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Abstract  Bone  mineral  density  using  dual-energy  X-ray  absorptiometry  is the  gold  standard
for the assessment  of  bone  and an important  predictor  of  fracture  risk.  However,  most  fragility
fractures  occur  in people  without  densitometric  osteoporosis,  especially  in endocrinological
diseases. Fracture  risk estimation  tools  such  as  FRAX  have  improved  diagnostic  sensitivity  but
do not  include  additional  skeletal  features.  Bone  microarchitecture  research  represents  an
improvement  in  the  treatment  of  these patients.  In  this  document  members  of  the  Mineral  and
Bone Metabolism  Working  Group  of  the  Spanish  Society  of  Endocrinology  and  Nutrition  review
new advances  in dual-energy  X-ray  absorptiometry  and  other  complex  techniques  for  the  study
of bone microarchitecture  as well  as  the  available  data  on type  2  diabetes  and  parathyroid
pathology.
© 2020  Published  by  Elsevier  España, S.L.U. on behalf  of  SEEN  and  SED.
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Nuevas  tecnologías  en  la evaluación  de la  fragilidad  ósea  y su  aplicación  en
Endocrinología

Resumen  La  medición  de la  densidad  mineral  ósea  mediante  la  absorciometría  radiológica
de doble  energía  es  la  técnica  de elección  para  la  valoración  ósea  y  un  predictor  impor-
tante del  riesgo  de  fractura.  Sin  embargo,  la  mayoría  de  las  fracturas  por fragilidad  ocurren
en personas  sin  osteoporosis  densitométrica,  especialmente  en  enfermedades  endocrinológi-
cas. Las  herramientas  para  la  estimación  del riesgo  de  fracturas  como  FRAX  han mejorado  la
sensibilidad  diagnóstica  aunque  no  consideran  otras  características  óseas  adicionales.  La  inves-
tigación  de  la  microarquitectura  ósea supone  una  mejoría  en  el  abordaje  de  estos  pacientes.
En este  documento  elaborado  por  miembros  del grupo  de  trabajo  de  Metabolismo  Mineral  y
Óseo de  la  Sociedad  Española  de Endocrinología  y  Nutrición  se  revisan  los  nuevos  avances  en
absorciometría  radiológica  de doble  energía  y  otras  técnicas  más complejas  para  el  estudio
de  la  microarquitectura  ósea  así  como  los datos  disponibles  en  diabetes  tipo  2  y  patología
paratiroidea.
© 2020  Publicado  por  Elsevier  España,  S.L.U.  en  nombre  de SEEN  y  SED.

Introduction:  the limitations of bone
densitometry

Bone  densitometry  is  a noninvasive  technique  that  allows  for
the  measurement  of bone  mineral  density  (BMD)  in certain
locations  (typically  the lumbar  spine  and  femur,  and  also
the  distal  third  of  the radius).  It is  based  on  dual-energy
X-ray  absorptiometry  (DXA)  and represents  the  gold stan-
dard  for  the  assessment  of  BMD, and  thus  for the  diagnosis
and  monitoring  of osteoporosis.  The  advantages  of  this tech-
nique  are  its  high  precision  and very  low radiation  exposure,
and  it  can  be  performed  quickly  and  easily.1---3 In  addition,  it
is  relatively  inexpensive  compared  to  other  techniques.

Bone  mineral  density  is  considered  to  be  the key variable
reflecting  bone  resistance,  and may  account  for 70---85%  of
overall  bone  strength.  In  this respect,  BMD  is  one of  the main
factors  conditioning  fracture  risk.  However,  it does not take
into  account  other  factors  that  contribute  to  bone  biome-
chanical  behavior  and condition  bone  quality.4 The  concept
of  ‘‘bone  quality’’  was  introduced  to  differentiate  the  fun-
damental  components  determining  bone  resistance:  bone
mass  (the  amount  of  tissue),  bone  geometry  (spatial dis-
tribution/size)  and  bone  quality  (the  microarchitecture  and
composition  of bone  tissue).5

The  introduction  of  ‘‘altered  bone  strength’’  as the
defining  concept  of increased  fragility  fracture  risk  involves
recognition  of  the  limitations  of  bone  mass  assessment  based
on  DXA  as  the  most  relevant  clinical  predictor  of  fracture
risk.5,6 The  greatest  limitation  of  BMD  measurements  by  DXA
is  the  existence  of a significant  overlap  between  individuals
who  experience  fractures  and  those  who  do not,  particu-
larly  in  the  context  of  endocrine  disorders  such  as  type  2
diabetes  mellitus  (DM2)  and  primary  hyperparathyroidism.
Accordingly,  although  BMD  measured  by  DXA  is  highly  spe-
cific  in predicting  fracture  risk,  its  sensitivity  is  low,  and
most  fragility  fractures  occur  in people  who  do not have
densitometric  osteoporosis  (T score  ≥  −2.5).

In addition  to  BMD,  consideration  is  required  of  those  fac-
tors  that contribute  to  an increased  probability  of fracture.7

In  this regard  it seems  more  appropriate  to  assess  absolute
fracture  risk,  taking  into  consideration  the combination  of
risk  factors  in order  to quantify  individual  fracture  risk,  than
to  only  consider  BMD,  thereby  increasing  fracture  detection
sensitivity  while  maintaining  specificity.1,2 With  this aim  in
mind,  a number  of  fracture  risk  assessment  tools have  been
developed.  The  most  widely  used tool  of  this  kind is  the
Fracture  Risk  Assessment  Tool  (FRAX),  probably  because  it
is  endorsed  by  the World  Health  Organization  (WHO)  and  has
been  widely  and effectively  disseminated,  with  adaptation
to  a  large number  of countries.  The  FRAX  assesses  fracture
risk  by  integrating  risk  factors  predisposing  to  an  increased
fracture  risk,  with  or  without  BMD  data.  Its  use  has  spread
rapidly,  and the FRAX  has  been  included  in  clinical  practice
guides.  However,  this tool  has  not  been  free  from criticism
and  limitations,  particularly  population  biases,  which  make
it  difficult  to  generalize  the  established  thresholds  for  the
indication  of therapeutic  intervention  (20%  for  major  frac-
ture  and 3%  for  hip fracture).  In this respect,  subsequent
studies  have  shown  that  the FRAX  underestimates  the  risk  of
osteoporotic  fractures  in the Spanish  population,  specifically
when  estimating  the risk  of  major  fracture  and  in  application
to  certain  patient  groups.7

The  measurement  of  BMD  and  the estimation  of fracture
risk  remain  insufficient  for  considering  all  the  aspects  that
can influence  bone  resistance  and  fracture  risk.6 The  inves-
tigation  of bone  microarchitecture  through  new  advances  in
DXA  and  other  more  complex  techniques  has  improved  the
management  of  bone  fragility.8 The  present  document  was
prepared  by  members  of  the Mineral  and  Bone  Metabolism
working group  of  the  Spanish  Society  of  Endocrinology  and
Nutrition  (Sociedad  Española de Endocrinología  y Nutrición),
and  reviews  the technologies  for  assessing  bone  fragility  and
the  data  available  in patients  with  DM2 and  parathyroid  dis-
ease.
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SEPARATION NUMBER CONNECTIVITY

HIGH TBS means Tb Space No. Tb Tb connectivity

LOW TBS means Tb Space No. Tb Tb connectivity

Figure  1  Correlation  of  the  TBS  to  bone  microarchitecture  parameters.  Reproduced  from  Del  Río  et  al.11
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Figure  2  An  example  of  two patients  with  similar  BMD  values  (in  g/cm2)  but  with  different  TBS  values,  according  to  the  char-
acteristics of  their  trabecular  bone.  Upper  panel  showing  well-structured  bone  (more  numerous  and  well-connected  trabeculae),
yielding a  high  TBS.  Lower  panel  showing  few  and  poorly  connected  trabeculae,  where  the  TBS  is low,  indicating  a  deterioration  of
the microarchitecture  and  a  greater  probability  of  fracture.  Reproduced  from  Silva  et  al.12

New advances in bone  densitometry

Trabecular Bone  Score

The  Trabecular  Bone  Score  (TBS)  is  a  novel  numerical  score
that  allows  for  the estimation  of  trabecular  bone  microar-
chitecture  based  on  image  texture  analysis  of  DXA  of the
lumbar  spine  using  the  application  TBS  iNsight® developed
by  Medimaps.9 Since  the  TBS is  based on  DXA,  it  can be  made
widely  available  because  no  new  equipment  is  required.  The
application  analyzes  the variations  in intensity  of  each pixel,
bone  microarchitecture  being  estimated  independently  of
BMD,  based  on  a mathematical  algorithm.10 There  is  a
significant  correlation  between  TBS and different  bone  his-

tomorphometric  parameters:  the score  is  directly  correlated
to  trabecular  number  and connectivity,  and  negatively  cor-
related  to  intertrabecular  space.  In  other  words,  a high  TBS
score  means  that the  bone  microarchitecture  is  dense  and
well  connected,  with  small  spaces  between  the  trabeculae.
By  contrast,  a low TBS  score  means that bone  tissue  microar-
chitecture  is  incomplete  and  poorly  connected,  with  large
spaces  between  the trabeculae  (Figs.  1 and  2).10---12

Table  1  shows  the TBS  reference  scores.11

Different  studies  have  shown  TBS to  be a  predictor  of
osteoporotic  fracture  risk  independently  of  BMD,  and to  be
moreover  an independent  contributor  that  improves  the pre-
dictive  capacity  of  fracture  risk  assessment  tools  such  as  the
FRAX.13---15
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Table  1  TBS  reference  scores.

Normal
microarchitecture

Partially
deteriorated
microarchitecture

Degraded
microarchitecture

TBS  ≥  1350  TBS  < 1350  and
≥1200

TBS  <  1200

Reproduced from Del Río et al.11

The  Spanish  Society  of Bone  and  Mineral  Metabolism
Research  (Sociedad  Española de  Investigación  Ósea  y  del
Metabolismo  Mineral  [SEIOMM])  has recently  published  a
position  paper  on  the clinical  usefulness  of  TBS.9 Table  2
summarizes  the  official  positions  of  the SEIOMM  according
to  the  review  of  the scientific  evidence  made  by  the  expert
committee.

3D densitometry

Bone  geometry,  microarchitecture  or  the  three-dimensional
(3D)  distribution  of  mineral  content  also  play an important
role  in  bone strength  together  with  BMD.  Structural  param-
eters  have  been  proposed  in order  to  better  quantify  the
mechanical  strength  of  bone and  to estimate  the risk  of
hip  fracture,  obtained  by  quantitative  computed  tomogra-
phy  (QCT).  Obtaining  a 3D  bone  reconstruction  model  from
QCT  images  requires  high  radiation  doses  and the use  of
expensive  techniques.  Recently,  alternatives  have  emerged
with  the  introduction  of  3D  models  from  flat  2D  densitometry
reconstructions  obtained  by  DXA.16,17 The  DXA-3D  technique
can  be  used  to  precisely  reconstruct  the  internal  density  of
the  femur  in  3D  format  from  DXA-2D  images.  This  may  help
to  obtain  new  information  from  clinical  DXA  imaging  in  order
to  simulate  the  structure  and  mechanical  strength  of  bone,
affording  additional  data  on  the true  risk  of  fracture.

The  DXA-3D  software  algorithm  estimates  the  volumet-
ric  densities  of the  cortical  and  trabecular  compartments  of

bone  and  the anatomical  distribution  of  cortical  thickness
using  standard  DXA  hip  scans.

The  DXA-3D  software  developed  by  Galgo  Medical
(Barcelona,  Spain)  is  based on  a statistical  model of  the
shape  and  density  of  the proximal  femur  generated  from
a  QCT  database  of  Caucasian  women  and  men.17 The  algo-
rithm  is  based  on a  statistical  model  of  density  and  form
that  is  recorded  on  the  DXA  image  to  obtain  a personalized
3D  model of  the proximal  femur.  Cortical  thickness  and  den-
sity  are calculated  by fitting  a  mathematical  function  to  the
calculated  density  profile  along  the normal  vector at each
node  of  the proximal  femoral  surface  grid.  The  main  output
measures  of  DXA-3D  are cortical  bone  surface  density  (in
mg/cm2) and  the  volumetric  BMD  of  trabecular  and  integral
bone  (in  mg/cm3)  (Fig.  3).

Recent  studies  have  shown  DXA-3D  techniques  to  afford
precise  estimates  of trabecular  and  cortical  volumetric
BMD  values  and  cortical  thickness,  with  a  close  correlation
to  the  structural  parameters  measured  with  QCT.16---19 The
advantages  of  this technique  are  superimposable  and com-
plementary  to  those  of  TBS,  since  the fact  that  it is based
on  DXA  means  that  it is  more  accessible,  less  expensive  and
involves  less  radiation  exposure  than  QCT.  Analyses  on  pre-
vious  DXA  scans  may  also  be made.

On a  practical  level,  the  technique  has  been  shown  to  be
precise  in short-term  repeated  measurements  among post-
menopausal  women20; the DXA-3D  measurements  are  seen
to  be  associated  with  hip  fracture21 and vertebral  fracture22;
and  the  technique  is  useful  for  assessing  the effects  of  osteo-
porotic  drugs.23

Densitometric  vertebral fracture  assessment

Densitometric  vertebral  fracture  assessment  (VFA)  was
developed  to  assess  vertebral  integrity  in a lateral  image
of  the  spine  using  DXA.  This  technique  can  be  used  at the
time  of  BMD  assessment,  and  offers  the advantage  of  lesser
radiation  exposure  for  the  patient  compared  with  conven-
tional  X-rays  (<1%),  as  well  as  a  lower  cost.  Several  studies

Table  2  Review  of  the  scientific  evidence  on  the  clinical  use  of  the  TBS:  Official  positions  of  the SEIOMM  (summarized).

1.  Can  the  TBS  be  used  to  assess  fracture  risk  in clinical  practice?
• It  may  be  used  to  assess  the  risk  of  vertebral  and  femoral  fracture,  and  global  fragility,  in men  and  women  aged
50 years  or  older  [Level  of evidence,  2++.  Grade  of  recommendation,  B]
• It  may  be  used  together  with  BMD  to  assess  vertebral,  femoral  and  global  fragility  in men  and  women  aged  50
years or  older  [Level  of  evidence,  2++.  Grade  of  recommendation,  B]
2. Can  the  TBS  be  used  to  monitor  patients  with  osteoporosis?
• It  may  be  used  in  the monitoring  of patients  with  osteoporosis  to  assess  changes  over  time  [Level  of evidence,
2+. Grade  of  recommendation,  C]
• It  does  not  improve  upon  BMD  in  assessing  the  effect  of  treatment  over  time.  It  should  not  be used  for  the
assessment of  response  to  bisphosphonates  [Level  of  evidence,  2++.  Grade  of  recommendation,  B]
3. In  which  disorders  is  the  TBS  particularly  useful?
• It  may  be  used  to  assess  fracture  risk  in subjects  with  diabetes  and in  subjects  treated  with  glucocorticoids
[Level of  evidence,  2+].
• It  may  be  used  for  clinical  guidance  in the  case  of  patients  with  hypo-  and  hyperparathyroidism  [Level  of
evidence, 2+]
• It  may  be  used  for  the  clinical  guidance  of  patients  in  the presence  of osteoarthritis  [Level  of  evidence,  2+]

Adapted from Blanch Rubio et al.9

Levels of evidence and grades of  recommendation of  the Scottish Intercollegiate Guidelines Network (SIGN).
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Figure  3  DXA-3D  software  interface  (left)  and  regions  of  interest  used  in calculation  of  the  DXA-3D  structural  parameters  (right).
BMC: bone  mineral  content;  DXA:  dual-energy  X-ray  absorptiometry;  vBMD:  volumetric  bone  mineral  density;  3D: three-dimensional.
Reproduced  from  Clotet  et  al.19

have  compared  the ability  of VFA  to detect  vertebral  frac-
tures  versus  conventional  X-rays.  While  there  is  a high  level
of  agreement  between  the two  techniques,  it is  lower  for
mild  fractures  (grade  1) than  for  moderate  or  severe  frac-
tures  (grades  2 or  3).24,25 It should  be  taken  into  account
that  with  VFA alone  it  is  not  possible  to  determine  whether
the  nature  of the  fracture  is  related  to  non-osteoporotic
disease.  Therefore,  in  addition  to  the  clinical  signs  of  the
patient,  it  is  advisable  to assess  other  imaging  techniques
when  there  are  two  or  more  mild  deformities  and  no mod-
erate  or  severe  deformities;  in the  case  of  vertebral  lesions
not  attributable  to  benign  causes;  or  if the patient  has  a
known  history  of tumor  disease.  Vertebral  fracture  assess-
ment  is designed  to  detect  vertebral  fractures  but  not  other
anomalies.26 The  semiquantitative  method  of  Genant  based
on  conventional  radiology  is  generally  the  best approach  for
initial  image  evaluation.27

Other  technologies

High-resolution  peripheral  quantitative  computed
tomography

High-resolution  peripheral  quantitative  computed  tomog-
raphy  (HR-pQCT)  allows  for  three-dimensional  assessment
of  bone  microarchitecture  in vivo.  It  is  able  to  distinguish
the  cortical  and  trabecular  compartments  of  both  the distal
radius  and  the tibia.  The  technique  offers  significant  advan-
tages  over  two-dimensional  measurements,  since  it assesses
not  only  BMD,  but  also  structure  and  strength  in both  of  the
mentioned  compartments.  High-resolution  peripheral  quan-
titative  computed  tomography  acquires  images  based  on the
same  principles  as  traditional  QCT,  but  can  achieve  a much
higher  resolution,  though  in  a  smaller  field  of  view.  It  only
allows  for  the exploration  of  peripheral  locations  such as  the
radius  and  tibia.  Radiation  exposure  during  an  HR-pQCT  scan
is  lower  than  that  of a  full  body  CT scan.28,29

-  Density  analysis:  volumetric  BMD  (total,  trabecular  bone
and  cortical  bone)  (mgHA/cm3)  measurements  can  be
made.  The  images  can  be  used to  simulate  two-

dimensional  BMD  with  a  close  correlation  to DXA  of the
extreme  distal  radius.

-  Analysis  of  trabecular  bone  structure:  trabecular  mea-
surements  are generally  calculated  rather  than  measured
directly  from  imaging,  as  the  resolution  of HR-pQCT  is  very
close  to  the size  of the individual  trabeculae.  Bone  volume
fraction,  average  trabecular  number  and  average  trabec-
ular  thickness  and  separation  are obtained  with  HR-pQCT.
Other  metric  parameters  are  more  affected  by  image  res-
olution.

-  Analysis  of  cortical  structure:  cortical  thickness  and  cor-
tical  porosity.

- Estimation  of  bone  strength:  this  can  be estimated
using  finite  element  analysis.  Such  analysis  evaluates  the
mechanical  behavior  of  bone  under  certain  conditions
through  simulation.

The HR-pQCT  technique  has  been  shown  to  be  useful
for  assessing  microarchitectural  differences  between  dif-
ferent  ages  and  genders,  as  well  as  for  assessing  fracture
risk,  with  better  results  than  with  DXA  alone.30 Many  clin-
ical  studies  with  HR-pQCT  have examined  the association
of  fracture  in  postmenopausal  women  with  osteopenia  and
osteoporosis,  and  found  both  fracture  risk  and severity  to  be
related  to  bone  microarchitecture.31,32 Other  studies  with
HR-pQCT  have  been  conducted  in secondary  osteoporosis
and  related  bone diseases,  particularly  since  these disor-
ders  may  affect  the cortical  and  trabecular  compartments
differently.28 Finally,  its usefulness  has  also  been  demon-
strated  in  therapeutic  monitoring,  for  assessing  the  effects
of  different  treatments  upon  bone  microarchitecture.  One
of  the  first  randomized,  placebo-controlled  clinical  trials
compared  the  effects  of  denosumab  and  alendronate  after
12  months  of treatment  in 247  postmenopausal  women.  Pre-
vention  of  the  decline  in bone  microarchitecture  parameters
was  observed,  with  better  outcomes  in  patients  treated  with
denosumab.33 Studies  have  been  made  to define  the effects
of  alendronate,34 teriparatide  and zoledronic  acid,  among
other  drugs.35,36
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Bone  microindentation

Microindentation  is  a  technique  that  can directly  assess
the  mechanical  characteristics  of  cortical  bone  in vivo,  and
represents  a  new  dimension  in  the  assessment  of bone  resis-
tance  to  fracture.  On inserting  a  probe  on  the surface  of  the
anterior  tibia  and  inducing  microscopic  fractures,  microin-
dentation  measures  the mechanical  resistance  of  bone  at
tissue  level.37 The  technique  is  minimally  invasive  and  is
performed  under  local  anesthesia.  A cyclic  indentation  tech-
nique  was  initially  introduced,  and impact  microindentation
was  subsequently  developed.  Cyclic  microindentation  is
expressed  in  terms  of  indentation  distances,  which  measure
the  distances  to  which  the microindenting  device  is  able  to
penetrate.  Impact  microindentation  results  are  expressed
as  the  Bone Material  Strength  Index  (BMSi),  representing
the  relationship  between  probe  penetration  of  the  bone
and  probe  penetration  of  a methyl  methacrylate  reference
spectrum.

Microindentation  has  been  shown  to  discriminate
between  individuals  with  and  without  fragility  fracture,
independently  of  BMD.38 Lower  BMSi  scores  have  also  been
observed  in  patients  with  fragility  fractures,  independently
of  the  presence  of osteopenia  or  osteoporosis  as  assessed  by
BMD.39

Application in  endocrinology

Type  2  diabetes  mellitus

Type  2  diabetes  mellitus  (DM2)  is  a highly  prevalent  dis-
ease  associated  with  increased  bone  fragility,  in  which  BMD
measured  by  DXA  and  the FRAX  underestimates  the fracture
risk.40 The  mechanisms  underlying  increased  bone  fragility
in  DM2  are  complex.  The  different  factors  involved  include
low  bone  turnover,  the  accumulation  of  advanced  glyca-
tion  end  products,  anomalies  of bone  microarchitecture  and
macroarchitecture,  and  tissue  alterations.41 Studies made
with  new  bone  quality  assessment  technologies  are  there-
fore  of  considerableinterest.

Large  epidemiological  studies  have  shown  the  TBS to
be  an  independent  predictor  of  fracture  in both  diabetic
and  non-diabetic  individuals.  Leslie  et  al.42 analyzed  29,407
Canadian  women  aged  50 years  or  older  with  available  DXA
scans,  of  whom  2356  had  been  diagnosed  with  diabetes.
After  adjusting  for  clinical  risk  factors,  the  women  with  dia-
betes  were  found  to  be  more  likely  to  fall  within  the lower
tertile  of  the  lumbar  TBS,  but  less likely  to  fall  within  the
lower  tertiles  of  lumbar  spine  or  femoral  neck  BMD,  or  the
total  femur  area.  The  TBS  scores  were  predictive  of  incident
fractures  independently  of  BMD.  Other  studies  have  found
the  TBS  to  be  negatively  related  to glycosylated  hemoglobin,
fasting  plasma  glucose  and insulin  levels.43

The  application  of  HR-pQCT  to  the  study  of  bone  struc-
ture  in  patients  with  DM2  has shown  cortical  porosity  to  be
greater  in  diabetics,  and this  deficit  of  the cortical  compo-
nent  has  been  found  to  be  more  manifest  in diabetic  patients
with  microvascular  complications.44 The  effects  of  DM2 upon
volumetric  BMD,  bone  geometry  and  bone  resistance  in the
proximal  femur  have  been investigated,  with  contradictory
results.  In the  study  published  by  Melton  et  al.,45 trabecular

volumetric  BMD  was  higher  in  patients  with  DM2  when  com-
pared  with  non-diabetic  subjects,  while  cortical  volumetric
BMD,  bone  cross-sectional  area,  and  cortical  thickness  were
similar  in diabetics  and  controls.  By contrast,  Heilmeier
et  al.46 compared  femoral  volumetric  BMD  and  bone  geom-
etry  in  a cross-sectional  study  of diabetic  postmenopausal
women  with  and  without  fractures.  The  results  revealed
significantly  lower  integral  and  trabecular  volumetric  BMD
values  and  also  a lesser  cortical  thickness  in  patients  with
fracture.  Therefore,  deficits  have  been  observed  in corti-
cal  bone  structure,  while  the results  referring  to  trabecular
bone  structure  are inconclusive.

There  are ongoing  DXA-3D  studies,  but  it is  not yet  clear
whether  these  parameters  will  be useful  for  better  identi-
fying  bone  fragility  in diabetic  patients.

The  so-called  impact  microindentation  technique  has
been  used  in different  studies  to  determine  bone  quality  in
patients  with  DM2.  These  studies  have  revealed  poorer  bone
quality  in diabetic  patients  presenting  similar  BMD  values.47

However,  due  to  its invasive  nature,  impact  microindenta-
tion  does  not  appear  to  be open  to  general  use  in  routine
clinical  practice.

Hyperparathyroidism  and  hypoparathyroidism

Primary  hyperparathyroidism  (HPT) is  one of  the  most
common  endocrine  diseases,  and one  of  its  classical  manifes-
tations  is bone  disease.  Mainly  in  bones  with  a predominantly
cortical  composition,  excess  parathyroid  hormone  (PTH)
may  lead  to  osteitis  fibrosa  cystica,  manifesting  as  bone
pain,  and  can  cause  fractures.  The  typical  radiographic  signs
include  subperiosteal  resorption  of the middle  and  distal
phalangeal  bones,  a  mottled  or  ‘‘salt  and  pepper’’  cranial
appearance,  bone  cysts,  and brown  tumors  in the  long  bones
and pelvis.  Lumbar  and  hip  BMD  measured  by  DXA  is  usually
well  preserved,  but  is  decreased  in the distal  third  of  the
radius,  where  the bone  is  of  a cortical  nature.48 This  suggests
an  increase  in non-vertebral  fractures  in this disease.  How-
ever,  many  studies  indicate  that  the  fracture  risk  is  globally
incremented  in  HPT.49 In  other  words,  the bone  phenotype
of HPT  as  determined  by  DXA  is  discordant  with  the  data
obtained  from  bone  fragility  studies.  The  new  technologies
in  bone  fragility  therefore  may  be useful in this disease.8

Trabecular  bone  involvement  in HPT  has  also  been  cor-
roborated  by  the TBS.50 In  a  case-control  study,  the  TBS  was
found  to  be lower  in  patients  with  HPT  than in the controls,
despite  no  difference  in spinal BMD,  and  the  vitamin  D  lev-
els  were  similar.  Furthermore,  in this  patient  population,  the
TBS  was  seen  to  correlate  with  many  HR-pQCT  parameters.51

Likewise,  it has  been  shown  that  patients  with  HPT  suffer
greater  bone  mass loss  in  both  cortical  and trabecular  bone.
Stein  et  al. reported  a reduction  in  cortical  volume  in both
the  distal  third  of the  radius  and the  tibia.52 Furthermore,
the  radius  showed  a  reduction  not  only  in  trabecular  vol-
ume,  but  also  in trabecular  number  and  thickness,  together
with  increased  trabecular  separation.  In the tibia,  the  abnor-
malities  were  less  evident,  with  only  trabecular  volume  and
separation  demonstrating  significant  reductions.  The  dif-
ferent  studies  with  HR-pQCT  confirm  the  involvement  of
trabecular  bone  in HPT,  and  are consistent  with  the  clini-
cal  observations  of  a  general  increase  in fractures  in these
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patients.  Analysis  of  individual  trabecular  segmentation  of
the  radius  and tibia based on  HR-pQCT  demonstrated  a
greater  alteration  of  the trabecular  microarchitecture  in
postmenopausal  women  with  HPT.52 These  alterations  of  tra-
becular  bone  microarchitecture  resulted  in  impaired  bone
strength,  as shown  by  microstructural  finite  element  analy-
sis.

Hypoparathyroidism  is  an uncommon  endocrine  disor-
der  characterized  by  a chronic  deficiency  or  the absence
of  parathyroid  hormone,  which  causes  a  highly  significant
decrease  in bone  remodeling.  Individuals  with  hypoparathy-
roidism  generally  exhibit  BMD  values  measured  by  DXA  above
the  mean  for  their  age in all  bones  of the skeleton,  and
particularly  in  the  lumbar  spine.  Different  studies  have
shown  no  differences  in the TBS  between  patients  with
hypoparathyroidism  and  controls,  and  that  the score  in
patients  with  hypoparathyroidism  is  very  close  to  normal.53

High-resolution  peripheral  quantitative  computed  tomogra-
phy  confirms  the increase  in cortical  volume,  but  reveals  a
decrease  in cortical  thickness,  associated  with  lesser  poros-
ity  of the  cortex,  in patients  with  hypoparathyroidism.53

Discrepancies  have  been  observed  with  regard  to  the tra-
becular  bone  phenotype.  Rubin  et  al.54 reported  increased
trabecular  thickness  in patients  with  hypoparathyroidism
as  compared  to  controls,  while  Cusano  et  al.55 described
a  lesser  trabecular  thickness  in these  patients.  This  dis-
crepancy  can  be explained  in part  by  technical  differences
in  the  trabecular  compartment  measurements  of  the  two
studies.53 It  is  not  clear  how  these  structural  changes  affect
bone  resistance  or  fracture  risk.56

Summary and  conclusions

Only  40---50%  of  all  patients  with  fragility  fracture  have  den-
sitometrically  manifest  osteoporosis,  the three-dimensional
distribution  of  the mineral  content  of  cortical  and  trabecular
bone  being  a determining  factor  in fracture  resistance.

Direct  methods  for  measuring  bone  quality,  such as
microindentation,  are invasive,  and  the results  differ  among
cohorts  and are  inconsistent  with  the mechanical  properties
of  the  bone.  Quantitative  computed  tomography  allows  for
the  assessment  not  only  of BMD,  but  also  of the structure
and  strength  of  bone  microarchitecture  in  vivo  regarding
both  the  cortical  and  trabecular  compartments.  The  new
advances  in densitometry  with  the incorporation  of  software
for  assessing  trabecular  microarchitecture  at the  lumbar
level  (TBS)  or  for  the 3D  reconstruction  of  the  internal
density  of  the femur  with  the attainment  of  structural
parameters  from  planar  DXA  images  (DXA-3D),  as  well  as  the
evaluation  of  vertebral  fractures  (VFA),  offer  advantages  in
the  forms  of  lower  cost  and the lesser  radiation  exposure  of
the  patient.

The  development  of  new technologies  for  assessing  bone
quality  and  fracture  risk  in patients  with  DM2  or  primary
hyperparathyroidism  is  of  considerable  interest,  in  view  of
the  characteristics  inherent  to  bone  involvement  in  these
diseases.  At  present,  the  best  validated  technique  is  the
TBS,  which  is  already  available  for  use  in clinical  practice
and  can  be  combined  with  the  FRAX  scale.  However,  further
studies  of a  prospective  nature  are needed  to  determine  its
importance  in the management  of  these patients.
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García MJ, Muñoz Torres M. Revisión de la evidencia científica
sobre uso clínico del Trabecular Bone Score (TBS). Posiciones
oficiales de la SEIOMM (2018). Rev  Osteoporos Metab Miner.
2018;10:149---59.

10. González D.  Densitometría ósea por DXA: Sobrevida asegurada.
Actual Osteol. 2014;10:7---10.

11. Del Rio LM, Winzenrieth R, Cormier C, di  Gregorio S.
Is bone microarchitecture status of  the lumbar spine
assessed by TBS related to femoral neck fracture? A
Spanish case---control study. Osteoporos Int. 2013;24:991---8,
http://dx.doi.org/10.1007/s00198-012-2008-8.

12. Silva BC, Leslie WD, Resch H, Lamy O,  Lesnyak O, Binkley N,
et al. Trabecular bone score: a noninvasive analytical method
based upon the DXA image. J Bone Miner Res. 2014;29:518---30,
http://dx.doi.org/10.1002/jbmr.2176.

13.  Hans D, Goertzen AL, Krieg M-A, Leslie WD. Bone microar-
chitecture assessed by TBS predicts osteoporotic fractures
independent of bone density: the Manitoba study. J Bone Miner
Res. 2011;26:2762---9, http://dx.doi.org/10.1002/jbmr.499.

14. Didier H, del Río LM, Muzzi B, Rui M, Tamayo JA, Gómez C.
Clinical importance of  the Trabecular Bone Score obtained
from spine dual-energy X-ray absorptiometry. Salud(i)Ciencia.
2015;21:729---39.

15. McCloskey EV, Odén A, Harvey NC, Leslie WD, Hans D, Johansson
H, et  al. A  meta-analysis of  Trabecular Bone Score in fracture
risk prediction and its relationship to FRAX. J  Bone Miner Res.
2016;31:940---8, http://dx.doi.org/10.1002/jbmr.2734.

16. Väänänen SP, Grassi L, Flivik G, Jurvelin JS, Isaksson
H. Generation of  3D shape, density, cortical thick-
ness and finite element mesh of  proximal femur
from a DXA image. Med Image Anal. 2015;24:125---34,
http://dx.doi.org/10.1016/j.media.2015.06.001.

http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0285
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0285
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0285
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0285
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0285
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0285
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0285
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0285
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0285
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0285
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0285
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0285
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0285
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0285
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0285
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0285
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0285
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0285
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0285
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0285
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0285
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0285
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0285
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0285
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0285
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0285
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0285
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0285
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0285
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0285
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0290
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0290
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0290
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0290
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0290
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0290
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0290
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0290
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0290
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0290
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0290
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0290
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0290
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0290
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0290
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0290
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0290
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0290
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0290
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0290
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0290
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0290
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0290
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0290
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0290
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0290
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0290
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0290
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0290
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0295
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0295
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0295
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0295
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0295
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0295
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0295
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0295
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0295
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0295
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0295
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0295
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0295
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0295
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0295
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0295
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0295
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0295
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0295
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0295
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0295
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0295
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0295
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0300
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0300
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0300
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0300
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0300
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0300
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0300
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0300
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0300
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0300
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0300
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0300
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0300
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0300
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0300
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0300
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0300
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0300
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0300
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0300
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0300
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0300
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0300
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0305
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0305
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0305
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0305
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0305
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0305
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0305
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0305
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0305
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0305
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0305
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0305
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0305
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0305
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0305
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0305
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0305
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0305
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0305
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0305
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0305
dx.doi.org/10.1136/annrheumdis-2014-eular.6150
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0315
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0315
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0315
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0315
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0315
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0315
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0315
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0315
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0315
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0315
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0315
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0315
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0315
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0315
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0315
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0315
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0315
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0315
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0315
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0315
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0315
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0315
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0315
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0315
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0315
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0315
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0315
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0315
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0315
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0315
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0315
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0315
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0315
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0315
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0315
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0315
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0315
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0315
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0315
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0315
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0315
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0315
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0315
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0315
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0315
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0315
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0315
dx.doi.org/10.4158/EP151019.RA
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0325
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0325
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0325
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0325
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0325
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0325
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0325
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0325
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0325
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0325
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0325
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0325
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0325
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0325
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0325
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0325
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0325
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0325
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0325
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0325
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0325
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0325
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0325
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0325
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0325
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0325
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0325
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0325
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0325
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0325
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0325
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0325
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0325
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0325
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0325
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0325
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0325
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0325
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0325
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0325
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0325
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0325
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0325
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0325
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0325
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0325
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0325
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0325
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0325
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0325
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0325
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0325
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0325
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0330
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0330
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0330
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0330
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0330
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0330
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0330
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0330
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0330
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0330
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0330
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0330
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0330
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0330
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0330
dx.doi.org/10.1007/s00198-012-2008-8
dx.doi.org/10.1002/jbmr.2176
dx.doi.org/10.1002/jbmr.499
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0350
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0350
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0350
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0350
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0350
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0350
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0350
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0350
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0350
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0350
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0350
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0350
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0350
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0350
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0350
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0350
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0350
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0350
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0350
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0350
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0350
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0350
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0350
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0350
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0350
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0350
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0350
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0350
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0350
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0350
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0350
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0350
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0350
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0350
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0350
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0350
dx.doi.org/10.1002/jbmr.2734
dx.doi.org/10.1016/j.media.2015.06.001


New  technologies  in the evaluation  of bone  609

17. Humbert L, Martelli Y,  Fonolla R, Steghofer M, di  Gre-
gorio S, Malouf J, et al.  3D-DXA: Assessing the femoral
shape, the trabecular macrostructure and the cortex in 3D
from DXA images. IEEE Trans Med  Imaging. 2017;36:27---39,
http://dx.doi.org/10.1109/TMI. 2016.2593346.

18. Humbert L, Hazrati Marangalou J,  del Rio Barquero LM,
van Lenthe GH, van Rietbergen B. Technical note: Cortical
thickness and density estimation from clinical CT using a
prior thickness-density relationship. Med Phys. 2016;43:1945,
http://dx.doi.org/10.1118/1.4944501.

19. Clotet J,  Martelli Y, di  Gregorio S, del Río Bar-
quero LM, Humbert L. Structural parameters of the
proximal femur by 3-Dimensional Dual-Energy X-ray
Absorptiometry software: comparison with quantitative
computed tomography. J  Clin Densitom. 2018;21:550---62,
http://dx.doi.org/10.1016/j.jocd.2017.05.002.

20. Humbert L,  Winzenrieth R, di Gregorio S,  Thomas T, Vico
L, Malouf J,  et al. 3D Analysis of cortical and trabecular
bone from hip DXA: precision and trend assessment interval
in postmenopausal women. J  Clin Densitom. 2019;22:214---8,
http://dx.doi.org/10.1016/j.jocd.2018.05.001.

21. Humbert L,  Bagué A, di  Gregorio S,  Winzenrieth R,  Sevillano
X, González Ballester MÁ, et al. DXA-Based 3D analy-
sis of the cortical and trabecular bone of  hip fracture
postmenopausal women: a case---control study. J Clin Den-
sitom. 2018, http://dx.doi.org/10.1016/j.jocd.2018.11.004,
pii: S1094-6950(18)30209-9.

22. López Picazo M, Humbert L,  di Gregorio S,  González Ballester
MA, del Río Barquero LM. Discrimination of osteoporosis-related
vertebral fractures by DXA-derived 3D measurements: a retro-
spective case-control study. Osteoporos Int. 2019;30:1099---110,
http://dx.doi.org/10.1007/s00198-019-04894-y.

23. Winzenrieth R, Humbert L, di Gregorio S,  Bonel E, Gar-
cía M, del Rio L.  Effects of  osteoporosis drug treatments
on cortical and trabecular bone in the femur using
DXA-based 3D modeling. Osteoporos Int. 2018;29:2323---33,
http://dx.doi.org/10.1007/s00198-018-4624-4.

24. Schousboe JT, DeBold CR. Reliability and accuracy of vertebral
fracture assessment with densitometry compared to radiogra-
phy in clinical practice. Osteoporos Int. 2006;17:281---9.

25. Fuerst T, Wu C, Genant HK, von Ingersleben G, Chen
Y, Johnston C, et  al. Evaluation of vertebral fracture
assessment by dual X-ray absorptiometry in a mul-
ticenter setting. Osteoporos Int. 2009;20:1199---205,
http://dx.doi.org/10.1007/s00198-008-0806-9.

26. The International Society for Clinical Densitome-
try. Official Positions of  the ISCD. Available from:
https://www.iscd.org/official-positions/official-positions/
[Internet; accessed 29.07.19].

27. Genant HK, Wu CY, van Kuiik C, Nevitt MC. Verte-
bral fracture assessment using a semiquantitative
technique. J Bone Miner Res. 1993;8:1137---48,
http://dx.doi.org/10.1002/jbmr.5650080915.

28. Nishiyama KK, Shane E. Clinical imaging of bone microarchi-
tecture with HR-pQCT. Curr Osteoporos Rep. 2013;11:147---55,
http://dx.doi.org/10.1007/s11914-013-0142-7.

29. Cheung AM, Adachi JD,  Hanley DA, Kendler DL, Davison
KS, Josse R,  et  al. High-resolution peripheral quantita-
tive computed tomography for the assessment of bone
strength and structure: a review by the Canadian Bone
Strength Working Group. Curr Osteoporos Rep. 2013;11:136---46,
http://dx.doi.org/10.1007/s11914-013-0140-9.

30. Macdonald HM, Nishiyama KK, Kang J,  Hanley DA, Boyd
SK. Age-related patterns of trabecular and cortical bone
loss differ between sexes and skeletal sites: a population-
based HR-pQCT study. J Bone Miner Res. 2011;26:50---62,
http://dx.doi.org/10.1002/jbmr.171.

31. Sornay-Rendu E, Boutroy S, Duboeuf F, Chapurlat RD. Bone
microarchitecture assessed by HR-pQCT as predictor of  fracture
risk  in postmenopausal women: the OFELY study. J Bone Miner
Res. 2017;32:1243---51, http://dx.doi.org/10.1002/jbmr.3105.

32. Sornay-Rendu E, Cabrera-Bravo J-L, Boutroy S,  Munoz F, Delmas
PD. Severity of  vertebral fractures is associated with alterations
of  cortical architecture in postmenopausal women. J  Bone Miner
Res. 2009;24:737---43, http://dx.doi.org/10.1359/jbmr.081223.

33. Seeman E, Delmas PD, Hanley DA, Sellmeyer D,  Cheung
AM, Shane E, et  al. Microarchitectural deterioration of
cortical and trabecular bone: differing effects of deno-
sumab and alendronate. J  Bone Miner Res. 2010;25:1886---94,
http://dx.doi.org/10.1002/jbmr.81.

34. Burghardt AJ, Kazakia GJ, Sode M, de Papp AE, Link TM, Majum-
dar S.  A longitudinal HR-pQCT study of alendronate treatment in
postmenopausal women with low bone density: relations among
density, cortical and trabecular microarchitecture, biomechan-
ics, and bone turnover. J  Bone Miner Res. 2010;25:2558---71,
http://dx.doi.org/10.1002/jbmr.157.

35. Macdonald HM, Nishiyama KK, Hanley DA, Boyd SK.
Changes in trabecular and cortical bone microarchi-
tecture at  peripheral sites associated with 18 months
of teriparatide therapy in postmenopausal women
with osteoporosis. Osteoporos Int. 2011;22:357---62,
http://dx.doi.org/10.1007/s00198-010-1226-1.

36. Hansen S, Hauge EM, Beck Jensen J-E, Brixen K.  Differing
effects of PTH 1-34 PTH 1-84, and zoledronic acid on bone
microarchitecture and estimated strength in postmenopausal
women with osteoporosis: an 18-month open-labeled observa-
tional study using HR-pQCT. J  Bone Miner Res. 2013;28:736---45,
http://dx.doi.org/10.1002/jbmr.1784.

37. Diez-Perez A, Güerri R, Nogues X, Cáceres E, Peña  MJ, Melli-
bovsky L,  et al. Microindentation for in vivo measurement of
bone tissue mechanical properties in humans. J Bone Miner Res.
2010;25:1877---85, http://dx.doi.org/10.1002/jbmr.73.

38. Malgo F, Hamdy NA, Papapoulos SE, Appelman-Dijkstra NM.
Bone material strength as measured by microindentation in vivo
is decreased in patients with fragility fractures indepen-
dently of bone mineral density. J  Clin Endocrinol Metab.
2015;100:2039---45, http://dx.doi.org/10.1210/jc.2014-4346.

39. Herrera S,  Diez-Perez A. Clinical experience with microin-
dentation in vivo in humans. Bone. 2017;95:175---82,
http://dx.doi.org/10.1016/j.bone.2016.11.003.

40. Napoli N, Chandran M,  Pierroz DD, Abrahamsen B, Schwartz AV,
Ferrari SL, IOF  Bone and Diabetes Working Group. Mechanisms
of diabetes mellitus-induced bone fragility. Nat Rev Endocrinol.
2017;1:208---19, http://dx.doi.org/10.1038/nrendo.2016.153.

41. Jiang N, Xia W.  Assessment of  bone quality in patients
with diabetes mellitus. Osteoporos Int. 2018;29:1721---36,
http://dx.doi.org/10.1007/s00198-018-4532-7.

42. Leslie WD, Aubry-Rozier B, Lamy O, Hans D.  TBS
(Trabecular Bone Score) and diabetes-related frac-
ture risk. J  Clin Endocrinol Metab. 2013;98:602---9,
http://dx.doi.org/10.1210/jc.2012-3118.

43. Iki M, Fujita Y,  Kouda K, Yura A, Tachiki T, Tamaki J,
et al. Hyperglycemia is associated with increased bone
mineral density and decreased trabecular bone score
in elderly Japanese men: the Fujiwara-kyo osteoporo-
sis risk in men (FORMEN) study. Bone. 2017;105:18---25,
http://dx.doi.org/10.1016/j.bone.2017.08.007.

44. Shanbhogue VV, Hansen S, Frost M,  Jørgensen NR, Her-
mann AP, Henriksen JE, et al. Compromised cortical bone
compartment in type 2 diabetes mellitus patients with
microvascular disease. Eur J  Endocrinol. 2016;174:115---24,
http://dx.doi.org/10.1530/EJE-15-0860.

45. Melton LJ 3rd, Riggs BL, Leibson CL, Achenbach SJ, Camp
JJ, Bouxsein ML, et al. A bone structural basis for fracture

dx.doi.org/10.1109/TMI. 2016.2593346
dx.doi.org/10.1118/1.4944501
dx.doi.org/10.1016/j.jocd.2017.05.002
dx.doi.org/10.1016/j.jocd.2018.05.001
dx.doi.org/10.1016/j.jocd.2018.11.004
dx.doi.org/10.1007/s00198-019-04894-y
dx.doi.org/10.1007/s00198-018-4624-4
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0400
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0400
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0400
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0400
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0400
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0400
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0400
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0400
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0400
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0400
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0400
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0400
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0400
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0400
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0400
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0400
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0400
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0400
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0400
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0400
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0400
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0400
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0400
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0400
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0400
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0400
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0400
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0400
http://refhub.elsevier.com/S2530-0180(20)30134-7/sbref0400
dx.doi.org/10.1007/s00198-008-0806-9
https://www.iscd.org/official-positions/official-positions/
dx.doi.org/10.1002/jbmr.5650080915
dx.doi.org/10.1007/s11914-013-0142-7
dx.doi.org/10.1007/s11914-013-0140-9
dx.doi.org/10.1002/jbmr.171
dx.doi.org/10.1002/jbmr.3105
dx.doi.org/10.1359/jbmr.081223
dx.doi.org/10.1002/jbmr.81
dx.doi.org/10.1002/jbmr.157
dx.doi.org/10.1007/s00198-010-1226-1
dx.doi.org/10.1002/jbmr.1784
dx.doi.org/10.1002/jbmr.73
dx.doi.org/10.1210/jc.2014-4346
dx.doi.org/10.1016/j.bone.2016.11.003
dx.doi.org/10.1038/nrendo.2016.153
dx.doi.org/10.1007/s00198-018-4532-7
dx.doi.org/10.1210/jc.2012-3118
dx.doi.org/10.1016/j.bone.2017.08.007
dx.doi.org/10.1530/EJE-15-0860


610  A.  García  Martín  et  al.

risk in diabetes. J Clin Endocrinol Metab. 2008;93:4804---9,
http://dx.doi.org/10.1210/jc.2008-0639.

46. Heilmeier U, Carpenter DR, Patsch JM, Harnish R, Joseph
GB, Burghardt AJ, et al. Volumetric femoral BMD, bone
geometry, and serum sclerostin levels differ between
type 2 diabetic postmenopausal women with and with-
out fragility fractures. Osteoporos Int. 2015;26:1283---93,
http://dx.doi.org/10.1007/s00198-014-2988-7.

47. Furst JR, Bandeira LC, Fan WW, Agarwal S, Nishiyama KK,
McMahon DJ, et  al. Advanced glycation endproducts and bone
material strength in type 2 diabetes. J Clin Endocrinol Metab.
2016;101:2502---10, http://dx.doi.org/10.1210/jc.2016-1437.

48. Rubin MR, Bilezikian JP,  McMahon DJ, Jacobs T, Shane
E, Siris E, et al. The natural history of  primary hyper-
parathyroidism with or without parathyroid surgery after
15 years. J Clin Endocrinol Metab. 2008;93:3462---70,
http://dx.doi.org/10.1210/jc.2007-1215.

49. Vignali E, Viccina G, Diacinti D, Cetani F, Cianferotti
L, Ambrogini E, et  al. Morphometric vertebral fractures
in postmenopausal women with primary hyperparathy-
roidism. J  Clin Endocrinol Metab. 2009;94:2306---12,
http://dx.doi.org/10.1210/jc.2008-2006.

50. Silva BC, Broy SB, Boutroy S, Schousboe JT, Shepherd
JA, Leslie WD. Fracture risk prediction by non-BMD DXA
measures: the 2015 ISCD official positions part 2: tra-
becular bone score. J  Clin Densitom. 2015;18:309---30,
http://dx.doi.org/10.1016/j.jocd.2015.06.008.

51. Romagnoli E, Cipriani C, Nofroni I, Castro C, Angelozzi M,
Scarpiello A, et  al. Trabecular Bone Score (TBS): an indirect
measure of  bone micro-architecture in postmenopausal patients
with primary hyperparathyroidism. Bone. 2013;53:154---9,
http://dx.doi.org/10.1016/j.bone.2012.11.041.

52. Stein EM, Silva BC, Boutroy S,  Zhou B, Wang J, Udesky J, et al.
Primary hyperparathyroidism is  associated with abnormal cor-
tical and trabecular microstructure and reduced bone stiffness
in postmenopausal women. J  Bone Miner Res. 2013;28:1029---40,
http://dx.doi.org/10.1002/jbmr.1841.

53.  Silva BC, Rubin MR, Cusano NE. Bilezikian. Bone imag-
ing in hypoparathyroidism. Osteoporos Int. 2017;28:463---71,
http://dx.doi.org/10.1007/s00198-016-3750-0.

54. Rubin MR, Dempster DW, Zhou H, Shane E, Nickolas T, Sliney
J Jr, et al. Dynamic and structural properties of  the skele-
ton in hypoparathyroidism. J  Bone Miner Res. 2008;23:2018---24,
http://dx.doi.org/10.1359/jbmr.080803.

55. Cusano NE, Nishiyama KK, Zhang C, Rubin MR, Boutroy
S, McMahon DJ, et  al. Noninvasive assessment of skele-
tal microstructure and estimated bone strength in
hypoparathyroidim. J Bone Miner Res. 2016;31:308---16,
http://dx.doi.org/10.1002/jbmr.2609.

56.  Hong AR, Lee JH, Kim JH, Kim SW, Shin CS. Effect of
endogenous parathyroid hormone on bone geometry and
skeletal microarchitecture. Calcif Tissue Int. 2019;104:382---9,
http://dx.doi.org/10.1007/s00223-019-00517-0.

dx.doi.org/10.1210/jc.2008-0639
dx.doi.org/10.1007/s00198-014-2988-7
dx.doi.org/10.1210/jc.2016-1437
dx.doi.org/10.1210/jc.2007-1215
dx.doi.org/10.1210/jc.2008-2006
dx.doi.org/10.1016/j.jocd.2015.06.008
dx.doi.org/10.1016/j.bone.2012.11.041
dx.doi.org/10.1002/jbmr.1841
dx.doi.org/10.1007/s00198-016-3750-0
dx.doi.org/10.1359/jbmr.080803
dx.doi.org/10.1002/jbmr.2609
dx.doi.org/10.1007/s00223-019-00517-0

	New technologies in the evaluation of bone fragility and their application in endocrinology
	Introduction: the limitations of bone densitometry
	New advances in bone densitometry
	Trabecular Bone Score
	3D densitometry
	Densitometric vertebral fracture assessment

	Other technologies
	High-resolution peripheral quantitative computed tomography
	Bone microindentation

	Application in endocrinology
	Type 2 diabetes mellitus
	Hyperparathyroidism and hypoparathyroidism

	Summary and conclusions
	Conflicts of interest
	References


