asymmetry in the Genus Homo


Although cerebellar expansion can be traced back to great apes [38], the asymmetries of the cerebellum appear quite recently in H. sapiens, which is absent in H. erectus and possibly H. neanderthalensis. Also, this differs from the fact that the cerebral laterality is distinguished in early hominins compared to that of the great apes [22,25]. We provide more evidence for the difference of evolutionary trajectories between the cerebrum and cerebellum.



A flat parietal lobe, elongated occipital lobe, and flat cerebellar lobe are thought to be unique features among Neanderthal endocasts [12]. Compared to that of Neanderthals, the endocast of modern humans is much more globular, including the parietal and the cerebellum lobe [55]. The globularity of the endocast of modern humans mainly originates from the parietal expansion rather than the cerebellum [12]. Congruent with previous studies, we find that modern humans do not differ from Neanderthals much at the cerebellar length and height (without size correction), and horizontal orientation. Our results support the idea that the tentorium cerebelli prevented the horizontal dimensions, such as the cerebellar height and horizontal orientation, from diverging greatly between Neanderthals and modern humans [12]. Meanwhile, the sagittal orientation is significantly narrower in modern humans when compared to that of Neanderthals. The small sample size of the Neanderthals aside, this may reflect a species-specific feature. If so, such difference possibly occurs during the “globularization-phase” when critical features of the human brain were established [55]. This might provide new evidence for the different rates and timing of brain development between Neanderthals and modern humans. However, such a statement needs more study and ontogenetic evidence. We suggest this to be related to higher cognitive abilities, such as social factors [56] and language abilities [57], that differ mostly between H. sapiens and Neanderthals [58].




5.3. Limitations


Considering the difficulty in obtaining homologous landmarks on the cerebellum, this is still a very preliminary study. The morphological information obtained is limited, and the uncertainty of the landmarks also introduced errors, especially in the measurement of the horizontal orientation. Further studies with landmark-free methods are suggested to reduce measurement error and extract more information from the whole cerebellar surface. Also, the basilar part of the cranium is rarely well preserved in human fossils and led to the small sample size in the analysis, which also prohibited us from obtaining convincing results.
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Figure 1. Diagram of major axis and four measurements of cerebellum on endocast from inferior (a) and posterior view (b). MLL and MLR, cerebellar length on the left and right side; MS point, medial-superior point; LI point, lateral-inferior point; SagiL and SagiR, orientation of major axis relative to sagittal and horizontal plane; HL and HR, cerebellar height on left and right side. 
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Figure 2. Boxplot of cerebellar metrics. 
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Figure 3. Allometric trend of asymmetric parameters in three populations; B, bilateral; L, left occipital petalia; R, right occipital petalia. 
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Figure 4. Cerebellar asymmetric pattern represented by Ngandong 7, La Ferrassie 1, and modern human. 
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Table 1. List of specimens used in the study.
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	Populations
	Number
	Specimens and Source





	Homo erectus
	11
	ZKD III, ZKD XI, Hexian (IVPP); OH 9, WT 15000, Sale, Sangiran 2, Sangiran 17, Ngandong 7, Ngandong 12, Sambungmacan 3 (AMNH)



	Homo neanderthalensis
	4
	La Ferrassie 1, Gibraltar, Spy 1, Spy 2 (AMNH)



	Homo sapiens
	30
	Modern Chinese (IVPP)
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Table 2. Definition and abbreviation of measurements.
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	Measurements
	Abbreviation (Right/Left)
	Definition





	Cerebellar length
	MLR/MLL
	Length of the cerebellar major axis



	Cerebellar height
	HR/HL
	Height of the cerebellum, measured from the MS point to the lowest margin of the cerebellum



	Sagittal orientation
	SagiR/SagiL
	Orientation of the major axis relative to the sagittal plane, depicting how the cerebellar lobe orientated medial-laterally



	Horizontal orientation
	HoriR/HoriL
	Orientation of the major axis relative to the horizontal plane, depicting how the cerebellar lobe orientated superior-inferiorly



	Asymmetric parameters
	ML.lr, H.lr, Sagi.lr, Hori.lr
	Difference between the left and right side of the same measurement, calculated as (L–R)
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Table 3. CV calculated from repeated measurements of chosen specimens.
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	Specimen
	Side
	ML
	H
	Sagi
	Hori





	Ngandong 7
	right
	2.42
	7.95
	8.88
	16.33



	Ngandong 7
	left
	0.73
	2.44
	2.01
	22.46



	Gibraltar
	right
	1.75
	8.34
	3.70
	40.03



	Gibraltar
	left
	3.52
	4.15
	4.36
	33.63



	yno4f
	right
	0.86
	4.12
	3.29
	24.41



	yno4f
	left
	1.03
	1.33
	5.49
	19.23
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Table 4. Descriptive results of measurements and bootstrapped t-test.
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Population

	
Side

	
Metrics

	
ML

	
H

	
Sagi

	
Hori






	
H. erectus (n = 12)

	
right

	
mean

	
48.68

	
15.18

	
40.47

	
7.68




	
sd

	
4.21

	
1.83

	
5.49

	
2.18




	
cv

	
8.65

	
12.05

	
13.56

	
28.42




	
left

	
mean

	
49.95

	
15.65

	
38.45

	
8.81




	
sd

	
3.56

	
1.30

	
5.11

	
3.23




	
cv

	
7.13

	
8.30

	
13.29

	
36.66




	

	
p

	
0.10

	
0.45

	
0.19

	
0.26




	
H. neanderthalensis (n = 4)

	
right

	
mean

	
60.33

	
22.85

	
41.35

	
11.20




	
sd

	
4.28

	
3.39

	
3.36

	
4.53




	
cv

	
7.09

	
14.84

	
8.13

	
40.47




	
left

	
mean

	
61.65

	
20.38

	
43.15

	
10.25




	
sd

	
4.70

	
4.41

	
4.66

	
5.76




	
cv

	
7.63

	
21.64

	
10.79

	
56.19




	

	
p

	
0.64

	
0.43

	
0.25

	
0.37




	
H. sapiens (n = 30)

	
right

	
mean

	
58.17

	
21.78

	
35.40

	
9.90




	
sd

	
2.65

	
3.02

	
3.27

	
2.82




	
cv

	
4.55

	
13.86

	
9.24

	
28.52




	
left

	
mean

	
59.75

	
22.01

	
36.50

	
9.83




	
sd

	
3.33

	
3.05

	
3.46

	
2.77




	
cv

	
5.57

	
13.85

	
9.48

	
28.14




	

	
p

	
0.01 *

	
0.64

	
0.21

	
0.91








* Significance level is lower than 0.05.
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Table 5. p-value of asymmetric parameters from ANCOVA.
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Asymmetric Parameter

	
Term

	
H. erectus

	
H. sapiens

	
H. neanderthalensis






	
ML.lr

	
ln CC

	
0.03 *

	
0.11

	
0.45




	
Occipital Petalia

	
0.01 *

	
0.42

	




	
H.lr

	
ln CC

	
0.89

	
0.51

	
0.21




	
Occipital Petalia

	
0.89

	
0.01 *

	




	
Sagi.lr

	
ln CC

	
0.42

	
0.26

	
0.49




	
Occipital Petalia

	
0.06

	
0.12

	




	
Hori.lr

	
ln CC

	
0.14

	
0.56

	
0.00 *




	
Occipital Petalia

	
0.51

	
0.01 *

	








* Significance level is lower than 0.05.
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