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Abstract Endochondral bone growth in young growing

mammals or adult mammals with persistent growth plates

progresses from proliferation, maturation and hypertrophy

of growth plate chondrocytes to mineralization of carti-

laginous matrix to form an osseous tissue. This complex

process is tightly regulated by a number of factors with

different impacts, such as genetics, endocrine/paracrine

factors [e.g., PTHrP, 1,25(OH)2D3, IGF-1, FGFs, and

prolactin], and nutritional status (e.g., dietary calcium and

vitamin D). Despite a strong link between growth plate

function and elongation of the long bone, little is known

whether endochondral bone growth indeed determines

bone calcium accretion, bone mineral density (BMD), and/

or peak bone mass. Since the process ends with cartilagi-

nous matrix calcification, an increase in endochondral bone

growth typically leads to more calcium accretion in the

primary spongiosa and thus higher BMD. However, in

lactating rats with enhanced trabecular bone resorption,

bone elongation is inversely correlated with BMD.

Although BMD can be increased by factors that enhance

endochondral bone growth, the endochondral bone growth

itself is unlikely to be an important determinant of peak

bone mass since it is strongly determined by genetics.

Therefore, endochondral bone growth and bone elongation

are associated with calcium accretion only in a particular

subregion of the long bone, but do not necessarily predict

BMD and peak bone mass.
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Introduction

As a primary structural framework of the body, bone for-

mation takes place by two distinct mechanisms, i.e., intra-

membranous and endochondral ossifications. Most flat

bones such as the skull are formed by intramembranous

bone formation, in which bone tissue is laid down directly

in primitive connective tissue or mesenchymes without

being preceded by the formation of cartilage template [1–3].

On the other hand, long bones such as the tibia and femur

are formed by endochondral bone formation, in which bone

tissue replaces the preexisting cartilage template. Thus,

endochondral bone growth requires precise timing of the

sequential steps of proliferation and differentiation of

growth plate chondrocytes [1–3]. Despite a considerable

amount of information regarding endochondral bone

growth, evidence of its influence over the subsequent bone

calcium accretion, bone mineral density (BMD; mineral

amount per a unit area of bone) or peak bone mass is sparse.

In this review, we elaborate that the process of endochon-

dral bone growth does affect bone calcium accumulation in

the primary spongiosa near the growth plate as well as

an increase in total bone length. Thus, under normal con-

ditions, the resultant BMD should exhibit a positive corre-

lation with bone elongation. However, under certain
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physiological conditions, such as in lactation, a correlation

between bone elongation and BMD may be inversed.

Growth plate chondrocytes and endochondral bone

growth

The growth plates located in the proximal and distal

epiphyses near the ends of the long bone contain chondro-

cytes at different stages of development. Proliferation and

differentiation of growth plate chondrocytes lead to growth

and elongation of the bone [1, 2, 4]. Histologically, the

growth plate is divided into 3 zones from metaphysis to

diaphysis, i.e., reserve or resting zone, proliferative zone,

and hypertrophic zone (Fig. 1) [1–3]. The reserve zone is

rich in extracellular matrix proteins, e.g., proteoglycans and

type-IIb collagen with embedded small, uniform, low

mitotically active chondroblasts [2]. The reserved chon-

droblasts, in turn, go through the proliferative zone, where

chondrocytes have highly proliferative capacity and are

packed into parallel vertical columns. The synthesis of type-

II and -XI collagens is increased in this zone [1, 2]. Towards

the end of the proliferation phase, chondrocytes which

progressively differentiate into mature cells, by increasing

cell size (hypertrophy) and accumulating glycogen in their

cytoplasm, start to secrete type-X collagen in abundance.

This zone is called a hypertrophic zone [2]. Ultrastructur-

ally, the mature chondrocytes contain abundant rough

endoplasmic reticulum and developing Golgi apparatus

with numerous filopodia on the plasma membrane [2, 4].

Mature chondrocytes then undergo degeneration by apop-

tosis, and the matrix is later invaded by capillaries, osteo-

blasts, and hematopoietic cells from the marrow [1, 2].

Cartilaginous matrix also acts as a scaffold for hydroxy-

apatite formation, and matrix calcification ensues. The rate

of matrix production by hypertrophic chondrocytes and

calcification are important determinants of bone elongation

[1, 2, 4]. The endochondral bone growth is thus the primary

mechanism that determines the skeletal framework, bone

morphology, and bone mineral accretion, while other fac-

tors, such as nutritional status, (patho)physiological condi-

tions (e.g., lactation), physical activity, or exercise can

impact the degree of calcium accumulation and bone

microstructure. Exercise training is also capable of inducing

chondrocyte proliferation and osteoblast-mediated bone

formation in humans and rodents [5, 6]. Having said that, is

it reasonable to propose that endochondral bone growth is

an important determinant of bone calcium accretion, and

thus BMD? Supporting evidence comes from Gafni and

colleagues [7] who investigated bone recovery in dexa-

methasone-treated 5-week-old rabbits, and found that,

although dexamethasone induced growth retardation and

severe osteoporosis (low BMD), after stopping such a

treatment, endochondral bone growth (represented by bone

length), and cortical and trabecular bone mass were con-

currently recovered within 16 weeks, with endochondral

bone growth and BMD finally showing no difference

between control and dexamethasone-treated groups.

Therefore, endochondral bone growth and bone calcium

accretion as represented by bone elongation and BMD,

respectively, should generally show positive correlation.

However, under certain physiological conditions, such as

lactation, these two parameters may be inversely correlated

(see below).

Local regulators of growth plate development

and endochondral bone growth

Development of growth plate chondrocytes, i.e., prolifer-

ation, differentiation, maturation, and apoptosis, is tightly

regulated by several factors, e.g., genetics, hormones, local

Fig. 1 Longitudinal section of

the growth plate (epiphyseal

plate) of the proximal tibial

metaphysis. The growth plate

separates the epiphysis from the

metaphysis, and is important for

endochondral bone formation.

The growth plate is divided into

reserve zone (RZ), proliferative

zone (PZ) and the hypertrophic

zone (HZ), which is next by the

primary spongiosa (PS)—the

initial trabecular network

formed after vascular invasion

and matrix calcification

(hematoxylin–eosin staining;

scale bar 30 lm)
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cytokines, and nutritional status, as well as individual

lifestyle [1, 8, 9]. In addition to circulating hormones

known to have crucial roles in the regulation of endo-

chondral bone growth [e.g., growth hormone, insulin-like

growth factor (IGF)-1, thyroid hormone, estrogen and

androgens], transcription factors (e.g., Sox9 and Runx2),

and secretory local factors, e.g., Indian hedgehog protein

(Ihh), parathyroid hormone-related peptide (PTHrP),

fibroblast growth factors (FGFs), and bone morphogenetic

proteins (BMPs) produced by chondrocytes are also

important for proper development and regulation of mor-

phological heterogeneity of growth plate chondrocytes [1,

8–10]. An overview of important local factors and their

interactions is depicted in Fig. 2.

In the proliferative zone, an obligatory protein for

chondrocyte development is PTHrP. PTHrP is expressed

and secreted by periarticular perichondrium and prolifera-

tive growth plate chondrocytes, which can bind to PTH/

PTHrP receptor on both late proliferative and hypertrophic

chondrocytes [1, 8, 11]. Binding of PTHrP and its receptor

maintains chondrocytes in their proliferative state and

prevents progression of proliferative chondrocytes to

hypertrophic chondrocytes [1, 12]. However, the prolifer-

ative chondrocytes distant from the site of PTHrP pro-

duction are able to escape from the influence of PTHrP,

thereby transforming into prehypertrophic and hypertro-

phic cells [1, 8, 9]. Meanwhile, the prehypertrophic chon-

drocytes begin to express Ihh as a negative feedback

regulator to prevent proliferative chondrocyte progression

into the hypertrophic stage [1, 8, 9, 11]. Ihh belongs to the

family of hedgehog proteins, which play roles in embry-

onic patterning and development [1, 9, 10]. Once released,

Ihh maintains PTHrP expression in proliferative chondro-

cytes, which in turn, slows down or inhibits Ihh production

in a negative feedback manner [1, 2, 8]. When the prehy-

pertrophic chondrocytes undergo hypertrophy, they pro-

duce type-X collagen, alkaline phosphatase, and

transglutaminase (TG), which can be used as markers of

hypertrophic chondrocytes [2, 13]. It is noteworthy that this

is the first zone that produces alkaline phosphatase, an

essential enzyme for the matrix calcification process [2].

TG2 produced by prehypertrophic chondrocytes acts partly

to promote chondrocyte hypertrophy [2, 14].

In addition to PTHrP/Ihh, other important local secre-

tory proteins that regulate growth plate development are

FGFs and BMPs. BMPs are members of the transforming

growth factor (TGF)-b family that have diverse roles in

bone development (for review, see [9]). BMP-7 is

expressed in proliferative chondrocytes, whereas BMP-6 is

expressed in prehypertrophic and hypertrophic chondro-

cytes [1, 9, 15]. BMP signaling appears to promote Ihh

production in prehypertrophic and hypertrophic chondro-

cytes, thereby increasing the number of proliferative

chondrocytes and the thickness of the proliferative zone [9,

16]. On the other hand, FGF signaling through four iso-

forms of FGF receptors (FGFR) has an opposite effect to

BMPs. For example, activation of FGFR3, which is

expressed in proliferative and hypertrophic chondrocytes,

inhibits chondrocyte proliferation and accelerates chon-

drocyte hypertrophy [1, 17]. The reciprocal effects of

BMPs and FGFs on terminal differentiation of hypertrophic

chondrocytes are essential for proper matrix calcification

[9].

Besides the secretory proteins, an important transcrip-

tion factor required for maturation of chondrocytes is the

sex-determining region Y-box 9 (Sox9), one of the earliest

markers of chondrocyte condensation, which is expressed

in chondroprogenitors and proliferating chondrocytes [1, 9,

18]. Sox9 is essential for chondrocyte proliferation and

delays the onset of chondrocyte hypertrophy [1, 19].

Inactivation of Sox9 in limb buds prior to mesenchymal

condensation led to a complete absence of cartilage and

bone formation. The embryo also manifested severe gen-

eralized chondrodysplasia and dwarfism [19]. Downstream

to Sox9 is runt-related transcription factor (Runx)-2, an

essential transcription factor that drives differentiation and

hypertrophy of proliferative chondrocytes [2, 20, 21].

Runx2 is also an early transcription factor for commitment

Fig. 2 An overview of the regulation of growth plate chondrocyte

development by secretory and transcriptional factors. Parathyroid

hormone-related peptide (PTHrP) synthesized from the perichondral

cells in the epiphysis and growth plate chondrocytes acts directly on

PTHrP receptor in the proliferative chondrocytes to keep chondro-

cytes in the proliferative stage. The prehypertrophic chondrocytes

express Indian hedgehog homolog (Ihh) which acts as a negative

feedback regulator that suppresses its own synthesis by stimulating

PTHrP production, thereby preventing further differentiation of

proliferative chondrocytes. Bone morphogenetic proteins (BMPs)

promote Ihh production, whereas fibroblast growth factors (FGFs)

decrease Ihh production. A proper chondrocyte development also

requires regulation from transcription factors, such as Sox9, Runx2,

and MEF2C, which induce chondrocyte proliferation and maturation.

On the other hand, chondrocyte maturation is suppressed by the

enzyme HDAC4
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of osteoblast lineage; therefore, an absence of Runx2

expression results in no osteoblast formation [9, 22].

In vivo evidence of delayed chondrocyte hypertrophy in

Runx2 null mice confirmed its function by showing a

delayed chondrocyte hypertrophy [15, 21]. Another evi-

dence in Runx2/Runx3 double knockout mice showed a

complete absence of chondrocyte maturation [21]. An in

vitro study in prechondrogenic ATDC5 cells also suggested

that Runx2 induced chondrogenic differentiation and

hypertrophy [20]. Moreover, the function of Runx2 could

be modulated by several intracellular proteins, such as

myocyte enhancer factor-2C (MEF2C, a transcription fac-

tor) [23] and histone deacetylase-4 (HDAC4, an enzyme

that removes acetyl groups from a histone), which enhan-

ces Runx2 expression and inhibits Runx2 activity, respec-

tively [24]. Runx2 also promotes vascular invasion and

initiates commitment of mesenchymal stem cell differen-

tiation into osteoblasts [22, 25].

Anomalous up- or downregulation of Ihh and PTHrP

expressions not only impair growth plate development but

also affect whole body osteogenesis [26–29]. Target dele-

tion of PTHrP or its receptor in mice was lethal and the

fetus showed premature chondrocyte differentiation, lead-

ing to abnormally excessive bone formation at birth [27].

In contrast, overexpressed PTHrP mice showed chondro-

dysplasia, characterized by short-limbed dwarfism and

delayed chondrocyte differentiation, leading to retardation

of endochondral bone growth [28, 29]. Similarly, Ihh null

mice showed dwarfism of all appendicular and axial skel-

etal elements, decreased chondrocyte proliferation, matu-

ration of chondrocyte at inappropriate location, and failure

of osteoblast development in cortical and trabecular parts

of the long bones [26]. Although BMD was not directly

determined in the aforementioned studies, deletion or

overexpression of Ihh and PTHrP could have deleterious

effect on bone structure and bone formation.

Endochondral bone growth and bone calcium accretion

in vitamin deficiency

It is widely accepted that genetic background is a major

factor controlling endochondral bone growth [8, 30].

However, nutritional status can also have effects on

endochondral bone growth and calcium accretion [8, 31,

32]. A number of nutrients, e.g., vitamins, calcium, phos-

phate, and lactose, cooperatively provide sufficient amount

of precursors required for bone growth [32–35].

Regarding the roles of vitamins in normal bone growth

and development, vitamins A and D regulate endochondral

bone growth presumably through their actions on growth

plate chondrocytes [32, 36, 37]. The biologically active

metabolite of vitamin D [i.e., 1,25-dihydroxyvitamin D3;

1,25(OH)2D3] also indirectly induces matrix mineraliza-

tion, calcium accretion, and bone growth by enhancing

intestinal calcium absorption [38]. However, the direct

roles of 1,25(OH)2D3 on growth plate chondrocyte prolif-

eration and differentiation are not completely understood.

Vitamin D deficiency can induce abnormal bone growth

known as rickets in the young and osteomalacia in adults.

In rickets, failure of two separate processes are evident: (1)

the growth plate chondrocytes fail to complete a sequential

process of proliferation, differentiation and degeneration;

and (2) the matured chondrocytes persist in the hypertro-

phic state without undergoing degeneration; therefore,

there is no capillary invasion and matrix mineralization

[34, 39–41]. An investigation in vitamin D receptor (VDR)

knockout mice revealed the rachitic changes throughout the

body. The growth plate of VDR knockout mice showed

extensive disorganization of the chondrocyte column with

an increase in the growth plate thickness [42]. Without

proper bone formation, the accumulated osteoid (non-

mineralized matrix) and cartilage are distorted by the

pressure from weight bearing, thus producing pathological

features such as bowed legs [34, 39, 41]. The severity

depends on duration and degree of vitamin D deficiency.

In vivo studies of 8-day-old vitamin D-deficient chick

showed an absence of PTH/PTHrP receptor expression in

the growth plate chondrocytes [43]. This reduction of PTH/

PTHrP receptor expression in the rachitic chicks was

apparently due to compensatory high plasma PTH, which

downregulated PTH/PTHrP receptor expression [43]. In

addition to the effect on the growth plate, local vitamin D

deficiency also affects vascular invasion [37, 44]. Chon-

drocyte-specific inactivation of Cyp27b1 which is the

1,25(OH)2D3-synthesizing enzyme in mice led to

decreased mRNA expression of vascular endothelial

growth factor (VEGF), an essential growth factor for vas-

cular invasion [37, 44]. Such a decrease in angiogenesis

may partly contribute to growth plate deformity and stunt

growth. Although rickets may also lead to abnormal end-

osteal and periosteal ossification, low BMD in the patients

partly results from impaired endochondral bone formation

[39]. It is possible that, regardless of the calcipenic or

phosphopenic causes of rickets, failure of apoptosis of the

growth plate hypertrophic chondrocytes, which is a com-

mon underlying mechanism of rickets, may lead to a

reduction in the space of primary spongiosa for calcifica-

tion of the cartilaginous matrix, thereby resulting in

impaired osteogenesis and reduced bone elongation. This

might, in turn, result in low bone mass in rachitic

individuals.

Vitamin A deficiency can have profound deleterious

effects on endochondral bone growth. Deficiency of vita-

min A suppresses all stages of growth plate chondrocyte

development, resulting in thin bony trabeculae formed

302 J Physiol Sci (2012) 62:299–307

123



across the face of the growth plate [34]. Thus, the long

bones of vitamin A-deficient animals are shorter and

thicker than normal. The shortness of long bone is caused

by failure of endochondral bone growth, whereas an

increase in bone thickness results from an imbalance

between bone calcium apposition and remodeling process,

the former of which appears to be predominant [34]. An in

vitro study in primary growth plate chondrocyte culture

revealed that retinoic acid (a metabolite of vitamin A) is

important for growth plate maturation by modulating Ihh

and PTHrP receptors and increasing Runx2 mRNA

expression [45, 46].

Vitamin K deficiency also potentially attenuates endo-

chondral bone growth [47, 48]. Price and colleagues [47]

reported that rats treated with vitamin K antagonist war-

farin for 8 months exhibited a severe growth plate disorder

characterized by complete fusion of the tibial growth plate

and cessation of longitudinal bone growth, resembling fetal

warfarin syndrome in human. Such a growth plate defect

appeared to result from impaired production of vitamin

K-dependent proteins, namely osteocalcin and matrix Gla

protein (MGP) [48]. In general, osteocalcin, a protein with

a binding capacity with calcium, is expressed and secreted

not only by mature osteoblasts, but also by hypertrophic

chondrocytes, and thus may serve as a scaffold for calci-

fication of cartilaginous matrix [49, 50]. MGP also has a

high affinity for calcium, and mutations in MGP gene are

responsible for Keutel syndrome, an autosomal recessive

disorder with abnormal cartilage calcification [51].

Endochondral bone growth and bone calcium accretion

in pregnancy and lactation

Interestingly, an increase in endochondral bone growth is

also observed during pregnancy and lactation in humans,

sheep, and rodents, of which the growth plate cartilage is

intact [52–55]. High BMD is usually observed in pregnant

rats, whereas lactating rats have low BMD [54, 56], sug-

gesting that endochondral bone growth is not always pos-

itively correlated with BMD. An investigation in female

mole rats revealed that the femur and lumbar vertebral

lengths were increased during pregnancy [57, 58]. Simi-

larly, femoral and tibial lengths of pregnant and lactating

rats were increased from mid-pregnancy until the end of

lactation [54, 55]. This elongation of the long bones was

inversely correlated with the thickness of the total growth

plate and the hypertrophic zone [55]. Although the

underlying cellular mechanism of the growth plate changes

during lactation remains elusive, an absence of bone

elongation and a reduction in the hypertrophic zone height

in lactating rats treated with an inhibitor of prolactin

release, bromocriptine, suggests that the lactogenic

hormone prolactin from the pituitary gland could be an

important regulatory factor responsible for the reduction of

the hypertrophic zone height during lactation [55]. Besides

prolactin, PTHrP secreted from the mammary gland during

lactation and suckling may also contribute to the lactation-

induced growth plate changes, since PTHrP can modulate

Ihh production [10, 26]. Normally, growth plate height is

an outcome of a balance between chondrogenesis and

osteogenesis. It is, therefore, possible that prolactin might

induce hypertrophic chondrocyte apoptosis to accelerate

matrix calcification, which leads to bone elongation [54,

55]. It is noted that, to provide adequate calcium for milk

production during lactation, prolactin also stimulates the

intestinal calcium absorption and trabecular bone resorp-

tion [54, 59], the latter of which culminates in low BMD in

lactating mothers [56, 59]. It is reasonable to speculate that,

with bone loss from enhanced bone resorption, the process

of bone elongation (a product of endochondral bone for-

mation) may help replenish the maternal bone trabeculae so

as to retain bone mass and to compensate for the reduction

in BMD.

Long-term exposure to prolactin not only regulates

maternal bones but, during the neonatal period, may con-

tribute to longitudinal bone growth in the newborn. Several

investigators have reported that the serum prolactin levels

in the newborn ranging between 140–500 ng/mL are much

higher than that in non-pregnant adults (*7–10 ng/mL)

[60–62]. Hwang and co-workers [61] investigated changes

in serum prolactin in pregnancy, postpartum, newborn

infants, and children, and found that serum prolactin con-

centrations in the newborn at term were comparable to the

maternal levels. After delivery, prolactin levels in the

newborn progressively declined to the adult levels within

6 weeks. However, since *16 % of the ingested prolactin

subsequently appeared in the plasma of the rat neonate, the

infants still continuously received exogenous prolactin

through breast milk [63]. Since an in vitro experiment in

human mesenchymal stem cells demonstrated that prolac-

tin stimulated differentiation of these cells into chondro-

cytes [64], prolactin might act in concert with other

hormones to enhance endochondral bone growth in

newborns.

Relationship between endochondral bone growth

and peak bone mass: does endochondral bone growth

determine peak bone mass?

Peak bone mass is defined as BMD during the stable period

following growth and accrual of bone mass prior to sub-

sequent age-related bone loss [65]. In normal intrauterine

development, a high rate of longitudinal bone growth is

observed during the third trimester of fetal life, and bone

J Physiol Sci (2012) 62:299–307 303

123



growth gradually decelerates until 3 years of age [8, 52]. In

early puberty, the rate of longitudinal bone growth is

substantially increased again reaching a plateau peak bone

mass in adulthood [8, 31]. It is believed that early attain-

ment of high peak bone mass is protective against osteo-

porosis later in life [7, 30]. However, besides the genetic

factor, whether endochondral bone growth determines peak

bone mass is controversial.

There are only a few studies on the relationship between

endochondral bone growth and peak bone mass. Some

investigations suggest that peak bone mass is not directly

dependent on endochondral bone growth. Johnston and co-

workers [66] performed a 3-year, double blind placebo-

controlled trial to see the effect of calcium supplement on

bone mineral density in identical twins. After a 3-year

follow-up, they found that dietary calcium supplement

could induce gain of bone mass in prepubertal twins and

potentially resulted in high peak bone mass. However,

although bone gain was evident, the heights of the children

were not different. In another cohort study, male subjects

who experienced short breastfeeding duration (B3 months)

during their infancy had higher peak bone mass in adult

life, but the height was not different as compared to sub-

jects with long breastfeeding duration [67].

Gain of bone mass without height change (or endo-

chondral bone growth) and vice versa suggest that endo-

chondral bone growth is not a direct determinant of peak

bone mass. Nevertheless, some growth factors or hor-

mones, such as FGF-2 and progesterone, may interact with

the genetic background to affect bone mass, rather than

endochondral bone growth [68, 69]. FGF-2, a pleiotropic

mitogen of the FGF family, is expressed in several cell

types, e.g., heart, lung, spleen, and osteoblasts [70, 71].

Previous in vivo investigation revealed that overexpression

of FGF-2 caused achondrodysplasia of the growth plate and

shortening of the long bones. The growth plate height was

increased by hyperplasia of the reserve and proliferative

zones, but the hypertrophic zone was nearly absent [70].

Similarly, systemic FGF-2 administration in rats also

decreased longitudinal growth rate and growth plate

chondrocyte proliferation, but increased bone formation

through an increase in osteoprogenitor cell proliferation

[68, 72].

Besides FGF-2, progesterone is another hormone that

may control both endochondral bone growth and peak bone

mass through progesterone receptor in osteoblasts and

osteoclasts [69, 73]. Recent investigation in progesterone

receptor knockout (PRKO) mice showed increases in total,

cancellous, and cortical bone mass, without changes in the

tibial longitudinal bone growth [69]. Yao and colleagues

[73] performed a longitudinal study in 1- to 12-month-old

PRKO mice and found that these mice developed higher

peak bone mass at both cancellous and cortical sites.

However, this higher bone mass was not associated with

endochondral bone growth, i.e., no difference in femoral

lengths of PRKO versus wild-type littermates.

Perspective and concluding remarks

It could be concluded that endochondral bone growth and

bone elongation are associated with bone calcium accretion,

at least in a subregion of the spongiosa. In most cases, this

calcium accretion leads to an increase in BMD. Interest-

ingly, in lactation, trabecular bone resorption results in

decreased BMD concurrently with bone elongation. How-

ever, the endochondral bone growth and the resultant bone

elongation do not directly determine peak bone mass, which

is presumably predetermined by genetic factors.

Is there any factor that can increase both endochondral

bone growth and peak bone mass? It is reasonable to

propose that one of the potential factors could be exercise,

which has been known to induce chondrocyte proliferation

and osteoblast-mediated bone formation [5, 6]. Although

physical activity and exercise are the major lifestyle

determinants of BMD and body height [74], types, dura-

tion, or intensity of exercise, or the exercise training pro-

tocol, that most efficiently improve endochondral bone

growth and peak bone mass require more investigation.

Weight-bearing impact exercises, e.g., jogging and gym-

nastics, usually increase bone mass [75–78], whereas non-

impact exercises, e.g., swimming, increase bone length and

body height [79, 80]. It is also possible that endochondral

bone growth as represented by bone length primarily

determines the size of the skeletal framework, whereas

certain regular exercise may increase calcium accretion and

mineral density within the skeletal structure, thereby pos-

itively correlating the endochondral bone growth with peak

bone mass especially in young growing individuals.
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