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Abstract

Severe calcification of the bone microvascular network was observed in rats, whereby the bone
marrow blood vessels appeared ossified. This study sought to characterize the magnitude of
ossification in relation to patent blood vessels and adipocyte content in femoral diaphyses.
Additionally, this study confirmed the presence of ossified vessels in patients with arteriosclerotic
vascular disease and peripheral vascular disease and cellulitis. Young (4—6 mon; n=8) and old
(22-24 mon; n=8) male Fischer-344 rats were perfused with barium sulfate to visualize patent
bone marrow blood vessels. Femoral shafts were processed for bone histomorphometry to quantify
ossified (Goldner’s Trichrome) and calcified (Alizarin Red) vessels. Adipocyte content was also
determined. Additional femora (n=5/age group) were scanned via uCT to quantify microvascular
ossification. Bone marrow blood vessels from rats and the human patients were also isolated and
examined via microscopy. Ossified vessels (rats and humans) had osteocyte lacunae on the vessel
surfaces and “normal” vessels were transitioning into bone. The volume of ossified vessels was
4800% higher (p <0.05) in old vs. young rats. Calcified and ossified vessel volumes per tissue
volume and calcified vessel volume per patent vessel volume were augmented (p <0.05) 262%,
375% and 263%, respectively, in old vs. young rats. Ossified and patent vessel number was higher
(171%) and lower (40%), respectively, in old vs. young rats. Finally, adipocyte volume per patent
vessel volume was higher (86%) with age. This study is the first to report ossification of bone
marrow blood vessels in rats and humans. Ossification presumably results in “microvascular dead
space” in regards to loss of patency and vasomotor function as opposed to necrosis. The
progression of bone microvascular ossification may provide the common link associated with age-
related changes in bone and bone marrow. The clinical implications may be evident in the
difficulties treating bone disease in the elderly.
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INTRODUCTION

The vascular system is important for bone and bone marrow. Immune cells are produced in
the bone marrow [1] and blood vessels serve a role in hematopoietic stem cell niches [2]. In
addition, capillaries are integral components of bone basic multicellular units and may
coordinate the activities of osteoblasts and osteoclasts [3, 4]. Further, alterations in skeletal
perfusion have been linked with changes in bone cell metabolism [5]. Thus, a properly
functioning bone vascular system is critical for healthy bone and bone marrow and vascular
dysfunction is presumed to contribute to osteopathology.

Dysfunction or dysregulation of the bone vascular network may rest internal to the skeleton
(i.e., bone marrow blood vessels) or external (i.e., nutrient arteries and veins that originate
outside and penetrate the skeleton). Thus, the potential influence of bone vascular
dysfunction on the development of bone disease is multifaceted and complex. Previously,
the roles of skeletal perfusion [6, 7], spatial redistribution of bone marrow blood vessels [8],
bone vascular density [8] and vasomotor responsiveness of the femoral principal nutrient
artery (i.e., the primary conduit for blood flow to long bones) [6, 7, 9, 10] have been
considered as contributing factors to altered bone metabolism and mass. What has received
little attention, however, has been the role of bone vascular calcification and its potential
influence on vascular regulation of skeletal blood flow.

Calcification of blood vessels occurs in several diseases such diabetes, end stage renal
disease, atherosclerosis and calciphylaxis [11-16] and is present in different sized vessels
(e.g., aorta, dermal microvessel, etc.)[17]. Calcification is a complex process and the
mechanisms are currently under investigation [17]. During calcification, small crystals of
hydroxyapatite deposit in the intima and/or media and often contain pockets of marrow and
cartilagenous tissue [11-17]. Arteriosclerosis in human bone marrow was first reported in
the 1960s and Ramseier suggested that this disease occurs at least a decade earlier in bone
marrow in comparison to blood vessels in other organs [18]. In primates fed an atherogenic
diet for 20 months, minimal changes occurred in bone arterial morphology of the maxilla
and mandible, which presented as fibro-fatty intimal plagues and the occasional replacement
of smooth muscle fibers with collagen [18]. These alterations, however, only caused
minimal lumen occlusion in the effected bone blood vessels and therefore the declines in
blood flow to the maxilla and mandible was attributed to the gross lesions observed in the
afferent vasculature (i.e., carotid artery) [18]. Further, some evidence of intraosseous blood
vessel calcification presented as heterogeneous staining of the adventitial layer; however, no
further physiological or pathological details of the sample were given [19].

The totality of evidence in the literature invited further clarification as to the extent of
microvascular calcification in bone. Examination of bone marrow blood vessels from young
and old rats revealed severe pathology that extended beyond calcium deposition, whereby
the vessels appeared ossified and bone-like in morphology. Thus, the purpose of this
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investigation was to characterize the magnitude of bone marrow blood vessel ossification in
relation to patent bone marrow blood vessels and adipocyte volume in the femoral diaphyses
of young and old rats. In addition, this study confirmed the presence of ossified bone
marrow blood vessels in human long bones.

MATERIALS AND METHODS

The procedures employed in this study were approved by the University of Delaware
Institutional Animal Care and Use Committees, and conform to the Guide for the Care and
Use of Laboratory Animals published by the National Institutes of Health (NIH Publication
No. 85-23, revised 1996). Young (4-6 months) and old (22—24 months) male Fischer-344
rats were doubly housed in a temperature-controlled (23+2°C) room with a 12:12 h light/
dark cycle. Tap water and rat chow were provided ad libitum.

Experimental Protocol

Perfusion of the vascular network—To visualize the bone microvascular network,
young (n=8) and old (n=8) male Fischer-344 rats were injected with heparinized saline (50
IU/kg, subcutaneously) 1 hour prior to sacrifice and subsequently perfused with a barium
sulfate solution as previously described [8]. Briefly, under anesthesia (isoflurane 3% to
oxygen balance), the thoracic cavity was opened; a guided cannula was inserted into the left
ventricle and a small incision was made in the right atrium. The cannula was connected to
Tygon tubing (Masterflex 14) and the tubing was secured onto the rollers of a perfusion
pump (Masterflex L/S, Cole-Parmer, Vernon Hills, IL, USA). Using the perfusion pump,
blood was flushed from the vascular system with physiological phosphate-buffered saline
(37°C) containing sodium nitroprusside. A cannula was then inserted into the abdominal
aorta and barium sulfate solution pumped into the circulation. The vascular system was
considered entirely perfused when the liver and feet of the animal appeared white. Right
femora were then dissected and stored in 10% formalin at 4°C for 3 days.

Evaluation of the femoral diaphysis for patent bone marrow blood vessels
and bone marrow blood vessel ossification

Bone Histomorphometry: Right femora were removed from the formalin, serially
dehydrated in increasing concentrations of ethanol, and the femoral shafts were embedded in
methyl methacrylate at low temperature as previously described [8]. Femoral shafts were
sectioned frontally with a microtome (Leica RM2255, Leica Microsystems, Buffalo Grove,
Illinois, United States) and histological slides created. Goldner’s Trichrome or Alizarin Red
staining of barium sulfate-perfused femoral shafts allow for the simultaneous visualization
of bone marrow blood vessels that are patent and those that stain as bone (Goldner’s
Trichrome) or for calcium deposition (Alizarin Red). Two 9-pm-thick histological sections
stained with Alizarin Red were analyzed for the determination of calcification (i.e., calcified
vessel volume per tissue volume ratio and calcified vessel volume per patent vessel volume
ratio). In addition, two 9-pm-thick histological sections stained with Goldner’s Trichrome
were used for the determination of ossification (i.e., ossified vessel volume per tissue
volume ratio and the number of ossified vessels). In addition, patent bone marrow blood
vessels in the femoral shaft were quantified (i.e., patent bone marrow blood vessel volume
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per tissue volume ratio and the number of patent bone marrow blood vessels). Adipocyte
content of the femoral shaft was also quantified for adipocyte volume per tissue volume
ratio, adipocyte volume per patent vessel volume ratio and adipocyte number. For each
slide, the entire femoral shaft was analyzed and the data was averaged per rat.

High-resolution microtomography (UCT)—A separate group of young (n=5) and old
(n=5) male Fischer-344 rats were used to determine bone marrow blood vessel ossification
via UCT. Rats were anesthetized (isoflurane 3% to oxygen balance) and euthanized by
removing the heart. Right femora were scanned ex vivo using high-resolution (8 pm) uCT
Viva CT40 (Scanco Medical AG, Wayne PA) at 55 kVVP and acquired. To isolate bone
marrow blood vessels, the distal end (i.e., distal metaphysis and epiphysis) was cut free from
the left femur with a bone saw and the intact cortical shaft and proximal end (i.e., proximal
metaphysis and epiphysis with the femoral head) was placed in a 1.5 mL microcentrifuge
tube containing small amounts of phosphate buffered saline. Subsequently, the tube was
spun briefly in a microcentrifuge until the marrow dislodged from the bone and into the
phosphate buffered saline. Next, utilizing a stereomicroscope and microsurgical forceps,
bone marrow blood vessels were isolated from the marrow, cleared of bone marrow cells,
stained with Goldner’s Trichrome and examined by light and stereomicroscopy.

Isolation of human bone marrow blood vessels from the femoral and fibular
diaphyses—An amputated distal femur from a 59-year-old female patient with
arteriosclerotic vascular disease and an amputated fibula from a 75-year-old female patient
with peripheral vascular disease and cellulitis were obtained through a material transfer
agreement with Christiana Care Health Systems (courtesy of Dr. Mark Mitchell) and fixed
in 10% formalin for 3 weeks. The amputated limbs were considered medical waste and
Institutional Review Board approval and subject’s consent were not required. For the distal
femur, a 3-cm cross-section of the diaphysis was cut with a Dremel Saw-Max™. To locate
bone marrow in the fibula, the cortical shell was sectioned on both sides with a Dremel Saw-
MaxTM and the bone separated into two halves along the longitudinal axis. Utilizing a
stereomicroscope and microsurgical forceps, bone marrow blood vessels were isolated from
bone marrow located in the middle of the cross- and longitudinal-sections. The bone marrow
blood vessels were cleared of bone marrow cells, stained with Goldner’s Trichrome and
examined by light and stereomicroscopy.

Statistical Analysis—One-way ANOVA was used to determine the significance of
differences in body mass, patent, ossified and calcified bone marrow blood vessel
parameters, adipocyte parameters and bone marrow blood vessel ossification via pCT. Data
are presented as mean + S.E. Significance was defined a priori as p < 0.05.

Mean body mass did not differ between young and old rats (378 + 7g vs. 410 + 13g,
respectively). Figure 1 illustrates normal (a, ¢ and €) and ossified (b, d and f) bone marrow
blood vessels taken from the femoral diaphyses of young and old rats and from the fibular
and femoral diaphyses of the human subjects. Light microscopy revealed the presence of
osteocyte lacunae on the surfaces of the old rat and human bone marrow blood vessels
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(Figure 1 b, d and f). Even though not depicted in Figure 1, ossified vessels were observed
in the young animals (as shown in Figure 2A). Additionally, uCt data revealed that the
volume of ossified bone marrow blood vessels was significantly (p < 0.05) higher in old vs.
young rats (0.49 + 0.11% vs. 0.01 + 0.01%, respectively, and Figure 2). Figure 3 depicts
photomicrographs of cortical bone from an old Fisher-344 rat (a) and bone marrow blood
vessels isolated from the fibular (b) and femoral (c) diaphyses of the human patients. Higher
magnifications (insets) reveal the details and similarities of osteocyte lacunae on the
surfaces of the cortical bone and bone marrow blood vessels. The similarities in morphology
of the ossified bone marrow blood vessels between species (i.e., human and rat; Figure 1)
and the bone tissue (Figure 3) is striking and confirm the presence of bone marrow blood
vessel ossification in humans. Goldner’s Trichrome staining of “normal” bone marrow
blood vessels from a young rat and the human patient with arteriosclerotic vascular disease
revealed a transition of vascular cells to bone (Figure 4a and d; stereomicroscopy and Figure
4b, ¢, e and f; light microscopy).

Quantifying Patent, Calcified and Ossified Bone Marrow Blood Vessels in the Femoral
Diaphyses of Rats

Goldner’s Trichrome (Figure 5a and ¢) and Alizarin Red (Figure 5b and d) staining of
femoral shafts revealed ossification and calcification of the bone marrow blood vessels in
both young (Figure 5a and b, arrows) and old (Figure 5c and d, arrows) rats. As observed in
Figure 5e, osteoid seams (which represents newly formed but unmineralized bone) are
present on the ossified bone marrow blood vessel. When quantified, the volumes of
calcification per tissue volume and per patent vessel volume were higher (p < 0.05) in old
rats (Figure 6a and 6b). Further, there was a higher (p < 0.05) volume (Figure 6¢) and
number (Figure 6d) of ossified bone marrow blood vessels in old rats. Examination of
barium sulfate-perfused vessels revealed similar volumes of patent bone marrow blood
vessels between young and old rats (Figure 7a); however, overall number was diminished (p
< 0.05) in old age (Figure 7b).

Adipocyte Content in the Femoral Diaphysis

Overall, adipocyte volume per tissue volume and adipocyte number was similar between
young and old rats (Figure 8a and b, respectively); however, adipocyte volume per patent
vessel volume was higher (p < 0.05) in the old group (Figure 8c).

DISCUSSION

This study is the first to report ossification of bone marrow blood vessels in young and old
rats and in patients with arteriosclerotic vascular disease and peripheral vascular disease
with cellulitis. Bone marrow blood vessel ossification and calcification drastically
progressed as a function of age in rats (Figure 2 and Figure 6) and presumably resulted from
a transition of vascular cells to an osteogenic phenotype (Figure 4 and Figure 5). Further, the
number of patent bone marrow blood vessels declined with age (Figure 7b) and with
increased adipocyte volume (Figure 8c). The pathology presented in this manuscript differs
from vascular calcification reported in several disease states [11-16]. As observed, bone
marrow blood vessels from both rat and human long bones lose a vascular appearance
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(except for the rod-like structure) and resemble bone, with osteocyte lacunae on the vessel
surface (Figures 1b, d and f and Figure 3b and c). Histological staining revealed that these
blood vessels are similar to cortical bone (Figure 5) and are undergoing active bone
formation, as evidenced by the presence of osteoid seams (Figure 5E). To date, however, the
cell type responsible for the ossification of bone marrow blood vessels is unknown but may
be attributable to adventitial reticular cells, which form a subendothelial layer on the
abluminal surface of sinusoidal walls [20]. Adventitial reticular cells (i.e., skeletal stem
cells) express alkaline phosphatase and are osteogenic in nature [21, 22]. The presence of
this pathology in both young and old animals suggests that it initiates in youth. The human
femoral diaphyses came from elderly individuals with arteriosclerotic vascular disease and
peripheral vascular disease with cellulitis; thus, examination of additional samples varying
in age and health status will need to occur.

It seems implausible that ossified vessels maintain patency and the ability to regulate blood
flow via vasodilation and/or vasoconstriction. Since bone vascular density does not always
correspond to bone perfusion [23], the loss of vasomotor function in bone resistance arteries
and its impact on bone health cannot be overstated. Declines in vasodilator capacity of the
femoral principal nutrient artery were associated with reduced bone mass and vice versa [6,
7,9, 24]. Ossification of bone marrow blood vessels presumably results in “microvascular
dead space” in regards to loss of vasomotor function as opposed to blood vessel necrosis,
since the described pathology is a cellularbased transformation into bone. Coupled with age-
related declines in vasodilator capacity of the nutrient arterial system, the clinical
significance of these findings may have therapeutic implications regarding systemic
hormonal regulation of bone, delayed fracture healing and the delivery of oxygen, nutrients
and pharmaceuticals to bone.

In context of these novel findings, what are the clinical ramifications associated with an
enlarging “microvascular dead space” in bone? Researchers have long recognized the
importance of vascular supply for biological activity, including for the skeleton [10, 25, 26].
Since angiogenesis often, but not always [8], precedes osteogenesis, the circulation of bone
is substantively involved in bone cellular regulation and activity [27, 28]. As hypothetically
illustrated in Figure 9, which extends upon theories previously put forth by Colleran et al.
(2000) [29], bone marrow blood vessel ossification presumably results in rarefaction and
increased capillary distance from bone. This, in turn, would result in diminished bone blood
flow and a centripetal direction to flow. Subsequently, bone marrow ischemia would ensue
along with diminished interstitial fluid flow and pressure, and declines in hormonal and
factor delivery to bone. These physiological changes may create hypoxic and acidic
conditions and alter osteoblast and osteoclast activity, culminating in reduced bone mass.
Theoretically, the conversion of hematopoietic to fatty marrow may indirectly result from
microvascular rarefaction. Many of the physiological and morphological alterations
presented in Figure 9 have been characterized in bone and bone marrow with advanced age.
Thus, it is plausible that these alterations are secondary consequences of blood vessel
ossification; consequences that would induce a microenvironment unfavorable for bone
accrual and ultimately contribute to declines in bone mass.
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The commonality of medullary ischemia in aging long bone has been recognized for several
decades [10, 30-35]. Bridgeman and Brookes (1996) reported marrow ischemia in femoral
diaphyses of aged women and men and a greater reliance upon the periosteal blood supply
(i.e., centripetal blood flow) for survival of the diaphyseal cortex [30]. Conversion of
diaphyseal flow from centrifugal in youth to centripetal in old age represents an abnormal
blood flow pattern [36] and corresponds with declines in bone perfusion reported in animal
models and humans [6, 7, 33, 37-39]. Diminished blood flow to bone marrow [6, 7, 33, 40]
and bone [6, 7], reduced vasodilator capacity of bone arteries [6, 7], diminished bone
volume [6, 7] and mineral density [40], and replacement of hematopoietic marrow with
adipocytes [26, 33, 40] have been reported in aged rats and humans. Further, the number of
bone marrow sinusoids was higher in young healthy individuals vs. individuals >70 years
and those with osteopenia [26]. The term sinusoids refer to capillaries in hematopoietic
marrow [27]. Thus, the bone vascular system, the volume of hematopoietic marrow and
bone mass may be causally related.

The relation between hematopoietic and fatty marrow was not examined in the current
investigation; however, higher volumes of marrow adipocytes corresponded with reduced
patent bone marrow blood vessel number. Adventitial reticular cells cover the abluminal
surface of marrow sinusoids and conversion of these cells into adipocytes cause sinusoidal
collapse, presumably resulting in loss of blood flow [41]. Thus, the agerelated decline in the
number of patent bone marrow blood vessels observed in the current study can be explained
by increased ossification of bone marrow blood vessels coupled with an augmented volume
of marrow adipocytes. Low capillarity is associated with poor bone vitality [25, 42] and
declines in bone vascular density with advanced age have been reported in humans [26, 31].
Additionally, we demonstrated the importance of the spatial location of bone marrow blood
vessels, whereby the smallest vessels (< 29 um in diameter) were spatially closer to sites of
new bone formation [8]. This spatial closeness may permit increased nutrient and oxygen
exchange between vessels and bone [8] and allow for enhanced delivery of osteoblast and
osteoclast precursors to bone remodeling sites [43, 44]. The closeness and prevalence of
capillaries next to cancellous bone remodeling was subsequently confirmed in human bone
biopsies [45]. There is continuity among the microvascular beds of the bone marrow, cortex
and periosteum [46-48] and ossification may disrupt this continuity, creating ischemic and
hypoxic areas between bone compartments.

Finally, the vascular supply to bone provides more than just the delivery of oxygen and
nutrients. Bone cell modulators (e.g., fibroblast growth factors, colony stimulating factors,
endothelin-1, interleukin-1, nitric oxide and prostacyclin) are released by endothelial cells
[27, 49, 50]. Additionally, the vascular endothelium may modulate bone cellular activity
through alterations in interstitial fluid flow and pressure [29, 49-54]. Nitric oxide and
prostacyclin released from endothelial cells in response to shear stress may serve to increase
bone formation and diminish bone degradation [55-59]. Since the volume and speed of
blood delivered to the skeleton is attenuated with advancing age [33, 36], these reductions
may significantly influence the shear forces acting upon bone and endothelial cell
membranes, reducing the release of bone regulating factors [29].
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In conclusion, this investigation demonstrates, for the first time, ossification of bone marrow
blood vessels in both rodent and human long bone. The creation of “microvascular dead
space” would impair the regulation of bone perfusion via vasodilation and/or
vasoconstriction or impede the passage of blood. This pathology may arise from a
transitioning of vascular cells to an osteogenic phenotype. Ossification of bone marrow
blood vessels with advancing age may provide the central link associated with declines in
bone perfusion, the centripetal nature of diaphyseal flow, increased bone marrow ischemia,
decreased hematopoiesis, augmented bone marrow adiposity and ultimately reduced bone
mass (Figure 9). The clinical consequences arising from such pathology may be evident in
the difficulties associated with treating bone disease and delayed fracture healing in the
elderly.
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Figure 1. Bone marrow blood vessels isolated from femoral and fibular diaphyses
Light microscopic images of bone marrow blood vessels isolated from femoral diaphyses of

young (a) and old (b) male Fischer-344 rats and fibular and femoral diaphyses from human
patients with peripheral vascular disease and cellulitis (c and d) and arteriosclerotic vascular
disease (e and f). Panels a, ¢ and e illustrate normal bone marrow blood vessels. Blood is
evident in the normal human bone marrow blood vessel in panel c. Arrows denotes the
presence of osteocyte lacunae on the surfaces of the ossified bone marrow blood vessels
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from the old rat (b, inset) and the human patients. (d and f, insets). The L denotes the lumen
of the rat and human normal bone marrow blood vessels.
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Figure 2. uCT imaging of young and old femora
Panels (a) and (b) represent femora from young and old rats, respectively. The arrows

denote ossification of the bone microvascular network in young and old femora, which is
marked in the old rat.
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Figure 3. Osteocyte lacunae on rat cortical bone and bone marrow blood vessels isolated from
human fibular and femoral diaphyses

Light microscopic images of cortical bone from the femoral diaphysis of an old male
Fischer-344 rat (a) and fibular and femoral bone marrow blood vessels from human patients
with peripheral vascular disease and cellulitis (b) and arteriosclerotic vascular disease (c).
Higher magnifications illustrate the similarities in osteocyte lacunar morphology between
the cortical bone and ossified blood vessels.
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Figure 4. Histological staining of “normal”” bone marrow blood vessels
Goldner’s Trichrome staining of “normal” bone marrow blood vessels from a young male
Fischer-344 rat (a, b and ¢) and a human patient with arteriosclerotic vascular disease (d, e
and f). Stereo- (a and d) and light (b, c, e and f) microscopy revealed transitioning of
vascular cells to bone (arrows) in both the rat and human vessels. Panels ¢ and f are higher
magnifications of the areas denoted by the arrows in the insets of panels b and e. Vascular
smooth muscle is stained red and bone is stained green. OD denotes the outer diameter of
the blood vessels.
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Figure 5. Bone histomorphometry of rat femoral diaphyses
Femoral diaphyses of young (a and b) and old (c and d) male Fischer-344 rats stained with

Goldner’s Trichrome for bone (a and c) and Alizarin Red for calcium (b and d). Note that
bone marrow blood vessels stain similar to cortical bone and completely for calcium
(arrows). Additionally, the presence of osteoid seams are visible on the bone marrow blood
vessel (e, arrows), indicating that the vessel is undergoing active bone formation.
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Figure 6. Quantification of calcified and ossified bone marrow blood vessels
The calcified vessel volume per tissue volume ratio (), calcified vessel volume per patent

vessel volume ratio (b), ossified vessel volume per tissue volume ratio (c), and the number
of ossified vessels (d) in the femoral diaphyses from young and old male Fischer-344 rats
were quantified from the Goldner’s Trichrome- and Alizarin Red-stained sections. The
volumes of calcification (a) and ossification (c) per tissue volume are higher in old vs.
young rats. In addition, as the volume of calcified vessels increased, the volume of patent
vessels declined (b) and the overall number of ossified bone marrow blood vessels (d) is

Bone. Author manuscript; available in PMC 2015 July 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Prisby

Page 20

higher with old age. Values are means * S.E. *Denotes a significant (p < 0.05) difference
from young rats.
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Figure 7. Quantification of patent bone marrow blood vessels
The volume of patent bone marrow blood vessels per tissue volume ratio and the number of

patent bone marrow blood vessels from young and old male Fischer-344 rats were quantified
from barium sulfate-perfused sections. The volume of patent bone marrow blood vessel per
tissue volume (a) did not differ between ages; however, the number of patent bone marrow
blood vessels (b) was lower with old age. Values are means * S.E. *Denotes a significant (p
< 0.05) difference from young rats.
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Figure 8. Quantification of bone marrow adipocytes
Adipocyte volume per tissue volume, adipocyte volume per patent vessel volume and

overall adipocyte number in the femoral diaphyses from young and old male Fischer-344
rats was quantified via bone histomorphometry. Adipocyte volume per tissue volume (a) and
adipocyte number (b) were similar between ages; however, as the volume of adipocytes
increased, the volume of patent bone marrow blood vessels declined (c). Values are means *
S.E. *Denotes a significant (p < 0.05) difference from young rats.
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Figure 9. Schematic of presumed consequences associated with bone marrow blood vessel
ossification

Extending beyond the theories presented previously that illustrates how declines in bone
blood flow can modulate bone mass29, the hypothetical sequences of events presented in this
investigation includes the centralized role of bone marrow blood vessel ossification and the
presumed physiological and morphological consequences associated with this pathology.
Several of these alterations occur with advancing age. The central role of bone marrow
blood vessel ossification may provide a common mechanism linking these physiological and
morphological alterations in bone and bone marrow that ultimately leads to reduced bone
mass in aged individuals.
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