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Abstract 
	This project explores the under-studied phenomenon of directional asymmetry with regard to hand dominance, using radiographs of left and right metacarpals from the burial population at the colonial Hospital Real San Jose de los Naturales, in present day Mexico City. Bilateral asymmetry has recently become a more popular area of research within bioarchaeology, but is still relatively new and includes a small number of studies. There has also been very little bioarchaeological research using populations in the Americas, relative to the amount of research using European populations. Using radiographs of the second metacarpals of 73 individuals from Colonial Mexico, the percent of directional asymmetry was calculated and analyzed in order to determine rates of hand dominance and potential differences between the sexes. The results of this study show distinct right-left asymmetry for several measures across the entire sample, namely total length and head width. The data also show that while most of the sample was likely right-hand dominant, there is a portion of the population with clear left-bias, suggesting that the second metacarpal will be larger on the right or left side depending on hand dominance and biomechanical stress. 

Introduction
	Hand dominance is a fascinating phenomenon among humans, the origins of which are still not completely understood. While the analysis of bilateral asymmetry in the skeleton has many uses within bioarchaeology, it is not often used to discuss hand dominance. Bilateral asymmetry can be caused by many different factors, including activity. While hand dominance may not have as significant of an impact on people’s daily lives as things like gender identity or racial background, there is enough of a difference in the biomechanical stress on each hand that it can leave an impression on the skeleton, and interesting information about life in the past can still be gained by looking at the evidence of hand dominance within a population. This project explores hand dominance within the population of the Hospital Real San Jose de los Naturales (HSJN) during the colonial period in Mexico City, and investigates whether there were significant sex-based differences in hand dominance.
Understanding the patterns of hand dominance within a population can provide important information, even if it is not a significant cultural factor. Certain activities, such as crafting and hunting, can require the use of one arm or hand more than others, so data relating to hand dominance can help point to the kinds of activities these individuals were often performing in life, and show the extent to which the biomechanical stress of those activities impacted their skeleton. This information, combined with other data from this population, contributes to an overall deeper understanding of the lived experiences in this unique place and time. Additionally, since the study of bilateral asymmetry in relation to hand dominance has thus far been rarely used for bioarchaeological research, this project provides more evidence for the effectiveness of the method.
Background 
Bilateral asymmetry, which refers simply to the difference between the measurements of the right and left side of the body (Krishan et al 2010), is a valuable source of knowledge in skeletal research, both for bioarchaeologists as well as forensic anthropologists and medical doctors. 
Many bioarchaeological studies of bilateral asymmetry focus on the upper limb bones. Several of these studies relate to the behavior of ancient humans and early hominins. Using a sample of 67 humeri from the Late Eneolithic and Early Bronze Age, Sladek et al. (2007) analyzed bilateral asymmetry in order to discover any temporal or sex-based differences in manipulative behavior. Their analysis showed that there were no significant temporal differences in the amount of asymmetry, meaning the pattern of behavior among this population stayed fairly consistent over time. There was a possibly significant difference in the male humeral biomechanical length, but only one of several statistical analyses indicated significance, so it was not definitive (Sladek et al. 2007). Sladek et al. also found that while there were significant sex-based differences in asymmetry for several measurements, they were not significantly different across the two time periods, indicating that there were not major changes in male and female activity between the Late Eneolithic and Early Bronze Age. The authors suggest that the changes that were observed over time were most likely due to an environmental impact, rather than behavioral change (Sladek et al. 2007). 
In another study exploring bilateral asymmetry in the upper limb, Trinkaus et al. (1994) compared the humeri of recent humans, including a sample of living individuals, to prehistoric humans as well as Neanderthals, in order to show how changes in biomechanical stress impact articular and diaphyseal asymmetry. In the recent human sample, Trinkhaus et al. found that there was some bilateral asymmetry in length and distal articular breadth in the humeri, but it was relatively little. However, the diaphyseal cross sections showed a much larger amount of asymmetry in cortical bone and medullary area. The living individuals included in this study were all tennis players, and served as an example of a group with significant humeral asymmetry due to biomechanical stress. The asymmetry of the tennis players was much more significant in comparison to the recent skeletal sample, indicating that the individuals in the recent skeletal sample did not engage in activities with nearly as much of a biomechanical load, at least not with one dominant limb. The samples of modern Euroamericans, prehistoric Amerindians, prehistoric Japanese individuals, as well as the Neanderthal sample, all showed similar patterns of relatively little articular asymmetry and much higher levels of diaphyseal asymmetry, aligning with previous research, which indicated high levels of diaphyseal plasticity in human populations across all time periods, due to changing levels of biomechanical stress (Trinkaus et al. 1994).  
In another study analyzing bilateral asymmetry and population, Kinkopf et al (2023) conducted cross-sectional geometric analysis of the femora of 110 individuals in a medieval cemetery in Italy, Pieve di Pava, in order to examine bone quantity, shape, and bending strength within this particular population. Their results showed significant bilateral asymmetry in many of the individuals, however unlike the typical expectation for medieval Europe, the patterns of asymmetry are not separated clearly between the sexes or ages, indicating that labor was divided differently among the population and individuals had varied experiences of labor throughout their lives, rather than a strict division based on binary gender roles (Kinkopf et al. 2023). This study is an important example of how bilateral asymmetry can be utilized to answer population-specific questions, and reveal significant information about identity and culture. 
Another example for the uses for bilateral asymmetry data include Mara Tesorieri’s (2016) case study of an individual from late Medieval Ireland with clear pathological causes of upper and lower limb asymmetry. It is often difficult in studies of asymmetry to determine whether the asymmetry was caused by pathological or non-pathological factors, and since clear cases of pathologically induced asymmetry are rare, this individual provided important information. The individual’s right upper limb, including the shoulder girdle, shows significant atrophy, and these pathologies along with the severe scoliosis and (less significant) asymmetry of the lower limb were used to attempt a differential diagnosis (Tesorieri 2016). Tesorieri was able to narrow the potential diagnosis to poliomyelitis and cerebral palsy, but differentiating between these conditions is nearly impossible so a definite diagnosis was not possible, though Tesorieri discusses the small differences between them and attempts to further narrow the diagnosis. Since poliomyelitis tends to impact the lower limb more than the upper limb, Tesorieri argues that this individual was most likely suffering from cerebral palsy (Tesorieri 2016). The identification of a case of cerebral palsy in the archaeological record is significant, as it adds to understanding the history of the condition, and a helpful example of pathologically induced asymmetry in the limbs. 
Relatively few studies of bilateral asymmetry in the upper limb focus on the metacarpals rather than the humerus or other bones of the upper limb. However, asymmetry has proven to be an important consideration in other studies of the metacarpals – for example, when using metacarpals as a tool for sex estimation. Nathena et al. (2015) explored sexual dimorphism in the metacarpals, though not in relation to hand dominance, rather as a potential tool for sex estimation. Sex estimation of skeletal remains becomes exponentially more difficult when elements like the cranium and pelvis are not present, so several bioarchaeologists have been exploring sex estimation methods that use elements that are commonly separated from the rest of the skeleton, such as metacarpals, metatarsals, phalanges, and patellae (Nathena et al. 2015). A previous study (Manolis et al. 2009) used seven dimensions of the metacarpals for sex estimation on a Greek population with a relatively high level of accuracy, so Nathena et al. tested this methodology on modern Cretans, in order to determine its viability for application in other populations. The results of this study showed a high rate of accuracy among males, even higher than the Athens sample, however the level of accuracy for females did not exceed 9% (Nathena et al. 2015). Additionally, Nathena et al. found that there were statistically significant differences between right and left metacarpals among the majority of the population, which while consistent with other research, contradicted the findings in the Athens sample. This suggests that some populations show significantly more bilateral asymmetry than others, even in the bones of the hand.  The methodology laid out by Manolis et al. with the Athens collection did not translate well to a Cretan population and therefore is not likely to be applicable to other populations, and it is unlikely that one universal method for sex estimation using metacarpals will be possible, partly because different populations differ in their relative bone proportions, and also because of variation in bilateral asymmetry.  Bilateral asymmetry can clearly be used for a large variety of research goals, and must be taken into account in others, so it is a helpful tool for bioarchaeologists and the number of projects using this approach will likely continue to increase over time.
Types of Asymmetry
There are two major kinds of bilateral asymmetry, directional and fluctuating. Antisymmetry is commonly referred to as the third kind of asymmetry, but it is not discussed often in the literature regarding hand dominance and asymmetry, because it is not a feature of human biology. Fluctuating asymmetry refers to the random developmental variation of a particular trait that is on average perfectly symmetrical, and is impacted by developmental processes and environmental and genetic factors (Graham & Ozener 2016). Fluctuating asymmetry is often studied in relation to developmental instabilities that also arise during prenatal development, such as schizophrenia, Down syndrome, or a cleft palate (McLeod & Coupland 1992) and has been a useful tool in the study of fossil hominins, though it is difficult to determine the exact factors that may have contributed to the observed asymmetry (Graham & Ozener 2016). Fluctuating asymmetry does not only arise due to genetic factors, however. Factors such as socioeconomic status can also increase fluctuating asymmetry, as people of lower socioeconomic status tend to experience more environmental stressors (Ozener 2010). In prehistoric and historic populations, studying fluctuating asymmetry can aid in determining different periods during which there was significant stress among the population, and can be used to compare multiple populations to each other and find connections (Graham & Ozener 2016). Fluctuating asymmetry can be identified in several different ways– Auerbach & Ruff (2006), in their study of directional asymmetry, determined that the asymmetry in individuals with a percent directional asymmetry less than +/-0.5 was more likely to be fluctuating rather than directional. Ozener (2010) essentially used the process of elimination, considering any measurements which were not showing clear directional asymmetry or antisymmetry to be the best measurements for analyzing fluctuating asymmetry. 
Directional asymmetry refers to the bilateral variations in the limb bones that occur due to differences in biomechanical stress and strain with the dominant upper limb tending to be more robust than the other in terms of length and cortical dimensions (Kanchan et al. 2007, Roy et al. 1994, Blackburn 2011). In humans, the upper limb shows much clearer directional asymmetry than the lower limb (Krishan et al. 2010), due to the fact that humans have one dominant arm and hand, while the lower limb shows minimal or no asymmetry (Auerbach and Ruff 2006).
Hand Dominance
Hand dominance has fascinated researchers for many years, as it is a trait that is seemingly unique to humans and its origins and connections with other neurological functions or health conditions has been studied from many different angles. Research into handedness has shown that around 90% of modern human populations show right hand dominance (de Kovel et al. 2019, Forrester et al. 2019, Peters et al. 2006, Kushner et al. 2012). Studies have also demonstrated that handedness is an evolutionary trait that arose early in the human lineage, and developed due to brain lateralization (Forrester et al. 2019, Smaers et al. 2013). In fact, the study by Forrester et al (2019) indicated that handedness developed in connection with tool use, since the language center of the brain is located in the left hemisphere, and apes and humans most often use the right hand for communicative gestures, it is possible that language was developed as a result of tool use, for which humans and great apes tend to favor the right hand (Forrester et al. 2019). Additionally, Forrester et al. suggest that hand dominance is specific to certain contexts– when interacting with inanimate objects, humans and other great apes tend use the right hand, while for interactions with animate objects there is no significant hand preference, and for emotive gestures the left hand tends to be favored, possibly due to the fact that the emotional center of the brain lies in the right hemisphere of the brain (Forrester et al. 2019). This information indicates that hand dominance is an early evolutionary trait possessed by a common ancestor of humans and other great apes, which distinguishes between objects that “require functional manipulation in an ordered sequence of actions to reach a goal state” (Forrester et al. 2019, p. 203), and those that do not. This explains the existence of hand dominance among humans, but if typical brain hemisphere organization leads to right hand dominance, why are some humans left-handed?
In a large-scale study of left handedness, de Kovel et al. (2019) demonstrated that there are a wide range of different factors increasing the chance of left-hand dominance, and many of them are related to the earliest stages of life. Handedness appears to be impacted by sex, birthweight, season of birth, breastfeeding, and being part of a multiple birth, where males who are part of a multiple birth, who were not breastfed, had a low birth weight, and were born in the summer of a recent year have the highest probability of being left-handed (de Kovel et al. 2019). Left handedness is also more common amongst humans with cognitive or psychiatric disorders, immune deficiencies, and other early life instabilities (de Kovel et al. 2019, Halpern & Coren 1991). In addition to these genetic and early life factors, cultural preference can also play a role in hand dominance, which can make it difficult to accurately assess the rates of left-hand dominance in the total human population, and whether or not the proportion of left-handed people has naturally changed over time (de Kovel et al. 2019). Overall, while there are some in-utero indicators of hand dominance, directional asymmetry based on hand dominance does not clearly appear until after the first year of life, as children only really develop a hand preference in the first 1-2 years of life (de Kovel et al. 2019, Blackburn 2011).  
Directional Asymmetry and Hand Dominance 
Much of the previous research regarding bilateral asymmetry and hand dominance has been performed using a living sample (Garn et al. 1976) often citing data from the Baltimore Longitudinal Study of Aging (Shock et al. 1984, Roy et al. 1994, Plato et al. 1980), and is much less common in bioarchaeology. This is in part due to the fact that hand bones are less likely to be recovered or well preserved as they are small and easily lost, and accurate measurements can only be obtained from bones that are in excellent condition. Even with a large sample of well-preserved hand bones, problems arise due to the difficulty of identifying and siding bones like phalanges, and a lack of universal measurement standards. In the previous studies on living samples, the individuals participating in the study were able to tell the researchers which hand of theirs was dominant, and they knew that most of the participants were right-handed (Plato et al. 1980) and could therefore compare their results using that information. 
Plato et al. analyzed radiographs of the second metacarpal using a sample of 235 males from the Baltimore Longitudinal Study, and measured total width, medullary width, combined cortical thickness, and length. Only 36 of the individuals were identified as left-hand dominant, compared to the 180 identified as right-hand dominant. 19 individuals were determined to be ambidextrous (Plato et al. 1980). The results of these measurements showed consistent right-bias in all measurements, regardless of identified hand dominance, however those identified as left-handed had much smaller bilateral differences and none of them were statistically significant. Plato et al. therefore concluded that the right second metacarpal is always larger in area and mass than the left, but since left-handed individuals do utilize their left hand more often, the differences are not as significant. Additionally, it is likely that hand dominance is not the only factor which contributes to bilateral differences in the bones of the hand (Plato et al. 1980). These results show that there is a difference in metacarpal area and mass impacted at least in part by hand dominance, but since there were no statistically significant left-biased measurements, the results suggest that determining hand dominance based solely on these measurements would be difficult and most likely not very accurate. However, this study only used a sample of caucasian male individuals, and a very small number of left-handed individuals relative to the number of those identified as right-handed, so the sample is not representative of the entire human population. Garn et al. (1976) also found that bone area and mass are consistently right-biased, whether or not an individual is right-hand dominant. However, this bias was very small and the measurements were performed on individuals experiencing significant bone loss, so the results of this study may not be indicative of the larger population (Garn et al. 1976). 
Roy et al. (1994) also used a sample from the Baltimore Longitudinal Study to examine bilateral asymmetry in the metacarpals and its relation to hand dominance. Their sample size was significantly larger and included females as well, though all individuals were still caucasian. Of the 992 individuals in the sample (609 males and 383 females), 924 individuals self-identified as right-handed and 68 individuals as left-handed. Measurements were taken of total width, medullary width, and total length. Combined cortical thickness, cross-sectional cortical bone area, total area, medullary area, and percent cortical area were all calculated using those measurements (Roy et al. 1994). The results of this study showed statistically significant side differences in bone area in both right- and left-handed individuals, with the right side being larger for right-handed individuals and the left being larger for left-handers. The absolute magnitudes of side differences are also almost exactly the same, but reversed in direction, for both groups (Roy et al. 1994). They also found that the differences in the bilateral asymmetry were not statistically significant between the sexes, meaning the general pattern of asymmetry is not dependent on sex and is overall similar for all individuals (Roy et al. 1994). These results contradict the previous studies, which is most likely due to the fact that Roy et al. had a much larger overall sample size, specifically having many more left-handed individuals than any previous study. Additionally, the previous studies determined hand dominance using grip strength tests (Plato et al. 1980, Garn et al. 1976), whereas Roy et al. had individuals self-identify their dominant hand, as grip strength is only one of the many aspects of hand dominance. In a bioarchaeological study, the individuals in the sample of course cannot say which hand is dominant, so it is important to continue to test whether metacarpal measurements can reliably indicate hand dominance. 	
This project closely follows the methodologies laid out by Auerbach & Ruff (2006), who analyzed both upper and lower limb bone measurements in order to determine whether there are more significant right-biases in the upper limb than the lower, and if the lower limb actually shows slight left-bias, as suggested by previous literature. Their sample included individuals from eight different geographical locations spanning five continents, and many different pre-industrial time periods. Their results showed that there is a more significant amount of asymmetry in the upper limb than the lower, but that there is a slight left-bias in the diaphyseal breadths of the lower limb. The median and mean percent directional asymmetry for most measurements showed statistically significant right-left asymmetry, and about half of the measures showed statistically significant sexual dimorphism (Auerbach & Ruff 2006). They observed statistically significant sexual dimorphism in the asymmetry of some diaphyseal dimensions, mostly in the upper limb, and they suggest that this indicates a possible fundamental difference in both activity and bone development between the sexes (Auerbach & Ruff 2006). Additionally, Auerbach & Ruff found that the magnitude and directionality of asymmetry and sexual dimorphism in asymmetry was overall smaller in the more modern populations, suggesting changes in things like the division of labor, though the frequency of right-hand dominance remained consistent (Auerbach & Ruff 2006).  
Materials and Methods
Hospital Real San Jose de los Naturales
HSJN was established in 1553 CE, and was sponsored by the royalty of Spain in order to treat the members of the local population suffering the effects of the various epidemics at the time (Zadillo Castillo 1984 as cited in Wesp & Hernández López 2022). These individuals were recovered during construction in Mexico City in the 1990s, and have been dated to the 16th and 17th centuries (Wesp & Hernández López 2022). The burial population of the HSJN has been used for several bioarchaeological studies, and their metacarpals have been measured and analyzed in order to learn more about bone maintenance and loss within the population during the Colonial period (Wesp & Hernández López 2022).
Table 1. Individuals sampled in this study 
	
	Young Adult (18-34 yrs)
	Middle Adult (35-49 yrs)
	Old Adult (50+ yrs)
	Total

	Male
	19
	20
	1
	40

	Female
	18
	11
	1
	30

	Indt
	3
	0
	0
	3

	Total
	40
	31
	2
	73



Methods
 This project used a sample of 73 individuals of different age and sex categories (Table 1) with both the left and right metacarpals that are well preserved. Using the radiographs of the metacarpals, measurements were taken of the total length, head width, base width, and midshaft width for both the left and right metacarpals. A protective sheet was placed on the radiographs to protect them from any damage, and measurements were taken using a digital caliper in millimeters to the nearest hundredth of a millimeter. Each measurement was taken three times and the average of those numbers was used for the analysis in order to account for intraobserver error. To account for interobserver error, one of my peers performed measurements on both metacarpals for 20 of the individuals in the sample. Median percent error was calculated to determine the difference in those measurements and my own, the results are as follows: 
	R Total Length
	R Head Width 
	R Base Width
	R Midshaft Width
	L Total Length
	L Head Width
	L Base Width
	L Midshaft Width

	0.26
	0.57
	0.36
	0.24
	0.43
	0.53
	0.33
	0.23



Bilateral differences were first analyzed using a paired t-test comparing right and left sides for each measurement in order to determine the presence of significant right-left asymmetry for each measure. The sample was then separated by sex and paired t-tests were performed using the measurements for just the females, and just the males, in order to analyze the right-left asymmetry within the sexes. Additionally, the percent of directional asymmetry (%DA) was calculated using the equation outlined in Auerbach & Ruff (2006):  where L is the left measurement and R is the right measurement. Hand dominance was determined based on whether the result is a positive value (for right hand dominance) or a negative value (for left hand dominance). Using the %DA data, the percentage of the population with left hand dominance and right-hand dominance was calculated for the total population as well as among the females and males. Chi-square tests were then performed for the total sample, males, and females, using the %DA from only the individuals with greater than +/-0.5% DA, in order to determine significant directional bias. A chi-square test was also performed comparing males and females, in order to determine the presence of significant sexual dimorphism in each %DA measure. 
Results
	Head width shows the largest range of %DA for the total sample (Figure 1) and males (Figure 2), while for females midshaft width shows the largest range (Figure 3). Total length shows the smallest range of %DA across the entire population. Among the males, individual 88 is the only outlier for total length, and individual 13 is the one outlier for base width and there are no outliers for head width or midshaft width. Among the females, individual 52 is the one outlier for total length, and individual 322 is the one outlier for head width. Base width among females shows four outliers, individuals 52, 253, 322, and 434. There are no outliers for midshaft width. 
Median and mean %DA for the total sample and by sex are presented in Table 2. Right-left asymmetry is statistically significant for total length for the total sample as well as among males and among females, and for base width for the total sample and among males, but not females. %DA for base width and midshaft width show no statistically significant right-left asymmetry. There is statistically significant sexual dimorphism in the median and mean %DA for head width, where the mean among females is 2.61 and the mean among males is 7.42. This is the only measure with statistically significant sexual dimorphism. 
Table 3 presents the percentage of individuals with directional asymmetric bias for the total sample, males, and females. %DA less than +/- 0.5 is not considered either right or left biased. Nearly half of the total sample had less than +/-0.5% DA for total length, dramatically decreasing the size of the sample used to determine statistically significant right-left bias. Head width has the largest percentage of right-biased individuals across the total sample and males and females. Base width shows the lowest %DA numbers as well as the most equal distribution of right and left bias. In the chi-squared test comparing only individuals with a %DA higher than +/-0.5, total length shows a statistically significant right bias among the total sample as well as males and females, and head width shows significant right bias for the total sample and males, but not females. Females show a significant right bias for midshaft width. The chi-squared test comparing males and females showed no significant sexual dimorphism among individuals with %DA higher than +/-0.5, however, there is a higher number of male individuals in the sample than female. 
Fig. 1. Box-plot of directional asymmetries (%DA) in the total sample for skeletal measures considered in this study. Outliers labeled by sex[image: ]
Fig 2. Box-plot of directional asymmetries among male individuals for skeletal measures considered in this study. Outliers labeled by individual number
[image: ]
Fig 3. Box-plot of directional asymmetries among female individuals for skeletal measures considered in this study. Outliers labeled by individual number
[image: ]
Table 2. Medians and means of %DA for total sample and by sex
                                	             Median %DA                                                         Mean %DA
	Measure
	Total Sample
	Female
	Male
	Total Sample
	Female
	Male

	Total Length
	1.03*
	1.49*
	0.75*
	1.12*
	1.33*
	1.06*

	Head Width
	4.26*
	2.21
	7.03*
	5.66*
	2.61
	7.42*

	Base Width
	0.56
	0.9
	0.62
	0.46
	0.69
	0.51

	Midshaft Width
	2.64
	2.81
	3.01
	1.42
	2.22
	1.03


*Right-left asymmetry is significant at p < 0.05. Bold indicates significant sexual dimorphism for given dimension  
Table 3. Percent of individuals with directional asymmetric bias
                    	      Overall Sample                    	           Females                                          Males
	Measure
	Left
	< ±0.5%
	Right
	Left
	< ±0.5%
	Right
	Left
	< ±0.5%
	Right

	Total Length
	15%
	49.4%
	35.6%*
	13.3%
	20%
	66.7%*
	15%
	30%
	55%*

	Head Width
	26%
	5.5%
	68.5%*
	26%
	0.3%
	63.3%
	20%
	7.5%
	72.5%*

	Base Width
	39.7%
	9.6%
	50.7%
	40%
	6.7%
	53.3%
	40%
	7.5%
	52.5%

	Midshaft Width
	31.5%
	4.1%
	64.4%
	26.7%
	3.3%
	70%*
	35%
	2.5%
	62.5%


*Indicates significantly biased values based on chi-square test comparing only individuals with > 0.5% directional asymmetry (p < 0.05)
Table 4. Female individuals with right- or left-bias for each measure. + indicates right-bias, - indicates left-bias. Blank spaces indicate a %DA of less than +/-0.5
[image: ]

Table 5. Male individuals with right- or left-bias for each measure. + indicates right-bias, - indicates left-bias. Blank spaces indicate a %DA of less than +/-0.5  
[image: ]






















Discussion	
These results show statistically significant right-left asymmetry for total length and head width measurements for the majority of the sample. While the percentage of right-biased individuals is consistently higher, there are plenty of individuals with clear left-biased asymmetry, which contradicts some of the previous research, but does align with many of the more recent studies of hand dominance. Plato et al. (1980) and Garn et al. (1976) both concluded that right-bias is always present in the second metacarpal regardless of hand dominance, but this study shows that is not the case for all individuals. While this study does have a relatively small sample size, it includes individuals from a different population and time period than Plato et al. and Garn et al., further showing that their results are not necessarily representative of the entire human population. The side differences are consistent with Roy et al. (1994), as there is a percentage of the sample that has clear left-bias, indicating that not all metacarpals are inherently larger on the right, and potentially aligning with the dominant hand. While the individuals in this study have no way of self-identifying their dominant hand, the results of this study show that a portion of the population was likely using their left hands significantly more than their right, leading to clear directional asymmetry.  
Additionally, while there is statistically significant sexual dimorphism in the median and mean %DA, aligning with Auerbach & Ruff (2006), it is only present for head width. There is no statistically significant sexual dimorphism in the percentage of individuals with directional asymmetric bias, which contradicts Auerbach & Ruff. This difference may be due to the fact that this study used metacarpals rather than the long bones of the upper limb, or that there was not as significant of a difference in activity between the sexes in Colonial Mexico than in other places and time periods. In her study using the same population, Wesp (2020) found that the difference in activity between sexes is actually the same as the difference among individuals of the same sex, so sex should not solely be used in order to determine activity, though other kinds of identities are much more difficult to determine from the skeleton. Additionally, Auerbach & Ruff found that sexual dimorphism seemed to decrease in more modern populations, and the HSJN population would be one of the most modern compared to the sample used by Auerbach & Ruff. The rates of directional asymmetry across the entire sample also align with Nathena et al. (2015), however the lack of consistent dimorphism does not necessarily support the conclusion by Nathena et al. that sex estimation based solely on the metacarpals would likely not be very accurate. It is difficult to apply techniques that work on one population to another, but if there is enough sexual dimorphism in some of the measurements, there can be a way to estimate sex, but the exact methodology would likely need to be different for every population. 
Many previous studies of hand dominance have shown that most human populations show 90% right hand dominance, and while the percentage of individuals with right-bias in this study is consistently larger than those with left-bias, the percentage of individuals with significant right-bias does not exceed 72.5%, potentially contradicting those previous studies (de Kovel et al. 2019, Forrester et a.l 2019, Peters et al. 2006, Kushner et al. 2012). However, this difference is likely due to the relatively small sample size in this study, and the fact that hand dominance in this study was determined solely based on %DA, and data on things like grip strength or early life factors are not available for this sample. It is possible that some of the individuals identified in this study as left-handed would have self-identified as right handed, or vice versa. This sample is also from a hospital, so it is possible that certain health issues or pathologies could have impacted metacarpal size.
Some of the results of this study lead to interesting questions. Why is it that total length and head width are the only measures which showed statistically significant right-left bias across the sample, and why is head width not statistically significant among the females? One possible explanation for this is that the activities these individuals performed involved more use of the fingers rather than the wrists, meaning the distal ends of the metacarpals experienced a higher level of biomechanical stress than the proximal. It is also possible that the females in the HSJN population were engaging in entirely different activities, which did not significantly involve the use of the hands, so while they still had a dominant hand, the asymmetry was not as significant. The female sample is also smaller than the male sample, so it is possible that with a larger number of female individuals the rates of asymmetry would be different. Another intriguing result is the fact that the right-bias in the midshaft is statistically significant for only the females. The numbers are not majorly different from the total sample and males, so it is possible that this particular sample of females skewed the results in a way that is not necessarily representative of the entire population. It is also possible, however, that the reason the midshaft is only statistically significant for females could be due to hormonal differences, especially pregnancy. Most of the females in this sample are young adults, so it is very likely that they may have been pregnant, recently pregnant, or lactating, so they would be experiencing a lot of changes in their bodies, including their bones. However, this would not necessarily explain why these values would be biased to one side, so there may be additional factors contributing to this, or another explanation altogether. 
Tables 4 and 5 represent the female and male (respectively) individuals and whether their %DA indicated a right- or left-bias. + indicates a right-bias, - indicates a left-bias, and blank spaces indicate a %DA that is less than the +/-0.5% threshold. There is one female individual with measurements which all indicate a left-bias, and none of the other individuals have a consistent left-bias for all measures. Five female individuals have consistent right-bias for all measures, and seven male individuals with consistent right-bias for all measures. By looking at each individual and all of their measurements, another layer of information is added which can help identify hand dominance and/or what specific kind of activity they engaged in. It is interesting that the majority of the sample do not have consistent right- or left-bias across all measures, and this may indicate that they used their dominant hand for certain activities and their non-dominant hand for others. The question also arises from this information about whether these measurements can accurately predict hand dominance, if most individuals are not consistent. How many left-biased measurements make a left-handed person? Statistically speaking, total length and head width are the measures with the most significance, so are they the only ones that matter in this determination? Ultimately, it is extremely difficult to assume hand dominance based on this information alone, however looking closely at specific individuals can still answer questions about activity, such as the type of grip they may have used more often.
More specific information about each individual in the sample would likely help to answer some of these questions as well. Using activity data gathered by Wesp (2021) based on entheseal changes in this same population, I was able to cross-reference the outlier individuals with that information to see if it might explain why their measurements were particularly different from the rest of the sample. Individual number 13 had some of the highest scores for whole arm movement and few changes in the hand and wrist, so the activities this individual was engaging in did not cause much biomechanical stress on the hand and wrist, meaning the differences between the measurements of his hands would not be particularly significant. Therefore, it is unsurprising that this individual would be an outlier on the low end. Individuals 322 and 434 were both in the cluster group with high scores for fine motor skills, meaning they were using their hands and wrists much more than the rest of the arm. Individual 322 is an outlier on the high end for head width, and the low end for base width, further indicating that certain activities may impact the head width in particular rather than the entire metacarpal. It appears there may be a correlation between a larger head width and a smaller base width, though a larger sample would need to be analyzed to further confirm this hypothesis. 
Conclusion 
	In summary, the results of this study show that there are statistically significant rates of right-left asymmetry for total length and head width across the entire sample, and while there are more individuals with clear right-bias, there are individuals which show significant left-bias, indicating that the right or left second metacarpal will be larger in certain dimensions based on hand dominance. Head width is the only dimension showing statistically significant sexual dimorphism in the sample in terms of the %DA and rates of right- and left-hand dominance, indicating that there was not a fundamental difference in activity and use of the dominant hand between the sexes. These results align with many of the recent studies on hand dominance, showing that the metacarpals can potentially be as useful as the other upper limb bones in determining hand dominance and the levels of bilateral asymmetry in the limb. 
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