
Bone 119 (2019) 65–70

Contents lists available at ScienceDirect

Bone

j ourna l homepage: www.e lsev ie r .com/ locate /bone
Review Article
Bone and blood interactions in human health and disease
Rodrigo J. Valderrábano a,⁎, Joy Y. Wu b,⁎⁎
a Division of Endocrinology, University of Miami Miller School of Medicine, Miami, FL, United States
b Division of Endocrinology, Stanford University School of Medicine, Stanford, CA, United States
⁎ Correspondence to: R. J. Valderrábano, Dominion T
805A, Miami, FL 33136, United States.
⁎⁎ Correspondence to: J. Y.Wu, 300 Pasteur Dr., S-025, St

E-mail addresses: rvalderrabano@med.miami.edu (R.J.
jywu1@stanford.edu (J.Y. Wu).

https://doi.org/10.1016/j.bone.2018.02.019
8756-3282/© 2018 Published by Elsevier Inc.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 4 October 2017
Revised 20 February 2018
Accepted 20 February 2018
Available online 21 February 2018
Under physiologic conditions hematopoiesis takes place in the bonemarrow, and the skeletonprovides the struc-
tural and supportive network necessary for normal hematopoiesis. Chronic disorders affecting hematopoiesis
such as sickle cell anemia and thalassemia demonstrate striking skeletal phenotypes including bone loss and in-
creased fracture risk. There is mounting evidence that anemia in older populations may also be associated with
bone fragility. Given the interconnectedness of bone and hematopoietic cells, it is important to review the poten-
tial clinical implications and opportunities for therapeutic intervention. There are recognized associations be-
tween blood-borne and solid tissue malignancy and skeletal health, but our review will focus on non-
malignant disease.

© 2018 Published by Elsevier Inc.
Keywords:
Bone health
Anemia
Osteoporosis
Fracture
Hematopoiesis
Bone mineral density
Contents
1. Sites of hematopoiesis in health and disease . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
2. Bone phenotypes in primary hematopoietic disease . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
3. Anemia and bone health. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
4. Anemia and bone density measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
5. Anemia and fractures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
6. Possible mechanisms of bone fragility in anemia . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
7. White blood cells and bone density. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
8. Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
1. Sites of hematopoiesis in health and disease

During embryonic development, hematopoietic cells migrate from
the fetal liver to the bone marrow [1]. In adults, hematopoietic cells
can be found in the vertebrae, pelvis, ribs, sternum, skull, proximal
end of long bones and scapulae [2]. The bone marrow housed inside
the skeleton is composed of cells with hematopoietic capacity (red
ower, 1400 NW 10th Ave, Ste.

anford, CA 94305, United States.
Valderrábano),
marrow) and tissue rich in adipose cells (yellow or fatty marrow)
which are readily distinguished by magnetic resonance imaging [3]. In
childhood the skeleton is filled with mostly hematopoietic bone mar-
row, which is gradually converted with age to yellow marrow in a
very specific pattern starting distally at the phalanges and moving cen-
trally towards the axial skeleton. Within a particular long bone, fatty
marrow moves from the distal epiphysis towards the proximal
metaphysis [4]. The axial skeleton tends to convert at a slower rate.
After skeletal maturity is reached the proportions of red to yellowmar-
row can vary according to skeletal site, and continue to changewith age
[5,6]. In older adults the bonemarrow contains increasingly higher pro-
portions of yellow marrow [7]. One necropsy study revealed that de-
creases in hematopoietic tissue volume were significantly correlated
with decreases in trabecular bone volume and osteoid volume in the
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setting of aging, osteoporosis and aplastic anemia [8]. Increased bone
marrow fat has been increasingly recognized in osteoporosis and is
thought to be inversely related to bone density and integrity [9–11].

When there are increased demands for hematopoiesis, fattymarrow
can undergo bone marrow reconversion to become hematopoietically
active again. Strikingly, bone marrow reconversion occurs in exactly
the reverse pattern of bone marrow conversion, i.e. proceeding distally
from the axial skeleton [12]. Marrow reconversion has been described
in smokers [13], individuals with sleep apnea [14], and after partial
body radiation [15,16], and chronic conditions resulting in anemia can
also lead to diffuse redmarrow hyperplasia [17,18]. Thus, sites of hema-
topoiesis are not stable and unwavering but instead follow a
choreographed pattern throughout normal skeletal development and
aging but can also respond to disease. This is important to note when
considering the potential impact of bonemarrow activity and composi-
tion on skeletal structure, microarchitecture and function.
2. Bone phenotypes in primary hematopoietic disease

Thalassemia and sickle cell anemia are two disorders of hematopoi-
esis with prominent bone fragility phenotypes. Thalassemia is an auto-
somal recessive disorder caused by amutation in theα or β globin gene
that hampers the synthesis of the affected hemoglobin chains [19]. The
resulting ineffective erythropoiesis leads to varying degrees of anemia
and chronic bone marrow expansion [20,21]. Bone disease in thalasse-
mia is multifactorial and can include direct bone effects such asmarrow
expansion into bone, endocrine factors such as hypogonadism and
growth hormone deficiency, and treatment effects such as iron and de-
feroxamine toxicity [22,23]. Nevertheless, some interesting observa-
tions can be made which may be pertinent for people with other
forms of anemia. Red blood cell transfusions can decrease erythroid
marrow expansion in thalassemia [24]. One invasive study revealed
that red blood cell transfusions in patients with thalassemia resulted
in increased osteoblast numbers and bone formation as determined by
double tetracycline labeling and histomorphometry [25]. This suggests
that temporary relief of excessive erythropoiesismay have beneficial ef-
fects on bone formation. Similarly, one study of children with transfu-
sion dependent and independent thalassemia found that
erythropoietic activity, as measured by the soluble transferrin receptor,
was negatively correlated with bone mineral density measured at the
lumbar spine total hip and in the total body [26], consistentwith the no-
tion that excessive demands on erythropoiesis have a negative impact
on bone. Patients with thalassemia have decreased bone mineral den-
sity (BMD). Estimated mean spine Z scores ranged from −1.64 to −
2.37 by age 20 in one study, which also reported skeletal fractures in
36% of participants by amean age of 23 [27]. The prevalence of fractures
has been reported to be a high as 50% in some populations of patients
with thalassemia, but this has improved with advances in red blood
cell transfusion and concomitant iron chelation therapy [20].

Sickle cell disease is a monogenic disorder caused by a mutation
in the β globin gene which leads to polymerization of β-globin
chains, eventually resulting in sickling of the red blood cell with he-
molysis and vaso-occlusion [28,29]. Studies in patients with sickle
cell anemia have shown increased rates of bone related complica-
tions such as osteopenia, osteoporosis, fractures, avascular necrosis,
vertebral bone deformities and bone and joint pain [30]. Over 70%
of adults with sickle cell disease exhibit low BMD at a median age
of 30 years old. The causes of bone abnormalities are attributed
mainly to marrow expansion similar to patients with thalassemia
with the addition of vaso-occlusion due to red cell sickling which
can also cause acute bone syndromes [31].

Overall these studies reveal that bone formation and hematopoiesis
are closely linked in primary hematopoietic disease. However, there are
scarce clinical data regarding the role of bone health in hematopoiesis
beyond these disease states.
3. Anemia and bone health

In older adults without primary hematopoietic disease, anemia is
most commonly caused by a nutritional deficiency (over 50% are due
to iron deficiency) and by the inflammation of chronic disease. Anemia
is highly prevalent in all age groups and in most countries in the world.
The estimated prevalence of anemia in adults residing in the United
States (as defined by the WHO criteria of hemoglobin (Hgb) b13 g/dL
for men and b12 g/dL in women) is 11.0% for men and 10.2% for
women [32]. The estimated prevalence is as high as 23.9% in the elderly
worldwide [33]. Anemia of chronic disease can result from disturbances
of iron homeostasis, impaired proliferation of erythroid progenitor cells,
and a blunted erythropoietin response to anemia, and can be difficult to
correct [34]. There is a growing body of evidence outlining the relation-
ship between anemia andbonehealth outside of primary hematopoietic
disease states in humans.

4. Anemia and bone density measurements

Bone density is a commonly utilizedmeasure to determine bone fra-
gility and fracture risk [35–39]. The relationship between anemia and
bone density has been evaluated by a few groups, although differences
in study design andmeasurement of bone density limit the overarching
conclusions. In the prospective observational study MrOS, community
dwelling older men had serial bone density measurements by dual-en-
ergy X-ray absorptiometry (DXA) and one Hgb evaluation approxi-
mately 7 years after the baseline visit. We recently showed in an
analytic sample of 2586 older men in MrOS that those with high annu-
alized bone loss of over 0.5% per year at the femoral neck and total hip
DXA sites (but not at the spine) had an increased risk of anemia (defined
asHgb b12 g/dL) of 79% and 110% respectively aftermultivariate adjust-
ment [40]. Interestingly, a single bone densitymeasurement at one time
point was not associated with anemia. This shows that a relationship of
impaired bone health and lowHgb can be appreciated even in relatively
healthy individuals, but that a single DXA may not have the necessary
resolution to detect this association. In the prospective population
based observational InCHIANTI Study, a group of 530 women and 420
men underwent peripheral quantitative computed tomography
(pQCT). Lower levels of Hgb and anemia byWorld Health Organization
(WHO) criteria were found to be associated with lower bone density,
which was more pronounced in cortical bone [41]. Women also had a
small but significant association between anemia and measures of tra-
becular bone, suggesting that there may be sex differences in this rela-
tionship. The pQCT measurements used in this study were derived
from 2.1 mm-thick transverse scans of the targeted bone areas, which
are much higher resolution than conventional DXA and may have
allowed them to detect smaller differences in bone density at a single
time point. In a population based study in Tuscania, Italy, 358 men
and women aged 75 and older were evaluated with ultrasound derived
bone densitometry. A cross sectional evaluation of this cohort revealed
thatmeasurements of bone stiffness and derived T-scores by ultrasound
were positively associated with Hgb levels [42]. In this study partici-
pants with anemia by WHO criteria had significantly lower T scores. In
a retrospective study of 358 postmenopausal Turkish women undergo-
ing osteoporosis screening, anemia was associated with greater than
twofold increased odds of having low bone mass, defined as a DXA
BMD derived T score b −1, at the spine but not the femoral neck after
adjustment for multiple confounders [43]. A summary of findings with
bone density parameters can be found in Table 1.

More recently a study of the Taiwan national healthcare database
used claims data and a case control design to evaluate the association
between diagnosis of iron deficiency anemia and osteoporosis. Using a
large sample of over 200,000 individuals they found that those with
iron deficiency anemia of an average duration of 6.86 years had an
81% increased risk for osteoporosis after adjusting for other covariates
[44]. In this study, patients who were treated with intravenous iron



Table 1
Associations of bone mineral density and hemoglobin.

Bone density measure Hemoglobin level Findings Study design Reference

Men
BMD (g/cm2) by DXA Hgb b 12 g/dL No association Prospective Observational Valderrábano et al. [38]
N0.5% BMD decrease/year Hgb b 12 g/dL Increased risk of low Hgb with N0.5%/year

hip BMD decrease
Prospective Observational Valderrábano et al. [38]

Cortical bone density (mg/cm3) by qCT Continuous Hgb levels Positive association Cross-sectional Cesari et al. [39]
Trabecular bone density (mg/cm3) by qCT Continuous Hgb levels No association Cross-sectional Cesari et al. [39]

Women
Trabecular bone density (mg/cm3) by qCT Continuous Hgb levels Positive association Cross-sectional Cesari et al. [39]
Cortical bone density (mg/cm3) by qCT Continuous Hgb levels Positive association Cross-sectional Cesari et al. [39]
Spine T score b −1 by DXA Hgb b12 g/dL Increased odds of low spine T-score Retrospective Kormaz et al. [41]

Not stratified by sex
Ultrasound derived bone Stiffness index Continuous Hgb levels Positive association Cross-sectional Laudisio et al. [40]

Hgb: Hemoglobin, DXA: Dual energy x-ray absorptiometry, qCT: Peripheral quantitative computed tomography, BMD: bone mineral density.
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replacement were at higher risk for osteoporosis than those treated
with oral iron therapy or transfusion therapy as compared to those
without anemia with a 121%, 80% and 47% increased risk for developing
or being diagnosed with osteoporosis respectively. The authors theo-
rized that therapy chosen may be a marker of disease severity, which
could account for the differences in the magnitude of osteoporosis risk
increase, but it is interesting that those with transfusion therapy had a
lower risk for osteoporosis than those with oral iron replacement.

5. Anemia and fractures

Anemia has also been identified in large population-based studies as
a risk factor for skeletal fracture. In a nested case-control study of the UK
general practice research database where 231,778 adult patients with
fracture were compared with age and sex matched controls, anemia
was observed to be a significant risk factor for fractures after evaluation
of a broad groupof diseases and drug exposures [45]. A retrospective co-
hort study of the same database found that pernicious anemia specifi-
cally was also associated with a 74% increased risk of hip fracture as
compared to age and sexmatched controls [46]. Similarly, a large popu-
lation based cohort study of the residents of the Swedish county of
Upsala evaluated hip fracture risk across 117,494 participants aged
over 50 across a broad range of diagnoses (based on ICD-10 codes)
and found that diseases of blood/blood-forming organs (which encap-
sulatesmany different types of anemia) inferred an estimated threefold
increased risk for hip fracture [47].

A few studies have directly evaluated the impact of anemia on skel-
etal fractures in groups of older men and women using more uniform
methodology. We recently showed that anemia was associated with a
60–68% increased risk of non-spine fracture in an analytical cohort of
3632 older men across 7.2 years of follow up [48]. Importantly the frac-
ture risk was independent of cross sectional BMD at the total hip and
BMD loss at the total hip prior to the start of fracture follow up. Anemia
was not significantly associated with spine fracture in men. An evalua-
tion of the Women's Health Initiative (WHI), the largest study of post-
menopausal women in the US, observed 160,080 multi-ethnic women
and found that anemia was associated with a 38% increased risk of hip
fracture and a 30% increased risk of spine fracture after adjustment for
multiple covariates including number of falls, hormone use, and osteo-
porosis diagnosis [49]. A population based study in Tromsø, Norway
prospectively followed non-vertebral fractures in 2511 men and 2775
women over 8 years and found that the relative risk of non-vertebral
fracture was increased by 115% in men with anemia compared with
those with a Hgb above 15.2 g/dL after adjustment for covariates
which included forearm BMD by DXA, grip strength by dynamometry
and measures of inflammation. Women with anemia in this study did
not have significantly increased risk of fracture after adjustment for co-
variates [50]. Looker used data from the Third National Health and Nu-
trition Examination Survey (NHANES III) linked with corresponding
Medicare claims data to examine the association of low and high hemo-
globin levels with hip fracture in a representative US population. Spe-
cific attention was given to the etiology of anemia in this study [51]. In
this population of 2122 adults aged 65 or older at baseline the groups
of people with the lowest and highest sex-specific Hgb, by decile, had
increased risk of hip fractures by 124% and 137% respectively when
compared to middle 5–6 deciles. The author evaluated the individual
contributions of some variables and found that adjustment for femoral
neck BMD and iron deficiency status but not chronic inflammation de-
creased the estimated fracture risk for those with the lowest Hgb, indi-
cating that those two factors may play a modulating role. The highest
decile of hemoglobin adjustment for femoral neck BMD increased the
magnitude of the association in those with the highest Hgb levels, indi-
cating that hematopoiesis and bone density may interact differently
across the Hgb spectrum. Fig. 1 summarizes fracture risk estimates
across these studies.

Low hemoglobin has been consistently associated with non-spine
and hip fractures in older men and inconsistently associated with
other types of fractures in men and women. It is unclear why the risk
of fractures for womenwould differ frommen but it may be that the in-
crease in fracture risk with low Hgb is of smaller magnitude in women
and so was only detected in the study with the largest sample size
(WHI). It may also be that the effects of anemia on bone health in
women are overshadowed by the hormonal changes of menopause,
which do not occur in men. It appears that the increased fracture risk
in anemia is independent of BMD, which makes a Hgb measurement
an attractive candidate as a clinical adjunct for fracture risk stratification
and management in men.

6. Possible mechanisms of bone fragility in anemia

There are severalmechanisms bywhich clinically detectable anemia
could be a signal for bone fragility.We have learned fromanimalmodels
that bone cells interact with hematopoietic cells [52]. We have shown
that osteoblasts and their precursors appear to have a supportive or reg-
ulatory role in myelopoiesis [53], and in B-lymphocyte differentiation
[54,55]. Others have shown that osteoblasts can directly modulate
erythropoiesis [56,57] and that ablation of osteoblasts can result in def-
icits of hematopoiesis [58]. So, it is possible that clinically observable
anemia or decreasing trend in Hgb might result from an impairment
of bone cells in providing a supportive microenvironment needed to
maintain erythropoiesis. In post-menopausal women we have shown
that teriparatide increases circulating hematopoietic stem cells in pe-
ripheral blood [59], highlighting that bone targeted therapies may im-
pact hematopoiesis.

Some authors have suggested that anemia or iron deficiency can
place increased pressure on hematopoietic activity, with a net increase
in cells of hematopoietic lineage (including osteoclasts) andmarrowex-
pansion with a decrease in bone volume [60] similar to the prominent



Fig. 1. Risk estimates for non-spine, hip and spine fracture by low hemoglobin level in selected studies. Fx: Fracture,♂: men, ♀: women.
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hematopoietic marrow expansion in individuals with thalassemia [20].
A recent meta-analysis concluded that bone density changes are nega-
tively correlated with bone marrow cellularity in a variety of hemato-
poietic diseases [61]. As discussed earlier blood transfusion increased
osteoblasts in thalassemia [25] and transfusion in patients with iron de-
ficiency anemia was associated with a lower risk of osteoporosis than
those treated with oral or intravenous iron [44]. It may be that anemia
of any etiology and the resulting increased erythropoiesis may contrib-
ute to lower bone density and increased skeletal fragility.

One potential mechanism might be mediated by increased levels of
erythropoietin, which stimulates bonemarrow erythropoiesis. Pre-clin-
ical studies inmicehave demonstrated that high doses of erythropoietin
can induce bone loss [62,63]. Hypoxia is a potent stimulator of erythro-
poietin production; individuals with anemia have decreased oxygen
carrying capacity [64,65] and hypoxia has previously been implicated
in loss of bone mineral density [66]. Osteoporosis is highly prevalent
in patients with chronic obstructive pulmonary disease who have
chronic hypoxia [67–69], although this is likely confounded by other
factors such as increased glucocorticoid use.

From a bioengineering perspective it has been suggested that fluid
shear could provide a significant stimulant for osteoprogenitor recruit-
ment in the bone marrow [70] and bone marrow viscosity is thought
to be important in the modulation of shear stresses on bone surfaces
[71]. As reviewed above, anemia is associated with red marrow hyper-
plasia which would result in changes in bone marrow composition
[17,18]. This could change its overall viscosity and the transmitted
fluid shear forces to cells residing in the bone marrow. It is unclear
what the net effects of bone marrow composition changes would be,
but it is possible that anemia could be affecting bone strength by chang-
ing the mechanical and loading properties of bone marrow.

From a practical standpoint anemia has been associatedwith several
clinical parameters, including frailty [72,73], decreased physical func-
tioning [74], and increased number of injurious falls [75], which could
all lead to increased fracture risk. Other clinical factors such as de-
creased testosterone levels, impaired renal function and chronic inflam-
mation have been linked with both anemia and low bone mineral
density or fractures [34,76–82] and could be possible sources of
confounding.

7. White blood cells and bone density

Bone cells may have reciprocal interactions with other hematopoi-
etic cell types beyond erythrocytes. We have shown that older men
with high annualized bone loss also have increased risk of having high
neutrophils and separately low lymphocytes [40], which match predic-
tions based on animal models of altered bonemetabolism [53–56]. Low
lymphocytes, high neutrophils and anemia appeared to affect different
groups of men with high bone loss, with little overlap. This indicates
that there may be various mechanisms leading to hematopoietic dys-
function and that distinct bone cell types might support hematopoiesis
differently. In a separate pilot study in postmenopausal women, those
with osteoporosis (T-score b −2.5) had decreased numbers of B lym-
phocytes when compared to women with normal BMD [83]. Women
with osteoporosis were also found to have altered secretion of inflam-
matory cytokines by B and T lymphocytes, raising the possibility that os-
teoporosis may contribute to immune impairment of aging.

8. Conclusions

Hematopoiesis in humans is a dynamic phenomenon which has ex-
tensive interactions with the skeletal system. Blood disorders such as
thalassemia and sickle cell disease give us extreme examples of how
bone health can be negatively impacted by a hematologic disorder.
Given the high prevalence of anemia and the frequent availability of
complete blood counts in medical records it is intriguing to consider
its potential clinical utility. The available human studies evaluating
bone health in individuals with anemia appear to show an association
with low bone density with a possible propensity for cortical sites, how-
ever differences in study methodology, populations evaluated and dif-
ferences in BMD measurements preclude generalized conclusions.
More work is needed to elucidate the relationship between Hgb levels
and bone density, and to evaluate the utility of Hgb measurement as a
signal for osteoporosis screening. Low hemoglobin has been consis-
tently associated with increased hip and non-spine fractures in men
and may have some fracture risk increase in women. More studies in
prospective cohorts are necessary to identify if the association remains
consistent across different populations, and to test if a hemoglobinmea-
surement can improve fracture risk stratification.
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