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Abstract 
Background: During menopause, bone density decreases, and low-
density lipoprotein cholesterol (LDL-C) rapidly increases; a decrease in 
the estrogen level is a common factor in these phenomena. Methods: 
In this study, we focused on the fact that menopause is a spontaneous 
process, and aimed to derive the conditions that mitigate the decline 
in the osteo sono-assessment index (OSI), an index of bone mineral 
density (BMD), using a chemical equilibrium model. We attempted to 
establish the relationship between variables related to female 
hormone secretion (OSI, LDL-C) and a variable related to work 
capacity (physical work capacity [PWC] at 75% of maximal heart rate) 
by analogy, using the fact that Gibbs free energy, a thermodynamic 
variable related to spontaneous change, is related by three variables. 
Results: Consequently, if linearity is established between PWC and 
OSI when LDL-C is used as the standard, then the analogy of chemical 
equilibrium can be established between the deviation values of these 
three variables, with equilibrium constant K. Finally, the theoretically 
determined equilibrium model with constant K was applied to data 
obtained from the Sports Program Service (SPS) of the Yokohama 
Sports Medical Center. Conclusions: The present study suggests that 
the decrease in bone density could be alleviated by promoting an 
increase in LDL-C or by mitigating the decrease in PWC. In discussing 
personal health, mitigating bone density loss and maintaining a high 
work capacity are important components, which should also take into 
account the appropriate levels of LDL-C.
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Introduction
Women experience menopause between the ages of 45 and 55 years, as a normal part of the aging process.1,2 Menopause
is a period characterized by a decrease in bonemineral density (BMD) and a change in lipid metabolism due to a decrease
in estrogen.3,4 Thus, duringmenopause, bone density decreases and low-density lipoprotein cholesterol (LDL-C) rapidly
increases. In postmenopausal life, women have about a 50% chance of developing osteoporotic fractures.5 In osteopo-
rosis, there is an imbalance between bone formation and bone resorption, which starts during the menopausal transition
period and intensifies after menopause. Genetic factors, endocrine status, nutrition, physical activity, and general health
play critical roles in the occurrence of osteoporosis.6 Notably, high-impact exercise can reduce postmenopausal bone
loss.7 In addition, dyslipidemia is one of the lifestyle-related diseases that often occur in women after menopause.8 It is
known that estrogen deficiency associated with menopause affects lipid metabolism.9 Estrogen has various protective
effects on the cardiovascular system; it is a vasorelaxant that improves lipid metabolism, and has antioxidant effects. In
fact, premenopausal women have less ischemic cardiovascular disease due to atherosclerosis than men.10–12

After menopause, the amount of estrogen in the body begins to decrease rapidly, with a loss of protective effects, and a
rapid increase in the blood LDL-C. This is known to cause complications of arteriosclerotic diseases, such as cerebro-
vascular disorders and ischemic heart diseases.9 Although cholesterol is a source of estrogen, increasing LDL-C may
increase the risk of atherosclerotic disease.13,14 In the chemical equilibrium view, increased LDL-C should promote
estrogen production and contribute to increased bone mass. However, studies on the relationship between LDL-C and
BMD or the physical basis of athletic performance are inconclusive, and longitudinal data are lacking. The variables
reflecting health and physical fitness factors are influenced by the prior lifestyle and exercise habits; thus, their effects on
the maintenance of BMD after menopause are considered complicated. However, we believe that basic relationships
between these variables can be clarified by defining the conditions that increase BMD in the premenopausal ages.

By paying attention to the phenomenon of a universal menopause process that does not depend on a bias in the data, we
aimed to derive a chemical equilibrium model that holds among three variables, the calcaneus osteo-sono assessment
index (OSI; an index of calcaneus BMD), LDL-C, and the physical work capacity at 75% of the maximum heart rate
(PWC), and to derive the conditions that mitigate decreases in the OSI in premenopausal women (aged 20 to less than
45 years). Health factors (OSI, LDL-C) and physical fitness factors (PWC) should be mutually dependent variables,
affected by other complex factors. In this paper, LDL-C is considered as a source of female hormones and OSI as an
indicator of female hormones.15 Considering that high-density lipoprotein cholesterol (HDL-C) is a polymer of LDL-C,
it is possible to consider that LDL-C is directly involved as a source of cholesterol, which is the raw material to produce
female hormones. Therefore, we chose LDL-C instead of HDL-C as an indicator of the rawmaterial for female hormones.
Thus, we could capture the relationship between LDL-C and OSI from the perspective of female hormone production
capacity. Next, we focused on the fact that the menopausal process is an irreversible change. Irreversible change is
described as a decrease in Gibbs free energy. Gibbs free energy can then be related to work. Therefore, we considered
female hormones and OSI, which spontaneously decrease in the menopausal process, as indicators of enthalpy; LDL-C,
which increases in the menopausal process, as an indicator of entropy; and physical fitness factors (PWC) as an indicator
of work. Hence, the menopausal process could be described by (LDL-C, PWC, and OSI), assuming an equilibrium state
of these three variables in the premenopausal state. Thus, the aim of present study was to capture the properties of these
three variables in a chemical equilibrium model.

Methods
Participants and data collection
The database used in this study comprised 1610 women aged 20 to 45 years who underwent the Sports Program Service
(SPS) conducted by the Yokohama Sports Medical Center fromApril 1, 1998 toMarch 31, 2016. From this database, we
selected only healthy women (n = 211) whose aspartate transaminase (AST), alanine aminotransferase (ALT), gamma-
glutamyltransferase (γ-GTP), total protein, hemoglobin, triglyceride, hemoglobin A1C, and creatinine were within the
normal range, based on the shared reference ranges established by the Japanese Committee for Clinical Laboratory
Standards (2020).16 Subjects with a body mass index (BMI) outside the normal range (between 18.5 and 25 kg/m2) were
also excluded.17 Medications, smoking history, drinking history, and menopausal status were confirmed in all partic-
ipants. The SPS is intended to promote the health of Yokohama citizens. It is a paid service, in which women participate
voluntarily. A feature of the SPS is that a medical examination and physical strength assessment were performed as a set,
and included an exercise load test and various physical strength measurements.

This study was approved by the Ethics Committee of the Yokohama Sports Medical Center (approval number: K-2020-
002). All participants provided written informed consent for the SPS and the potential use of their data for research
purposes, including this study. All methods were performed in accordance with the Declaration of Helsinki, and the
guidelines and regulations of the Research Ethics Committee of Yokohama Sports Medical Center.
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Quantification of bone strength
The reproducibility and validity of the quantitative ultrasonic (QUS) calcaneal assessment have been previously
established.18–22 Calcaneal strength was measured by a QUS device, AOS-100NW (Hitachi ALOKA Medical, Ltd.,
Mitaka, Tokyo, Japan), which determined the speed of sound (SOS) as an index of bone density, and the bone structure of
the dominant heel was inferred from the transmission index (TI). Calcaneus OSI provides information on bone stiffness.
The OSI is highly correlated with BMD as assessed by dual X-ray absorptiometry. The OSI was calculated as TI! SOS2.

Medical examination
Height and weight were measured using a height and weight scale (WB-510, Tanita Corporation, Tokyo, Japan), then
BMI was calculated as weight (kilograms) divided by height squared (meters). Resting blood pressure was measured
using the Riva-Roch-Korotkoff method (mercury sphygmomanometer) after participants had rested for 5min. Bloodwas
collected after a 12-hr fasting period, and LDL-C blood levels weremeasured usingCobas 6000 c501 (RocheDiagnostics
K.K, Minato-ku, Tokyo). The blood concentration of AST, ALT, γ-GTP, total protein, hemoglobin, triglyceride,
hemoglobin A1C, creatinine and LDL-C was measured by a dedicated laboratory technician at the Yokohama Sports
Medical Center using the Roche INTEGRA 400 plus (Roche International Ltd., Basel, Switzerland) after a 12-hr fast.
Self-report questionnaires were used to collect information on alcohol consumption (yes/no), smoking (yes/no), and
medication for dyslipidemia (yes/no).

Physical exercise stress test
Physical work capacity at 75% of the maximum heart rate (PWC75% HRMax) was measured by a graded exercise test
method on an electronic bicycle ergometer (The Multi Exercise Test System, ML-1800, Fukuda-Denshi, Tokyo,
Japan),23 which was used as an indicator of potential physical work capacity. During the graded exercise test, the rate
of increase in load (10 – 60 watts/min), which is an individualized ramp protocol, was determined by a comprehensive
judgment of researchers at Yokohama Sports Medical Center. The target heart rate was set at ≥75% of the estimated
maximum heart rate (220" age) and the test was stopped when the target heart rate was achieved. The test was stopped if
an ECG abnormality (ST drop, frequent extrasystoles) was confirmed by a cardiologist at the Yokohama Sports Medical
Center, or if the participant was unable to pedal at a constant rhythm (50 rpm) and complained of physical discomfort.
Participants completed the exercise test in approximately 10 minutes.

Statistical analysis
The theoretical analysis of the relationships between the three variables in chemical equilibrium was the main focus of
this research. We did not consider the confounding factors of each variable. All statistical analyses were performed with
EZR (Saitama Medical Center, Jichi Medical University, Saitama, Japan), which is a graphical user interface for R (The
R Foundation for Statistical Computing, Vienna, Austria). More precisely, it is a modified version of the R commander
designed to add statistical functions frequently used in biostatistics.24 The Turkey-Kramer test was used for multiple
comparisons. If the null hypothesis could not be rejected in themultiple comparison test, a two-sided test was employed as
a further equivalence test. The normality of the three variables was examined using the Kolmogorov-Smirnov test. A
linear regression analysis was performed to describe the objective variable (dev.OSI-dev.PWC) as a linear function of the
explanatory variable (dev.LDL-C-dev.PWC) and the objective variable (dev.OSI-dev.LDL-C) as a linear function of the
explanatory variable (dev.PWC-dev.LDL-C). The difference was considered statistically significant when the P valuewas
less than 0.05.

Results
Introducing deviation
In this study, the relationship between the three variables was first derived theoretically, and then its applicability to the
clinical data of the Yokohama Sports Medical Center was assessed. For deriving the theoretical equation, the three
variables of interest in this study were described by their deviation values in the sample population. We used the
deviations as they have two main advantages over the absolute value of each variable or the rate of variation in each
variable from its mean value. First, it is possible to treat the three variables in a standardizedmanner. Second, it is possible
to express the bias of the equilibrium quantitatively. In this study, we use a new method to discuss the relationship
between the three variables. In what follows, we use a case study to illustrate how to view the relationship between the
other two variables when dev.LDL-C (prefix dev indicates deviation), is used as a reference.

Suppose that the deviations of the three variables of two persons (A and B) are described by the following:

A dev:OSI,dev:PWC,dev:LDL-Cð Þ¼ 65,65,50ð Þ

B dev:OSI,dev:PWC,dev:LDL-Cð Þ¼ 55,55,70ð Þ
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The dev.OSI, dev.PWC based on dev.LDL-C is written in the following form:

A dev:OSI-dev:LDL-C,dev:PWC-dev:LDL-Cð Þ¼ þ15,þ15ð Þ

B dev:OSI-dev:LDL-C,dev:PWC-dev:LDL-Cð Þ¼ "15,"15ð Þ

When viewed with respect to dev.LDL-C, the equilibrium in A is biased toward dev.OSI and dev.PWC, while in B, the
equilibrium is biased toward dev.LDL-C.

Next, when the change in dev.OSI-dev.LDL-C from B to A is +30, the change in dev.PWC-dev.LDL-C is +30. In other
words, when the equilibrium between dev.OSI and dev.LDL-C shifts toward dev.OSI, the equilibrium between dev.PWC
and dev.LDL-C shifts toward dev.PWC.

Equilibrium migration hypothesis between LDL-C, OSI, and PWC
Figure 1 indicates the schematic representation of the chemical equilibrium model for LDL-C, OSI, and PWC. Focusing
on the three variables, female hormones, OSI, and LDL-C, the following causal relationships, (1) and (2), occur in the
menopausal process, which is a spontaneous change during aging.25–27

Decrease in female hormones causeð Þ! decrease inOSI resultð Þ… (1)

Decrease in female hormones causeð Þ! increase inLDL-C resultð Þ… (2)

The rightward progression in relational expression (1) and (2) is generally not considered to be a desirable one.

If we take the counterpart of (1) and (2), we get the following relationships.

Increase inOSI! increase in female hormone… (3)

Decrease inLDL-C! increase in female hormone… (4)

From (2) and (4), we considered themenopausal process as a process in which the equilibrium state in (5) shifts to the left.

LDL"C⇄female hormone… (5)

(Figure 1)

Figure 1. Schematic representation of the chemical equilibrium model for LDL-C, OSI, and PWC. The relation-
ship among each variable is schematically shown in the premenopausal generation. There are two possible
pathways for increasing OSI: one is the pathway in which activation of work capacity leads to activation of male
hormones (8), which in turn leads to activation of female hormones, as derived from (7). The other pathway is the
one by which elevated LDL-C leads to elevated female hormones (5, 6), which in turn leads to elevated OSI (1). A red
arrow (A ! B) indicates that the increase of A induced the increase of B. A blue arrow (C! D) indicates that the
decrease of C induced the decrease of D. A green arrow (E! F) indicates that the decrease of E induced the increase
of F. Abbreviations: LDL-C, low-density lipoprotein cholesterol; OSI, osteo-sono assessment index; PWC, physical
work capacity at 75% of the maximum heart rate.
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Using the deviation of the interval scale, dev.(female hormone)-dev.LDL-C expresses the rightward generative force of
the response in (5).

Since LDL-C is a raw material for female hormones, the following cause-and-effect relationship can also be considered.

Increase inLDL-C causeð Þ! increase in female hormone resultð Þ… (6)

(Figure 1)

Adapting LeChatelier's principle to (5), (6) can be interpreted as a phenomenon inwhich the decrease in female hormones
during menopause is alleviated by an increase in LDL-C.

The adrenal cortex produces male hormones (androstenedione), which are converted to female hormones by the enzyme
aromatase, which is found in adipose tissue and muscle. Thus, male hormones are the only source of female hormones
after menopause. Therefore, correlation (7) holds:

male hormone! female hormone (7)

(Figure 1)

Here, we introduce the parameter of PWC.As the PWC increases testosterone (quantity, activity),28 correlation (8) holds.

Increase in PWC! increase in male hormones… (8)

(Figure 1)

In the premenopausal period, there are two possible pathways for increasing OSI: one is the pathway in which activation
of work capacity leads to activation of male hormones, which in turn leads to activation of female hormones, as derived
from (7) and (8). The other pathway is the one bywhich elevated LDL-C leads to elevated female hormones, which in turn
leads to elevated OSI, according to (5). In other words, in the premenopausal phase, the relationship between each
variable was considered to be as shown in Figure 1.

Relative relationship of the three variables with respect to one variable
By introducing a deviation value, the bias to the right in equilibrium shown in correlation (5) can be expressed as
“dev. (female hormones) - dev.LDL-C”. In the same way, the level of OSI when viewed with respect to LDL-C can be
described by dev.OSI-dev.LDL-C. If the increase in PWC, when viewed with respect to the LDL-C level, contributes to
the increase in OSI, when viewed with respect to the LDL-C level, then the following equation should hold for both dev.
PWC-dev.LDL-C and dev.OSI-dev.LDL-C.

α, β, γ, δ, m, and B used in equation (9) and thereafter are constants that are assumed to be statistically determined.

dev:OSI-dev:LDL-C¼ α! dev:PWC-dev:LDL-Cð Þþβ… (9)

This equation means that the relative displacement of dev.OSI with respect to dev.LDL-C is in a linear relationship with
the relative displacement of dev.PWC with respect to dev.LDL-C. Since there is generally an extremely high correlation
between X-Y and X/Y, equation (9) could be rephrased in the following form (10).

dev:OSI=dev:LDL-C¼ γ!dev:PWC=dev:LDL-Cþδ… (10)

Furthermore, in general, there is an extremely high correlation between X/Y and ln(X/Y). Therefore, the following
equation could be derived.

ln dev:OSIð Þ" ln dev:LDL-Cð Þ¼m! ln dev:PWCð Þ" ln dev:LDL-Cð Þf gþB… (11)

Equation (11) shows the relative relations among ln(dev.OSI) and ln(dev.PWC) with respect to ln(dev.LDL-C). By
rearranging (11), the following formula was obtained.

ln dev:OSIð Þ– ln dev:PWCð Þ¼ 1"mð Þ! ln dev:LDL-Cð Þ– ln dev:PWCð Þf gþB… (12)
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Equation (12) shows the relative relations among ln(dev.OSI) and ln(dev.LDL-C) with respect to ln(dev.PWC). From
these equations, the following form can be derived.

K ¼ dev:OSI

dev:PWCð Þm dev:LDL-Cð Þ1"m… (13)

Therefore, using equilibrium constant K, the relationship among the three variables can be explained by the following
equilibrium equation, which is similar to that for a chemical equilibrium.

dev:OSI⇌dev:PWCþdev:LDL-C…The basic equilibrium equation: (14)

Application of the theoretical equilibrium equation to real world data
Data regarding the OSI, LDL-C, and PWC in healthy women aged 20 to 45 years, collected by the SPS at Yokohama
Sports Medical Center, are shown in Table 1. In addition, Table 1 shows the mean, variance and quartiles of age, height,
weight, BMI, and various blood component parameters of the healthy female subjects recruited in the study. SPS features
exercise stress tests and various physical fitness measurements that are not performed in general health checkups or
physical examinations for the healthy person. Although the data visually appeared as close to following a normal
distribution, statistical normality was not recognized (as assessed by the Kolmogorov-Smirnov test). Since the data were
collected from a large sample population, each of the three variables had different and large variations.

Figure 2a shows the relationships between ln(dev.OSI) and ln(dev.PWC) with respect to ln(dev.LDL-C), indicating the
following the regression curve.

ln dev:OSIð Þ" ln dev:LDL-Cð Þ¼"0:000706þ0:709! ln dev:PWCð Þ" ln dev:LDL-Cð Þð Þ… (15)

A significant correlation was found, with a correlation coefficient of 0.753 (P<0.01).

Therefore, ln(dev.OSI) is an increasing function of ln(PWC) when ln(dev.LDL-C) is used as a reference. By rearranging
(15), the following formula was obtained.

Table 1. Summary of the SPS data analyzed in the present study.

Mean SD 25% percentile 50% percentile 75% percentile

OSI (10!106) 2.92 0.38 2.67 2.88 3.11

LDL-C (mg/dL) 97.0 23.5 79.0 96.0 111.0

PWC (W) 102.9 32.2 84.5 98.0 111.0

Age (years) 31.5 7.7 25.0 31.0 38.0

Height (cm) 159.3 6.2 154.6 158.8 162.9

Weight (kg) 53.1 5.9 48.7 52.3 56.8

BMI (kg/m2) 20.9 1.8 19.4 20.4 22.0

Hemoglobin (g/dL) 12.8 0.7 12.3 12.9 13.2

Total protein (g/dL) 7.2 0.3 6.9 7.2 7.4

Total cholesterol (mg/dL) 186.9 26.7 168.0 185.0 203.0

TG (mg/dL) 57.0 20.8 40.0 51.0 67.5

GOT (U/L) 18.0 3.2 16.0 18.0 20.0

GPT (U/L) 13.3 3.4 11.0 13.0 15.0

γ-GPT (U/L) 14.0 4.6 11.0 13.0 16.0

HbA1C (%) 5.1 0.2 5.0 5.1 5.2

Creatinine (mg/dL) 0.6 0.1 0.6 0.6 0.7

SD, standard deviation; LDL-C, low-density lipoprotein cholesterol; OSI, osteo-sono assessment index; PWC, physical work capacity at 75%
of the maximum heart rate; BMI, body mass index; TG, triglycerides; GOT, glutamic oxaloacetic transaminase; GPT, glutamic pyruvic
transaminase; γ-GPT, gamma-glutamyltransferase; HbA1C, hemoglobin A1C.
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ln dev:OSIð Þ" ln dev:PWCð Þ¼"0:000706þ0:291! ln dev:LDL-Cð Þ" ln dev:PWCð Þð Þ… (16)

Figure 2b shows the relative relationships between ln(dev.OSI) and ln(dev.LDL-C) with respect to ln(dev.PWC),
indicating the above regression curve. A significant correlation was found, with a correlation coefficient of 0.453 (P <
0.01). Therefore, ln(dev.OSI) is an increasing function of ln(dev.LDL- C) when ln(dev.PWC) is used as a reference.

According to (15) and (16), the equilibrium constant K is defined. K is a constant obtained by the below calculation.

K ¼ dev:OSI

dev:PWCð Þ0:709 dev:LDL-Cð Þ0:291
¼ 1… (17)

Equilibrium equation (17) is a necessary condition for equation (14) to be established. Since the deviation value was an
interval measure, it was originally not suitable for multiplication and division. However, the variables were standardized
by the deviation value; thus, it was possible to analogize the variables as concentrations. As indicated by the higher and
smaller indices of dev.PWC and dev.LDL-C, respectively, in equation (17), the contribution to an increase in dev.OSI
would be stronger for dev.PWC than for dev.LDL-C.

The robustness of the equilibrium constant K
Next, we investigated the range of each variable for which the equilibrium constant holds in order to identify the range of
variation in the three variables for which homeostasis can bemaintained. This property can be described as the robustness
of the equilibrium constant K. Thus, we confirmed the robustness of the equilibrium constant K against fluctuations in
dev.PWC, dev.LDL-C, and dev.OSI, respectively.

Robustness of the equilibrium constant K against fluctuations in PWC
One-way analysis of variance (ANOVA) followed by multiple comparison testing was performed on the PWC values of
women aged 20 to 45 years, divided into quartiles (Q1 to Q4), with the natural logarithm of K as the objective variable
(Figure 3a). There was a significant difference between Q1 and Q4 (Q1 - Q4), and between Q2 and Q4 (Q2 - Q4) (P <
0.01). There were no other significant differences between the quartile groups. Further equivalence testing showed
statistically significant equivalence in all neighboring quartile ranges (Q1 - Q2), (Q2 - Q3), and (Q3 - Q4). When the
K-value shows equivalence among the adjacent quartile groups, as in this case, the K-value can be considered robust.
Therefore, the mechanism maintaining the equilibrium constant K stable against fluctuations in PWC is functioning
throughout the entire quartile range.

Figure 2. Relative relationships among ln (dev. OSI), ln (dev. PWC), and ln (dev. LDL-C) are shown. (a) Correlation
between ln (dev. OSI) and ln (dev. PWC)with respect to ln (dev. LDL-C). (b) Correlation between ln (dev. OSI) and ln (dev.
LDL-C) with respect to ln (dev. PWC). Abbreviations: LDL-C, low-density lipoprotein cholesterol; OSI, osteo-sono
assessment index; PWC, physical work capacity at 75% of the maximum heart rate; ln, logarithmic; dev, deviation
value.
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Robustness of the equilibrium constant K against fluctuations in LDL-C
Next, ANOVA followed by multiple comparison testing was performed on the LDL-C values of women aged 20 to
45 years, divided into quartile ranges, with the natural logarithm of K as the objective variable (Figure 3b). As a result, a
statistically significant difference was found only in (Q2 - Q4) (P < 0.01).When equivalence tests were conducted for the
other group combinations, significant equivalence was detected in all adjacent quartile groups (Q1 - Q2), (Q2 - Q3), and
(Q3 - Q4), as with the PWC. Thus, the mechanism maintaining K constant against fluctuations in LDL-C is functioning
throughout the entire quartile range.

Robustness of the equilibrium constant K against fluctuations in OSI
Finally, ANOVA followed by multiple comparison testing was performed again on the OSI values of women aged 20 to
45 years, divided into quartile ranges, with the natural logarithm of K as the objective variable (Figure 3c). There were
significant differences between all pairwise combinations of Q1 to Q4 (P < 0.01). Thus, the mechanism maintaining the
equilibrium constant K stable against fluctuations did not work for large fluctuations in OSI.

Discussion
In the present study, we developed a premenopausal chemical equilibriummodel comprising three variables by focusing
on the irreversible changes in the menopausal process, and deduced a basic relationship before menopause. Then the
deduced results were applied to real-word data (i.e. SPS data) to check the robustness of themodel. The study results show
that the majority of women aged 20 to 45 years have a mechanism that reduces fluctuations in the equilibrium constantK
against fluctuations in LDL-C and PWC in adjacent quartiles. This basic equilibrium works well for controllable
fluctuations in PWC and LDL-C, but the equilibrium collapses in the case of large fluctuations in the OSI.

Figure 3. Robustness of the equilibrium constant K against fluctuations in PWC, LDL-C, and OSI is shown.
(a) Robustness of the equilibriums constant K for PWC is shown. Q1, Q2, Q3, and Q4 reflect the quartiles of the PWC
between the ages of 20 and 45 years. Thequartile range is as follows: Q1, under 84.5W;Q2, 84.5–98W;Q3, 98–111W;
andQ4, over 111W. There is significant difference betweenQ1 andQ4 (P < 0.01). There is also a significant difference
betweenQ2andQ4 (P<0.01). Importantly, equivalence is shownbetweenQ1andQ2,Q3andQ4, andQ2andQ4with
respect to the equilibrium constant K. In other words, the equilibrium constant K can be regarded as constant
between all adjacent ranges. (b) Robustness of the equilibrium constant K against fluctuations in LDL-C is shown. Q1,
Q2,Q3, andQ4 reflect thequartiles of LDL-Cbetween the agesof 20 and45 years. Thequartile range is as follows:Q1,
under 79 mg/dL; Q2, 79–96 mg/dL; Q3, 96–111 mg/dL; and Q4, over 111 mg/dL. There is a significant difference
between Q2 and Q4 (P < 0.01). The equivalence is ensured between all neighboring groups (between Q1 and Q2, Q2
andQ3, Q3 andQ4). This indicates that, as with the PWC, over a wide range of dev. LDL-C levels, the body can adapt to
maintain a stable equilibrium constant K in response to dev. LDL-C fluctuations. (c) Robustness of the equilibrium
constant K against fluctuations in the OSI. Q1, Q2, Q3, and Q4 reflect the quartiles of OSI between the ages of 20 and
45 years. The quartile range is as follows: Q1, under 2.67!106; Q2, 2.67–2.88!106; Q3, 2.88–3.10!106; and Q4, over
3.10!106. There are significant differences between all pairwise combinations of Q1 to Q4 (P < 0.01). Thus, the
equilibriumconstantK is not robust for thequartile rangeof theOSI.Neither the LDL-Cnor thePWCare responsive to
large changes in the quartile range; thus, the fluctuation of dev. OSI to other quartile ranges is actually unrealistic.
Even if such variation did occur, the mechanism for holding the equilibrium constant K does not work. This result
suggests that dev. OSI is the result of a three-variable causal relationship, and not the cause, in the age range of 20 to
45 years. Black asterisks (* or **) indicate a significant difference between groups (P < 0.05 or P < 0.01, respectively).
In contrast, a red asterisk (**) indicates equivalence between groups (P < 0.01). Abbreviations: LDL-C, low-density
lipoprotein cholesterol; OSI, osteo-sono assessment index; PWC, physical work capacity at 75% of the maximum
heart rate; dev, deviation value.
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Life events such as pregnancy and menopause occur in women. Although a decrease in estrogen levels is natural and
unavoidable, demonstrating the conditions that could mitigate the decline in BMD would be beneficial in improving the
quality of life in women.

Muscle strength has been reported as an independent predictor of BMD in young women.29 In addition, in the Nakanojo
study, it was concluded that there is a positive correlation between the T-score and step count, and between the T-score
and duration of physical activity >3 metabolic equivalents (METs; i.e., low to moderate intensity), in the elderly.30–32

Routine exercise of 7,000 steps or more and >15 minutes of exercise at >3 METs is recommended from the viewpoint of
preventing osteoporosis.32 The PWC reflects both muscle mass and endurance.33 Considering the results of these two
studies together, an increase in PWCwould contribute to an increase in OSI not only in the elderly, but also in young adult
women.

While there are many reports supporting a positive correlation between PWC and OSI, there are differing conclusions
regarding the correlation betweenOSI andLDL-C.A study inKorea found no significant correlation between LDL-C and
BMD.11 Thus, although LDL-C has been suggested to be involved in osteoporosis, its relationship with bonemetabolism
remains unclear.14 A recent epidemiological observational analysis showed a negative causal relationship between LDL-
C and BMD.34 This is apparently inconsistent with the results of our chemical equilibriummodel. However, although the
relationship between LDL-C and BMD has been examined in various studies, the results are often conflicting and
inconclusive, with positive,35,36 no,37 and inverse38,39 correlations reported. Indeed, Kuipers et al., found that in Afro-
Caribbean men, lower LDL-C and higher HDL-C concentrations were associated with accelerated bone loss.38 The
reasons for these conflicting results regarding the relationship between serum lipids and bonemetabolism are unclear, but
further research is needed to better understand the mechanisms involved and the clinical implications of these findings.40

However, all of these studies lack a consideration of the work capacity in association with both LDL-C and BMD.

There is no precedent for a study that comprehensively explains the relationship established among three variables
that have the universal property of fluctuating during menopause, using a chemical equilibrium model. In the present
study, we first focused on menopause, and then on the variation in three variables that did not depend on a data bias.
Subsequently, we considered the changes in the three variables during the menopause period as an irreversible process,
with the premenopausal state as a quasi-equilibrium state before reaching this irreversible process. In the present study,
we reported on the relationship among three variables during the premenopausal stage (i.e. 20 to less than 45 year of age).

Changes in the three evaluated variables include both changes over time and variations within a particular age. Applying
Le Chatelier's principle to the obtained equilibrium equation (14), it can be stated as follows: “increase in dev.PWC or
increase in dev.LDL-C ! increase in dev.OSI”. The conclusion of the basic equilibrium equation (14) is that at the
premenopausal stage, with all other conditions being equal, an increase in dev.LDL-Cwill contribute to an increase in dev.
OSI.As shown in the present study, it is important that the dev.PWC, dev.LDL-C, and dev.OSI in the premenopausal stage
are controlled by the equilibrium constant K, and that the three variables are also mutually dependent variables.

The present study suggests that under restricted conditions, where the equilibrium constant K is kept at a constant value,
the decrease in bone density could be alleviated by promoting an increase in LDL-C or by mitigating the decrease
in PWC.

The spontaneous process ofmenopause is accompanied by changes in three variables: PWC,OSI, and LDL-C. Thus, they
can be related to thermodynamic variables. If we view the progression of menopause as a spontaneous process, similar to
a decrease in Gibbs free energy, OSI decreases and LDL-C increases, and we can compare OSI to enthalpy and LDL-C to
entropy. This is an issue for future research.　

The existence of the equilibrium constant tells us that, for example, for the same value of PWC, the larger the LDL-C, the
larger the OSI. In other words, for two people with the same level of work capacity, the equilibrium constant suggests that
the person with higher LDL-Cwill have greater bone density. Therefore, it is not desirable to discuss good and bad health
in terms ofmerely high and lowLDL-C levels (not tomention that pathologically high LDL-C is undesirable). Instead, we
should discuss the health status of an individual by simultaneously considering all the three variables, including work
ability and bone density.

Conclusions
The present study suggests that the decrease in bone density could be alleviated by promoting an increase in LDL-C or by
mitigating the decrease in PWC. Themitigation of bone density loss andmaintenance of highwork capacity are important
factors when discussing an individual's health, and appropriate LDL-C levels may also need to be taken into account.
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Data availability
This dataset was not generated nor is it owned by the authors of this article. Therefore, neither the authors nor
F1000Research are responsible for the content of this dataset and cannot provide information about data collection.
As this dataset contains potentially identifying images/information, caution is advised when using this dataset in future
research. We note that only the results of data analysis may be used and published for research purposes, as stipulated by
the ethics committee of the corresponding author's previous institution (Yokohama Sports Medical Center, Yokohama,
Japan). Unfortunately, due to privacy and protocol issues, it is difficult at this time to grant the same access enjoyed by the
authors to readers or reviewers. However, we believe that the data can be made available after this study is published.We
provide you with the following information for the person in charge of the research institute that manages the data:

Those wishing to apply for access to the data should contact Shinji Nambu, Administrative Manager at the Yokohama
SportsMedical Center Office (E-Mail:no01-nanbu@yspc.or.jp, +81-45-477-5050).When applying for access, interested
parties must provide their affiliation, their background, and the purpose for which the data will be used in the body of the
e-mail.

Acknowledgments
We thank the SPS participants and all staff members at the Yokohama SportsMedical Center.We express our gratitude to
Haruhito Aoki, M.D., Ph.D. and Director of the Yokohama Sports Medical Center. K.M. is deeply grateful to Satoru
Watanabe, Ph.D. and Shigeharu Saito, M.D., Ph.D. We would like to thank Editage (www.editage.com) for English
language editing.

References

1. McKinlay S, JefferysM, Thompson B:An investigation of the age at
menopause. J. Biosoc. Sci. 1972; 4: 161–173.
Publisher Full Text

2. Zhu D, Chung HF, Dobson AJ, et al. : Type of menopause, age of
menopause and variations in the risk of incident cardiovascular
disease: pooledanalysis of individual data from10 international
studies. Hum. Reprod. 2020; 35: 1933–1943.
PubMed Abstract|Publisher Full Text

3. Kalervo Väänänen HK, Härkönen PL: Estrogen and bone
metabolism. Maturitas. 1996; 23(Suppl): S65–S69.
Publisher Full Text

4. Ryu KJ, Park H, Kim YJ, et al. : Comparison of various
menopausal symptoms and risk factor analysis in Korean
women according to stage of menopause. Maturitas. 2020; 140:
41–48.
PubMed Abstract|Publisher Full Text

5. DobbsMB, Buckwalter J, Saltzman C:Osteoporosis: the increasing
role of the orthopaedist. Iowa Orthop. J. 1999; 19: 43–52.
PubMed Abstract

6. Pai MV: Osteoporosis prevention and management. J. Obstet.
Gynaecol. India. 2017; 67: 237–242.
PubMed Abstract|Publisher Full Text

7. Montgomery G, Abt G, Dobson C, et al. : The mechanical loading
and muscle activation of four common exercises used in
osteoporosis prevention for early postmenopausal women.
J. Electromyogr. Kinesiol. 2019; 44: 124–131.
PubMed Abstract|Publisher Full Text
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