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Abstract

:

The studies of thymic structure were performed predominantly in cohorts of younger individuals. Here, we established a cohort of body donors whose age at the time of death ranged from 57 to 103 to study the relationship between thymic structure and factors that, in the younger subjects, have shown to affect the organ’s anatomy, including the presence of the organ’s capsule, its weight, size of the left and right lobes, and a transverse diameter. We explored the relationships between these thymic parameters and the subjects’ age, sex, and cause of death (COD), asking how the thymus in the elderly differed from the organ’s macro-anatomy in a broader and younger human population, and whether age, sex, COD, and BMI could influence the thymic parameters in the elderly. Our analyses revealed that the thymic size but not thymic weight in the KYCOM cohort differed significantly from the younger individuals. The size of the thymus in males progressively decreased, but in females, the size of the right lobe increased. The encapsulated thymus was detected with a higher frequency in females than males. We found no associations between thymic parameters and the person’s COD, age, or sex. However, the person’s BMI was associated with thymic weight, suggesting that obesity may influence the aging of the immune system.
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1. Introduction


The aging of the immune system has been well studied in the context of changes that occur in the secondary lymphatic organs [1,2]. However, for many years, the studies of thymic involution rested on the persisting view that the thymic role in immune responses ends on or about the first seven years of life. As such, these studies did not include elderly human subjects because the reason for the immunosenescence was ascribed solely to the aging of the thymus [3]. This tenet arose from using murine animal models to study thymic development and aging [4], as human thymic tissue is scarce and may be obtained either postmortem or from thymectomy in cases of morbid pathologies. However, because the aging and immune fitness processes depend in humans on different factors than in rodents, the data describing the thymic aging in animals offered only a glimpse of the human thymic function and structural changes.



The thymus is a vital lymphoid organ responsible for producing T-cells that recognize foreign antigens and stimulate an adaptive immune response [5,6,7,8,9,10,11]. The thymus is most active in early life and undergoes a drastic decrease in its production of T-cells starting around puberty. At that time, the thymus also begins the process of involution, where thymic epithelial tissue is replaced with adipose tissue [11,12,13,14,15]. Despite this change in the structure and function of the immune system, some functional thymic tissue remains at the end of a person’s life [14,16,17].



There is a consensus supported by multiple studies that, because of involution, the size and weight of the normal thymus decreases with age [18,19,20,21]. However, there is a difference in the kinetics of thymic aging between sexes. For example, the onset of involution in females can be delayed by 10–20 years compared to males [18], which may be influenced by the function of sex hormones [14,21,22,23,24]. These findings suggest that the function of the thymus in females may be preserved longer into adulthood, particularly in light of new data indicating that the thymus is required in adulthood to maintain the immune defense mechanisms [25].



Aging and obesity are two major contributors to thymic involution and immunosenescence [7,26,27,28]. In the elderly population, the decline in the function of the immune system can lead to increased susceptibility to diseases, including infections or cancer, and an increase in inflammation, contributing to the development of cardiovascular and Alzheimer’s diseases [29]. However, obesity also suppresses the immune system [14,18] and is linked to the development of many health problems associated with immunosenescence, including type II diabetes, cancer, and cardiovascular disease [30,31]. For example, people with a higher body mass index (BMI) may have increased rates of fatty replacement and the accelerated aging of the thymus, including a declined output of naïve T cells than those with a lower BMI index [18,32,33,34]. Additionally, an animal study showed that obesity in younger mice caused T cell exhaustion and Treg expansion similar to age-mediated thymic involution [28]. Because aging can no longer be considered the sole factor contributing to immunosenescence in older adults, it is imperative to determine what factors alter thymic anatomy in the elderly population.



The studies on the involution of the human thymus are inherently difficult because the tissue may be obtained either postmortem or from thoracic surgeries and thymectomies. The most extensive studies of thymic appearance utilizing the computed tomography (CT) scans were performed in a cohort of 2540 participants [18]. Meanwhile, another research group studied the thymic weight independently in 574 necropsies [20]. Interestingly, both cohorts comprised a population representing a broad age range from late childhood to 65+ years of age. Therefore, there is a paucity of research examining the thymus solely in the elderly population until death. Particularly, if the elderly display all hallmarks of immunosenescence, such as inadequate responses to infections, tumor formations, or increased autoimmune reactions [35].



For the current study, we established a KYCOM (Kentucky College of Osteopathic Medicine) cohort characterized by the advanced age of its subjects, averaging 83.77 years old at the time of death, to determine how thymic anatomy may support immune fitness in the late stage of life. To meet our research goal, we explored the relationships between subjects’ age, sex, cause of death (COD), and BMI in the context of thymic anatomy in the elderly population. We applied a two-fold approach: (1) we analyzed how thymus in the aged KYCOM cohort differed from the organ’s anatomy in a broader and younger human population using hypothetical means for thymic size and weight; and (2) we tested hypotheses whether thymic measurements in the elderly were equal in the context of unmatched groups representing different age, sex, COD, and BMI.




2. Results


2.1. Description of the KYCOM Cohort


All subjects were grouped into one of four age groups defined as young-old 55–75 (n = 15), middle-old 76–85 (n = 16), old-old 86–95 (n = 26), and outliers 96+ (n = 6) (Table 1). In the group of outliers, one subject was 96 years old at the time of death; two subjects died at the age of 97, two at the age of 98, and one at the age of 103. The mean age of all subjects in the KYCOM cohort was 83.77. The body donors were predominantly white (n = 59), and 60% of subjects were female (n = 38) (Table 1).



Each subject was assigned to one of the five leading causes of death (COD) categories in the elderly human population: infection, trauma, cancer, organ failure, and cognitive disorders. We based this classification on the list of the leading causes of death by the Centers for Disease Control and Prevention (CDC) [36]. As shown in Table 1, the leading CODs in the KYCOM cohort were organ failures (n = 36) and cancer (n = 12). Deaths related to trauma (n = 3) were caused by hip fractures and blunt force head injury, and all deaths related to cognitive disorders (n = 6) arose from Alzheimer’s disease. There was not a single COVID-related death in the infection group (n = 6), which mainly represented cases of septicemia or pneumonia.



Based on our calculations, there were n = 36 subjects classified as having a low/normal BMI (BMI ≤ 24.9) and n = 27 subjects classified as having an elevated BMI at the time of death (BMI ≥ 25.0) (Table 1). The range of BMI in the KYCOM cohort spanned from 17.2 to 38.4, with an average BMI of 22.86.



Almost half of the subjects in the young-old age group passed due to some form of cancer, making it the most common cause of death in this age group (Figure 1). Deaths related to cancer in the older age groups steadily declined with increasing age. Only one subject in the old-old and outliers age group passed away from cancer. Organ failure was the leading cause of death for the oldest three age groups, with 50% or more of the subjects having this COD on the death certificate (Figure 1B–D). These findings are consistent with the data from the CDC, wherein 2020, the most common cause of death in people aged 55–64 was malignant neoplasm, and in the 65+ y/o subjects, it was heart disease [36]. Infection impacted the young-old, middle-old, and outliers’ groups almost equally, with one subject each assigned to this COD category. Three subjects died of infection in the old-old age group (Figure 1). Deaths related to cognitive decline were well dispersed between age groups, with 1–2 subjects in each age group passing from Alzheimer’s disease. There was one death related to trauma in each of the youngest age groups and no deaths related to trauma in the outliers group.




2.2. Summary of the Thymic Measurements


Table 2 summarizes the mean thymic measurements and capsule observation organized by sex and age. In females, the presence of an intact capsule at the time of death remained relatively constant in the first three age groups, ranging from 66% to 59% of subjects having a retained capsule (Table 2). In males, the thymic capsule was preserved in 83% of our youngest individuals, the young-old group. Then, with the progression of subjects’ age, the number of thymi with an intact capsule progressively declined from 63% in the middle-old to 44% in the old-old age groups. There was a drastic decrease in the percentage of subjects with an intact capsule in the outliers group, with only one female subject and no male subjects presenting with an encapsulated thymus at the time of death.



Next, we looked at thymic measurements in the context of age and sex. In females, the mean length of the left lobe (LL) ranged from 7.600–7.888 cm in the younger groups to 6.775 cm in the outlier group, while the right lobe (RL) measurements ranged from 6.456 to 7.575 cm. Interestingly, with the progression of age, the size of the LL diminished while the length of the RL gradually increased. The mean transverse diameter (TD) values remained relatively stable at 7.611 cm in young-olds and 6.825 cm in the outlier group.



The thymus size was larger in males than in females by 12% and 8.9% in measurements of the LL and RL, respectively. This finding is consistent with prior data published by Araki et al. [18]. Unlike in females, the sizes of both LL and RL in males progressively diminished with age. Particularly notable was the decline in the size of the RL, which shrunk by 0.7, 1, and 3.7 cm in each consecutive decade of life in the middle-old, old-old, and outliers age groups, respectively. The mean TD values ranged from 9.117 cm in the young-old to 5.800 cm in the outliers groups. Interestingly, the decrease in the size of the RL in males also contributed to the decline in the TD values, which were diminished by 0.8, 0.5, and 2.0 cm in the respective age groups. We noticed that the middle-old and old-old groups had a larger LL than the RL, but this effect was the opposite in both the young-old and outliers groups (Table 2).



The thymic weight was noticeably more prominent in males compared to females. However, it diminished with age progression, declining by 1.3 to 2.6-fold in the old-old and outliers age groups. Except for the middle-old age group, the mean thymic weight was comparable in females, ranging from 13.75 g to 17.52 g (Table 2). It should be noted that two of the female subjects in the middle-old age group had no appreciated right lobe during organ removal; however, excluding those weights from the analysis did not significantly raise the mean thymic weight for that group. Therefore, they were included in the analysis. The mean thymic weight for the middle-old group was 7.31 g, almost half the mean weight of the other age groups.



The KYCOM cohort represents the elderly population with a mean age of 83.77 years and is quite distinctive from the cohorts studied by other research groups [20]. So, we posed a question of how the means of thymic measurements in our cohort differ from those of females and males in a human population encompassing a broader age span. We applied a one-sample t-test to analyze the size of the KYCOM cohort’s LL, RL, TD, and thymic weight means using hypothetical means for the LL, RL, and TD sizes from the conclusions of the in vivo CT scans by Araki et al. [18] and for the thymic weight from the work of Kendall et al. [20]. When comparing the means of thymic measurements in the KYCOM female cohort to the general population, including younger individuals, the mean for the LL was significantly larger in all age groups (p ≤ 0.0001 to 0.0433) (Table 2). Similar results were observed for the RL and TD. Except for the middle-old group, where the p values were insignificant, the p values ranged from p < 0.0001 to p = 0.0456 for the RL and p = 0.0026 to p = 0.0456 for the TD (Table 2). In the KYCOM three younger male age groups, the mean thymic LL, RL, and TD measurements were also significantly larger than in the general population. The p values for the LL ranged from 0.0304 in young-old to 0.0013 in old-old; the RL p values ranged from 0.0239 to 0.0041, and the TD p values ranged from 0.0324 to 0.0244 (Table 2). The male outliers group only consisted of two subjects and did not produce significant data (Table 2).



The analysis of thymic weight showed that the mean values were like that of the general population. However, the mean weight in the middle-old female group was significantly less than the hypothetical mean thymic weight (p = 0.0029). The organ’s weight in the remaining male and female age groups was similar to the general population mean (Table 2). Interestingly, while the LL, RL, and TD lengths in the KYCOM cohort were almost double the thymi size in the general population, the thymic weight means were comparable. This could be explained by water loss during embalming, decreasing the thymic weight while maintaining its size.




2.3. The Associations between Thymic Parameters and Age


Data in Table 2 show a one-sample t-test summarizing how the means of thymic measurements in the KYCOM cohort separated by sex differ from males or females from a human population encompassing a broader age span. In the analysis shown in Figure 2, we asked whether a person’s age, regardless of sex, could influence the length of the LL, RL, TD, and thymic weight. Applying a one-sample t-test, we examined whether the means of the thymic parameters in the KYCOM cohort were different from the hypothetical means of a general population, including both males and females. We found that all thymic size (Figure 2A) but not weight (Figure 2B) parameters were significantly different in our cohort, regardless of the person’s age at the time of death. Then, applying a one-way ANOVA, we looked at thymic size measurements in the KYCOM cohort alone and asked whether thymic measurements in all age groups were statistically equal and whether at least one age group was different. This analysis showed no significant difference in the means of thymic size or weight measurements between the age groups in the combined male and female population of the KYCOM cohort (Figure 2A,B). Thus, we concluded that the thymic anatomy does not vary significantly in different age groups in the elderly population.




2.4. The Associations between Thymic Parameters and the COD


The results of one sample t-test (Table 2) showed that, in several measured parameters, the size of the thymic gland in elderly males and females was statistically different than in cohorts including the younger subjects. So, we asked whether thymic size variations in the KYCOM cohort may be associated with the COD and applied a two-fold analysis of a one-sample t-test and one-way ANOVA. Similarly, as for the analysis shown in Figure 2, the results of one sample t-test showed that the differences between the means for the thymic size (Figure 3A), but not weight (Figure 3B) measurements, were also significant in each COD category, suggesting that thymus aging may follow a particular pattern. For example, in all COD groups, the mean size of the LL was larger than that of the RL, which suggests that the LL is infiltrated by the adipose tissue sooner than the RL (Figure 3A). This asymmetrical involution of the thymus may lead to the prolonged preservation of the structure and function in the right thymic lobe as we reported before [16]. The thymi in subjects who died from infection, cognitive, or traumatic causes had the highest mean values for the TD, while in cancer and organ failure groups, the TD mean values were the lowest.



The one-way ANOVA revealed no significant difference in the mean thymic size and weights between COD groups (Figure 3A,B), suggesting that the size or weight of the thymus did not contribute to the development of certain diseases in our elderly sample.




2.5. The Associations between the Thymic Parameters and BMI


Finally, we asked whether there was any association between the person’s weight and the size of the thymus in an elderly population. The thymic sizes for all measured parameters were lower in the low/normal BMI group (Figure 4). The one-sample t-test indicated that the mean length of the LL but not the RL or TD in both BMI groups was significantly different from the means of the general population (p = 0.0436) (Figure 4A). The one-way ANOVA showed no variability among two BMI groups and thymic size parameters (F = 0.1201, p = 0.8909), suggesting that a higher BMI was not associated with having thymic size variations in the elderly population.



The mean thymic weight was smaller in the low/normal BMI group compared to the elevated BMI group (11.99 g vs. 20.13 g), respectively (Figure 4B). When we used the one-sample t-test to compare the mean thymic weight values to hypothetical weight values, the low BMI group had a significantly smaller mean thymic weight (p = 0.0170). Still, the elevated BMI group was not statistically different (p = 0.3674). Subsequently, we applied an unpaired t-test to compare the means of two BMI groups and found a significant difference in thymic weight between these two groups (p = 0.0317). Based on our data, we concluded that, although there is no variability between thymic size parameters and age, COD, or BMI, there is an association between BMI and thymic weight.





3. Discussion


The KYCOM cohort comprises a distinctive set of body donors whose ages at the time of death ranged from 57 to 103 years. With an average age of 83.77, the cohort provided a unique model to study thymic anatomy at a late age, closing on the natural end of human life. Considering the process of involution, we looked at the organ’s anatomy and analyzed the relationship between the aged thymus and factors that may contribute to the alteration of its structure, such as the subject’s age, sex, and BMI. We also looked at the correlation between the thymic anatomy and the cause of death.



Among the factors most influencing thymic anatomy are age and sex. Several research groups published the standard observation that the thymus decreases in size with the advancement of age [18,19,21,25,37,38,39,40], which was proven by the recent implementation of integrative mathematical models showing that thymic output is a function of age [41]. Others reported that the function of sex hormones, particularly androgens, may influence a size and function discrepancy between males and females [14,21,22,23,24,26,42]. In contrast, estrogens were found to block the autoimmune regulator (AIRE) expression, leading to altered thymic self-tolerance mechanisms [43]. Finally, factors like stress or viral infections may also contribute to the acute thymic involution [44,45,46]



Looking at the size of the thymus in the context of a person’s advancing age, we found interesting trends of the organ’s involution that were not observed in younger populations. In both sexes together as a group, the size of the LL was larger than the RL, which supported the findings of other research groups [18,37]. But when we looked at male and female populations individually, we noticed that, with the advancement of age, the thymus in males had progressively decreased in the size of both lobes, and transverse diameter. In females, with age progression, the size of the left lobe declined as in male subjects, but the right lobe’s size increased, which was particularly visible in the outliers group. This observation suggested that the kinetics of thymic involution in subjects over 96 years of age may deviate from the general trend observed by other teams and may arise from sexual dimorphism in thymic involution [19]. It is interesting to note that, when we analyzed thymic parameters in the whole KYCOM cohort against the unmatched variables such as sex and age, age alone, COD, or BMI, the mean of the left lobe’s size was, on average, larger than that of the right lobe, regardless of the variable.



Kendall et al. found that thymic weight decreased with age [20]. In our study, we observed this trend in males but not females. In females, the thymic weights were similar in every age group except the middle-old, which was noticeably lower than the other groups. The middle-old subjects’ COD or BMI could not explain this discrepancy, which could possibly be related to the differences in the aging of the immune system between sexes.



Another observable part of thymic anatomy absent from other studies [18,37] included the examination of the thymic capsule. The thymic capsule arises from mesenchymal elements during embryonic development [47] and maintains the integrity of the organ throughout the person’s life. Recent studies suggested that thymic adiposity may arise from the intra-thymic cellular transitions [48,49]. Therefore, the integrity of the capsule may be another indicator of delayed involution in the late stage of life. Our findings indicate that, although the percentage of male and female subjects with an intact thymic capsule declined with age, the encapsulated thymus could still be detected in 25% of females in the outlier group.



Multiple studies have found that the decline in the immune system can lead to increased susceptibility to developing certain diseases such as infections, cancer, cardiovascular disease, and Alzheimer’s disease [2,29,50,51,52,53]. Also, chronic stress dramatically contributes to the immunosenescence and involution of the thymus, likely due to the increased inflammation [20,26,54]. Interestingly, Kendal et al. reported that cardiovascular disease contributed to a higher thymic weight [20]. Our data did not support this finding. In the KYCOM cohort, subjects who passed from cognitive diseases such as Alzheimer’s disease or dementia had the highest thymic weight at the time of death. In contrast, organ failures, which also included cardiovascular disease, had the lowest thymic weight.



Increasing the body weight may suppress the immune system [14,18], leading to accelerated involution and a decline in T-cell output [32,33,34]. We observed that subjects with a higher BMI had higher means of thymic size parameters than the lower BMI group. Although this difference was not significant, it was consistent with prior reports [18]. Also, the thymic weight in our elderly cohort was significantly smaller in subjects with a lower BMI, which contrasts with reports by Kendall et al., who showed that thymic weight was not associated with the subject’s weight [20]. Interestingly, another research group found that subjects with an elevated BMI had a higher thymic function than those with a lower BMI [8]. Based on our data, we suggest that factors such as BMI may contribute more to the appearance of the thymus, particularly thymic weight, in the elderly than in the younger subjects.




4. Materials and Methods


4.1. The KYCOM Cohort Characteristics


The KYCOM cohort consisted of body donors used for gross anatomy training at the Kentucky College of Osteopathic Medicine (KYCOM). The cadavers were obtained from the Anatomical Gift Program in Dayton, OH, USA. Each cadaver was listed with a primary cause of death, height, weight, age, race, and place of death. The total number of subjects included in the analysis of the thymic parameters was n = 63. One subject in our cohort was noted to have no appreciated left lobe of the thymus, and three subjects were noted to have no appreciated right lobe of the thymus. Thirty-five subjects were noted to have an intact thymus capsule at the time of organ removal.




4.2. Organ Retrieval


Prior to delivery to KYCOM, the cadavers were embalmed within 24 h of death in a formalin-based fixative solution. Thymi were excised from the body using surgical instruments, including 4.5” surgical Sharp-Sharp scissors and thumb forceps (Nasco, Fort Atkinson, WI, USA), as described previously [16]. Immediately after excision from the donor body, thymi were photographed in an anatomical position (Figure 5); then each thymus was measured for the weight, length of each lobe, and transverse diameter applying the protocol published by Araki [18]. We also observed whether the thymus had an intact capsule. The excised thymi were placed in 10% buffered formalin (Fisher Scientific, Waltham, MA, USA) and refrigerated in the research laboratory.




4.3. Determination of the BMI


Using the subjects’ height (cm) and weight (kg) at the time of death, the body mass index (BMI) was determined using the calculator provided by the National Institute of Health [55]. Based on this calculation, all subjects were classified into one of two BMI groups for our analysis: low or normal BMI (BMI ≤ 24.9) or elevated BMI (BMI ≥ 25.0).




4.4. Thymic Measurements


To ensure the reliability of thymic measurements, the size but not the weight of thymi were assessed by two independent examiners. The first measurement was taken at the gross anatomy laboratory immediately after the organ’s removal, and the second was taken in the research laboratory after the organ was stored in the 10% buffered formalin. The thymic weight was assessed only once after the organ’s removal from the donor’s body. The inter-observer reliability was assured by taking two consecutive weight measurements.




4.5. Statistical Analyses


Statistical analyses were performed using GraphPad Prism for Windows (version 10.1.2). Categorical variables were summarized using frequencies and percentages, whereas continuous variables were summarized by the descriptive statistics of observations such as the number of observations (n), minimum (min), median (md), mean (M), standard deviation (SD), and maximum (max). All p values were rounded to four decimal places, and the p values less than 0.0001 were presented as <0.0001. To reduce the risk of reporting that our findings were significant when in fact they occurred by chance (Type I error), p < 0.05 was considered statistically significant. The essential details of our statistical protocols were published before [56,57,58].



One-way analysis of variance (ANOVA) was used to test the total variability among categorical characteristics such as left and right lobes’ lengths, transverse diameter, thymic weight, and variations between subcategories such as COD, age, and BMI. We tested the ANOVA hypotheses: (1) Ho—all group means were statistically equal, and (2) Ha—at least one group was different.



A one-sample t-test was performed to determine how the means of the thymic parameters are different from the hypothetical means derived from the general population (including both males and females) aged between ≤39 and >80 years old, and separately for females and males. The hypothetical means for thymic parameters were calculated from the available data of over 600 subjects ranging in age from ≤39 to >80 years old, published by Araki et al. [18]. Based on these resources, we established the hypothetical means for females as the length of the left lobe (LL) is 2.74 cm, the length of the right lobe (RL) is 1.72 cm, and the size of the transverse diameter (TD) is 2.82 cm. The hypothetical mean lengths for males for LL, RL, and TD were 3.71 cm, 2.43 cm, and 3.87 cm, respectively. The hypothetical mean values for LL, RL, and TD in males and females combined were 3.23 cm, 2.01 cm, and 3.30 cm, respectively. A hypothetical mean for thymic weight was established to be 17.1 g, adapted from the mean values of over 400 adult cadavers that are older than 40 at the time of death, as published by Kendall et al. [20].



An unpaired t-test was applied to compare the means of thymic weight in two BMI groups.





5. Conclusions


The thymic size but not thymic weight in older people differs significantly from the general population, which includes younger individuals. There are noticeable differences between the thymic anatomy in sex and age groups, but these differences are not as significantly pronounced as they may be in the younger population. Thymic anatomy was not associated with developing certain diseases in the elderly. Still, the asymmetrical aging of the thymus in different COD categories may have resulted from the lopsided infiltration of adipose tissue into the thymic lobes under diverse characteristics of the ongoing disease processes. We found that body weight may have significantly affected the thymus in this age group, as elevated BMI correlated with increased thymic weight. Thus, our observations suggest that obesity may have important clinical implications for developing inflammatory processes and escalating the aging of the immune system.



This study aimed to offer a better understanding of the anatomy of the thymus in the elderly population, and further research prompts the investigation of the microanatomy and function of the thymus in this population.
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Figure 1. The leading causes of death in the KYCOM cohort’s four age groups. 
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Figure 2. The associations between thymic parameters and age. A one-sample t-test was used to test how the means of the thymic parameters in the KYCOM cohort (males and females) differ from the hypothetical means derived from the general population (males and females). One-way ANOVA was used to test the total variability among categorical characteristics such as (A) left and right lobes’ lengths, transverse diameter and (B) thymic weight, and variations between age groups. We tested the ANOVA hypotheses: (1) Ho—all age group means in the KYCOM cohort were statistically equal; and (2) Ha—at least one age group in the KYCOM cohort was different. Symbols [image: Lymphatics 02 00007 i001], [image: Lymphatics 02 00007 i002], [image: Lymphatics 02 00007 i003] and [image: Lymphatics 02 00007 i004] in (B) indicate thymic weight values in four age groups. 






Figure 2. The associations between thymic parameters and age. A one-sample t-test was used to test how the means of the thymic parameters in the KYCOM cohort (males and females) differ from the hypothetical means derived from the general population (males and females). One-way ANOVA was used to test the total variability among categorical characteristics such as (A) left and right lobes’ lengths, transverse diameter and (B) thymic weight, and variations between age groups. We tested the ANOVA hypotheses: (1) Ho—all age group means in the KYCOM cohort were statistically equal; and (2) Ha—at least one age group in the KYCOM cohort was different. Symbols [image: Lymphatics 02 00007 i001], [image: Lymphatics 02 00007 i002], [image: Lymphatics 02 00007 i003] and [image: Lymphatics 02 00007 i004] in (B) indicate thymic weight values in four age groups.



[image: Lymphatics 02 00007 g002]







[image: Lymphatics 02 00007 g003] 





Figure 3. The associations between thymic parameters and the cause of death. A one-sample t-test was used to test how the means of the thymic parameters in the KYCOM cohort (males and females) arranged according to the COD are different from hypothetical means derived from the general population (males and females). One-way ANOVA was used to test the total variability among categorical characteristics such as (A) left and right lobes’ lengths, transverse diameter, and (B) thymic weight, and variations between groups arranged according to the COD. We tested the ANOVA hypotheses: (1) Ho—all COD group means in the KYCOM cohort were statistically equal, and (2) Ha—at least one COD group in the KYCOM cohort was different. Symbols [image: Lymphatics 02 00007 i001], [image: Lymphatics 02 00007 i002], [image: Lymphatics 02 00007 i003], [image: Lymphatics 02 00007 i004] and [image: Lymphatics 02 00007 i005] in (B) indicate thymic weight values in different COD groups. 
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Figure 4. The associations between thymic parameters and the BMI. A one-sample t-test was used to test how the means of the thymic parameters in the KYCOM cohort (males and females) arranged according to the BMI are different from hypothetical means derived from the general population (males and females). (A) One-way ANOVA was used to test the total variability among categorical characteristics such as left and right lobes’ lengths, transverse diameter, and variations between two BMI groups. We tested the ANOVA hypotheses: (1) Ho—all BMI group means in the KYCOM cohort were statistically equal, and (2) Ha—at least one BMI group in the KYCOM cohort was different. (B) An unpaired t-test was used to compare the means of thymic weight in two BMI groups. Symbols [image: Lymphatics 02 00007 i001] and [image: Lymphatics 02 00007 i006] in (B) indicate thymic weight values in two BMI groups. 
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Figure 5. The gross anatomy of the thymic gland. The thymus was excised from a 103-year-old individual and photographed in an anatomical position. (L.L.) and (R.L.) denote the left and right thymic lobes demarcated by the red-dotted line. The individual thymic lobules are visible across the right thymic lobe (white circles). Blue and black arrows show the measurements of the lobes and transverse diameter lengths. 
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Table 1. Characteristics of KYCOM cohort.
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Cohort Characteristics






	
Sex

	
Female (n = 38)




	
Male (n = 25)




	
Age

	
55–75 (n = 15)




	
78–85 (n = 16)




	
86–95 (n = 26)




	
96+ (n = 6)




	
Race

	
White (n = 59)




	
Black (n = 4)




	
Cause of Death

	
Infection (n = 6)




	
Cancer (n = 12)




	
Organ Failure (n = 36)




	
Cognitive (n = 6)




	
Trauma (n = 3)




	
BMI

	
Low/Normal BMI (n = 36)




	
Elevated BMI (n = 27)











 





Table 2. Summary of thymic measurements and one-sample t-test analysis of thymic parameters in females or males in respective age groups. The thymic size measurements in cm and weight in grams are presented as mean ± standard deviation. One-sample t-test was used to analyze how the means of the thymic parameters in the KYCOM cohort (males or females) are different from the hypothetical means derived from the general population (males or females) and presented in the table as p values for each age/sex category.
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Female






	
Age Group

	
Thymic Anatomy Mean Data




	
LL Length (cm)

	
RL Length (cm)

	
TD Length (cm)

	
Thymic Weight (g)

	
Capsule Present




	
55–75 (n = 9)

	
7.600 ± 2.031 p < 0.0001

	
6.456 ± 1.864 p < 0.0001

	
7.611 ± 3.334 p = 0.0026

	
15.90 ± 14.31 p = 0.8072

	
n = 6 (66%)




	
76–85 (n = 8)

	
7.888 ± 2.951 p = 0.0017

	
6.733 ± 4.879 p = 0.0534

	
5.050 ± 3.026 p = 0.0756

	
7.314 ± 6.212 p = 0.0029

	
n = 4 (50%)




	
86–95 (n = 17)

	
7.012 ± 3.580 p = 0.0002

	
6.659 ± 3.104 p < 0.0001

	
6.953 ± 3.446 p = 0.0001

	
13.75 ± 13.40 p = 0.3183

	
n = 10 (59%)




	
96+

	
6.775 ± 2.392 p = 0.0433

	
7.575 ± 2.123 p = 0.0117

	
6.825 ± 2.424 p = 0.0456

	
17.52 ± 4.158 p = 0.8545

	
n = 1 (25%)




	
Male




	
Age Group

	
Thymic Anatomy Mean Data




	
LL Length (cm)

	
RL Length (cm)

	
TD Length (cm)

	
Thymic Weight (g)

	
Capsule Present




	
55–75 (n = 6)

	
8.750 ± 4.127 p = 0.0340

	
9.500 ± 4.460 p = 0.0239

	
9.117 ± 4.378 p = 0.0324

	
21.25 ± 21.23 p = 0.6523

	
n = 5 (83%)




	
76-85 (n = 8)

	
9.163 ± 2.197 p = 0.0002

	
8.725 ± 2.597 p = 0.0002

	
8.275 ± 4.020 p = 0.0173

	
22.69 ± 18.93 p = 0.4312

	
n = 5 (63%)




	
86–95 (n = 9)

	
8.413 ± 2.579 p = 0.0013

	
7.656 ± 3.940 p = 0.0041

	
7.789 ± 4.249 p = 0.0244

	
18.00 ± 18.44 p = 0.8866

	
n = 4 (44%)




	
96+ (n = 2)

	
7.050 ± 1.909 p = 0.2445

	
4.000 ± 1.414 p = 0.3611

	
5.800 ± 2.546 p = 0.4778

	
6.885 ± 4.038 p = 0.1735

	
n = 0 (0%)
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