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Cortical and Cancellous Bone

Cortical bone Cancellous bone

Thoracic spine

>75% cancellous

Femoral neck

75% cortical

25% cancellous

Lumbar spine

>66% cancellous

1/3 distal radius

>95% cortical

Ultradistal radius

75% cortical

25% cancellous

Trochanter

50% cortical

50% cancellous

1. Dempster DW. In: Favus MJ, ed. Primer on the Metabolic Bone Diseases and Disorders of Mineral Metabolism. 6th ed; 2006:7-11.

80% of the human skeleton is Cortical Bone1

Image courtesy of © David W. Dempster, PhD, 2000

©Lilly USA, LLC 2011. All rights reserved.
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• Bone is a complex, continuously 

remodeled tissue

– The adult skeleton is completely 

regenerated every 10 years

– 3-4 million bone remodeling 

units (BRUs) are initiated each 

year

– 1 million BRUs are actively 

engaged in bone turnover at any 

time

Manolagas SC. Endocr Rev. 2000;21:115-137.

Bone Remodeling



 Replacement of old or damaged bone 
with new bone
▪ Osteoclasts and osteoblasts in the same 

remodeling units

▪ Persists for a lifetime

▪ Abnormalities cause low or high bone mass 
syndromes

Courtesy of Roberto Civitelli, MD



Remodeling on Endocortical, and Periosteal and 

Cancellous Surfaces 
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Hemi-osteonal Remodeling on Endocortical, 

Periosteal and Cancellous Surfaces

8
Dempster et al, JBMR 2001; 16:846 



Intracortical Remodeling 
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Osteonal Remodeling in Cortical Bone
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Reprinted from The Lancet, Dempster DW, Lindsay R. 1993;341: 

797-801. Copyright 2011, with permission from Elsevier. 

Osteonal Remodeling in Cortical Bone

Clopton Havers, 1691



Osteonal Remodeling in Iguanodon Bone 

from the Cretaceous Period (~130 M yr)

Image courtesy of Tim Skerry and John Currey.



Functions of Remodeling

• Calcium homeostasis (long-term)

• Maintain mechanical strength

• Acid/base balance

• Release growth factors

• Provide reservoir of labile mineral (short-term 

homeostasis)

• Replace osteocytes

• ???
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Tiktaalik
“From Fins to Limbs” 

National Science Foundation

University of Chicago

2004

Neil Shubin

380 million years ago

http://www.google.ca/url?sa=i&rct=j&q=Tiktaalik+canada&source=images&cd=&cad=rja&docid=H8bLgXX10N9wbM&tbnid=4e9lPxCM6CF9fM:&ved=0CAUQjRw&url=http://commons.wikimedia.org/wiki/File:Ellesmere_Island_-_Tiktaalik_discovery_site.png&ei=9sCtUYnNIcmgqwGpsoHoBA&bvm=bv.47244034,d.aWc&psig=AFQjCNGLcuqzRMQwhtaORkTzxnymYUmN6Q&ust=1370428012008804


Remodeling Participates in Mineral Homeostasis

Before antler formation

During antler formation

After antler formation

Banks WJ, Jr., et al. Anat Rec. 1968;162:387-398.



Remodeling Maintains Mechanical Strength



Einhorn TA. Calcif Tiss Int. 51:333-339, 1992.

“Excessive Repair is a Risky Business”

Dempster et al, JBMR 1986;1:15



*

Allen MR and Burr DB. Clin Rev Bone Miner Metab. 2008;6:24-30.

Targeted Remodeling

•Excessive strain causes 

regional microdamage

•Targeted remodeling removes 

a volume of bone that greatly 

exceeds that of damaged 

region

•Resulting volume deficit 

increases strain in neighboring 

bone

B. Martin, JOR 1995



Age-Related Changes in the Human

Femoral Midshaft

Images courtesy of Dr. David Cooper. University of Saskatchewan.

20 yrs ♀ 62 yrs ♀ 85 yrs ♀

Skeletal Integrity Calcium Homeostasis



 The shaping of bone segments and their 
movement through space
▪ Defines skeletal development and growth

▪ Osteoblasts and osteoclasts need not be 
anatomically and temporally tethered

▪ Abnormalities cause skeletal dysplasias or 
dismorphysms

Courtesy of Roberto Civitelli, MD



The Erlenmeyer Flask Deformity

Faden et al, Am. J. Med. Genet. 2009;149A: 1334–1345.

Jean-François Ganghoffer (2011). 



Tibial Modeling after Fibula Harvesting

Taddei F, et al, Clin Orthop Relat Res 2009;467:2149

Tib

Fib
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A Touch of Frost

Hattner, Epker and Frost, Nature 1965

Harold M. Frost, MD

1921-2004



A Touch of Frost

Hattner, Epker, Frost, Nature 1965

75 normal subjects, aged 20-75 (ribs, femoral heads, iliac crests, humeri, and vertebrae)

“…3.3% of the cement lines that were smooth 

could represent bone being formed without 

previous resorption…” 

‘…they could also represent “overflow” of formation 

processes extending beyond the perimeter of the 

bone formation preceded by resorption…”

5,357       5,181      (96.7%)

http://www.google.com.br/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=&url=http://www.shopclues.com/100-1500x-advance-student-jr.-medical-microscope.html&ei=lv4wVcelC9TbsASL24D4BA&bvm=bv.91071109,d.cWc&psig=AFQjCNHE6lwpclGdUFf0Y3ccPPA0MprVjw&ust=1429360687050437


Rat Bone: Modeling or Remodeling?

Erben et al,  Anat Rec 1996

Remodeling Modeling



Rat Bone: Modeling or Remodeling?

Erben et al,  Anat Rec 1996

Cancellous

Endocortex

L1 vertebra

Proximal tibial

metaphysis



Trabecular Mini-modeling in Human Bone

Kobayashi et al, Bone 2003

Remodeling 

Modeling            & Modeling

34 normal subjects undergoing THR 

M1 = Mini-modeling



PTH - Discovery of Anabolic Action

1929: Bauer, Aub, and Albright

Parathyroid extract increased 

trabecular number in growing rats 
(J Exp Med. 1929;49:145-161.)

1932: Selye

Histological evidence that 

parathyroid extract stimulates 

bone formation  
(Endocrinology. 1932;16:547-558.)

Selye

Albright

http://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&docid=CjAOt47RrekmvM&tbnid=6FepvkOmSiVJaM:&ved=&url=http://www.women-health-info.com/715-Stress-positive.html&ei=0x5EU-vDGuyuyAGk24FA&bvm=bv.64507335,d.aWc&psig=AFQjCNHt8U6q-L8liQhg47t_aBS_ziQmXw&ust=1397059667871538


“This experiment shows that if parathyroid 

hormone is administered in very small doses it 

will lead to a stimulation of the osteoblasts and 

thereby to bone apposition without previous 

osteoclast formation…”

Hans Selye, 1932



Declo Tet TetDeclo Biopsy

Cycle 1 labeling (3:12:3) Cycle 2 labeling (3:12:3)

(18 days)

(4 weeks)

(18 days) (6 days)

Cycle 1 labeling (3:12:3): Declomycin (Declo) 150 mg, 4 times a day for 

3 days. The doses were repeated after 12 days of no antibiotic.

Cycle 2 labeling (3:12:3): Tetracycline (Te) 250 mg, 4 times a day for 3 days. 

The doses were repeated after 12 days of no antibiotic.

TPTD or No Treatment

Quadruple Tetracycline Labeling

Lindsay R et al, JBMR 2006
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Early Effects of Teriparatide on Bone Formation

Lindsay R et al, JBMR 2006

“ …bone apposition without 

previous osteoclast formation…”

Remodeling

Modeling



Teriparatide Control

Quadruple Labels in 

Teriparatide-Treated and 

Control Subjects

Lindsay R et al, JBMR 2006

TPTD

Control
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Early Effects of Teriparatide on Bone Formation

Lindsay R et al, JBMR 2006

“…they could also represent “overflow” of 

formation processes…” 



35

Long Term Effects of DMAb on BMD

Bone et al, Lancet Diabetes Endocrinol 2017; 5: 513–23Dempster et al, 2018
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16-Month Bone Quality Study in 

OVX Cynomolgus Monkeys

Mature (9+ year old) cynos:

Group 1:  Sham + vehicle

Group 2:  OVX + vehicle

Group 3:  OVX + DMAb (25 mg/kg)

Group 4:  OVX + DMAb (50 mg/kg)

Kostenuik et al, Bone 2011
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4 mm

SHAM

Fluorochrome Labeling: Femur Neck

Fluorochrome Labels

1. Tetracycline (6 mo) 

2. Alizarin (12 mo)

3. Calcein (16 mo)

TRABECULAR BONE

1 mm

DMAb 25 mg/kg

4 mm

Inferior Periosteum

0.5 mm

Superior Endocortex

0.5 mm

1
2

3

12
3

Ominsky et al, JBMR 2015
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Additional Examples of Stacked Labels 

in Sham and DMAb-treated Animals

Sham

Superior Endocortex

Inferior Periosteum

DMAb 25 mg/kg

Superior Endocortex

Inferior Periosteum

Stacked labeling on one or both surfaces was observed 

in 65% of Sham and 70% of DMAb–treated samples

1

2

3

1

2
3

1

2

3

123

Labels

1. 6 mo 

2. 12 mo

3. 16 mo

Ominsky et al, JBMR 2015
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Effects of DMAb on Bone Formation in 

Cynomolgus Monkeys – 9th Rib

Ominsky et al, JBMR 2015
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Effects of DMAb on Bone Formation in 

Cynomolgus Monkeys - Rib

Ominsky et al, JBMR 2015
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Effects of DMAb on Bone Formation in 

Cynomolgus Monkeys – 9th Rib

Ominsky et al, JBMR 2015

V E H D M A B

0

1 0

2 0

3 0

4 0

P e r io s te a l R e m o d e lin g  F o rm in g  S u r fa c e %

R
B

F
 S

u
r
fa

c
e

(%
 o

f 
P

e
r
io

s
te

a
l 

S
u

r
fa

c
e

)

*

V E H D M A B

0

2 0

4 0

6 0

8 0

E n d o c o r t ic a l R e m o d e lin g  F o r m in g  S u r fa c e %

R
B

F
 S

u
r
fa

c
e

(%
 o

f 
E

n
d

o
c

o
r
ti

c
a

l 
S

u
r
fa

c
e

)

*

V E H D M A B

0

2 0

4 0

6 0

T o ta l  R e m o d e lin g  F o rm in g  S u r fa c e %

R
B

F
 S

u
r
fa

c
e

(%
 o

f 
T

o
ta

l 
S

u
r
fa

c
e

)

P e r io s te a l

E n d o c o rt ic a l

*

V E H D M A B

0

1 0

2 0

3 0

4 0

P e r io s te a l E r o d e d  S u r fa c e %

E
r
o

d
e

d
 S

u
r
fa

c
e

(%
 o

f 
P

e
r
io

s
te

a
l 

S
u

r
fa

c
e

)

*

V E H D M A B

0

5

1 0

1 5

E n d o c o r t ic a l E r o d e d  S u r fa c e %

E
r
o

d
e

d
 S

u
r
fa

c
e

(%
 o

f 
E

n
d

o
c

o
r
ti

c
a

l 
S

u
r
fa

c
e

)

*

V E H D M A B

0

5

1 0

1 5

2 0

2 5

T o ta l E r o d e d  S u r fa c e %

E
r
o

d
e

d
 S

u
r
fa

c
e

(%
 o

f 
T

o
ta

l 
S

u
r
fa

c
e

)

P e r io s te a l

E n d o c o rt ic a l

*

R e m o d e lin g  B a s e d  F o rm a tio n  a n d  E ro d e d  S u r fa c e

in  th e  O V X  C y n o  R ib

V E H D M AB

0

1

2

3

4

5

C o r tic a l P o ro s ity

%
 o

f
 C

o
r
t
ic

a
l 

A
r
e

a

*

Mean ± SEM; *p<0.05 vs VEH

V E H IC L E D M A B

M B F

R B F

E S

Q S

V E H IC L E D M A B

P e r io s te a l S u r fa c e E n d o c o r t ic a l S u r fa c e

Remodeling-based formation



Hypothetical Model of the Potential Contributions to 
BMD Increases with Denosumab

Ominsky et al JBMR, 2015



Effect of TPTD on Human Femoral Neck

J Clin Endocrinol Metab 101: 1498 –1505, 2016



Tetracycline Labels with PBO and 
TPTD in Human Femoral Neck

PBO TPTD

J Clin Endocrinol Metab 101: 1498 –1505, 

2016



Effect of DMAb Treatment on Bone Remodeling 
and Modeling in the Human Femoral Neck





*p=0.01 for within treatment group comparison from baseline to each time point using t-test

†p<0.001 for within treatment group comparison from baseline to each time point

Abbreviations: iPTH = intact parathyroid hormone; P1NP = procollagen type 1 N-terminal propeptide; CTX = carboxyterminal cross-linking 

telopeptide of type 1 collagen; SE = standard error
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Dempster et al. J Clin Endocrinol Metab. 2016;101(4):1353-1363
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TET

Old bone

New bone

MBF

RBF

oMBF

RBF

oMBF

Smooth 
cement line

Smooth 
cement line

Scalloped 
cement line

Smooth 
cement line

Cartoon Illustrating Three Types of Bone Formation

MBF = Modeling-based formation

Dempster DW et al  Longitudinal Effects of Teriparatide or Zoledronic Acid on Bone Modeling- and Remodeling-Based Formation in 
the SHOTZ Study. J Bone Miner Res. 2017 Nov 30. 10.1002/jbmr.3350. [Epub ahead of print]

RBF = Remodeling-based formation

oMBF = Overflow Modeling-based formation



Results – Bone Formation from Baseline 
to 3 Months Within Groups

*

*<0.05; **<0.0001 for within group p-value by paired t-test

3x
9x

15x

4x

77%↓

35%↓

70%↓2x
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Modeling in Monkeys Treated with 

Sclerostin Antibody

Trabecular Envelope Endocortical Envelope

Ominsky et al, JBMR 2014
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Romosozumab – Bone Histomorphometry

ASBMR 2018
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Romosozumab –

CT and Biochemical Markers

https://www.fda.gov/media/121255/download

Lewiecki EM, et al J Clin Endocrinol Metab. 2018 Sep 

1;103(9):3183-3193.

https://www.fda.gov/media/121255/download
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Modeling and Remodeling in Osteoporosis 

and Following Treatment
C

o
n
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s

ModelingRemodeling

-

OP

Weak

AR

Strong

AR

Strongest

AR

Anabolic Stronger

Anabolic/AR

OP, Osteoporosis; AR, Antiresorptive; -, + = bone balance within remodeling units

Langdahl B, Ferrari S, Dempster DW,Ther Adv Musculoskel Dis 2016;8:225-235

- -
+
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Summary I

• Bone remodeling plays an important role in calcium 
homeostasis and maintenance of skeletal integrity – as 
we age, these functions may be in conflict

• Modeling-based bone formation (MBF) in the adult 
skeleton has been largely ignored. 

• MBF persists in the ileum and femur of adult humans.  
Under normal conditions, MBF in cancellous bone 
represents a tiny fraction of total bone formation.  Other 
surfaces and skeletal sites need to be explored.
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Summary II

• MBF is the most efficient mechanism to increase bone 
mass in osteoporosis.  However, it does not replace 
older bone and does not replenish the osteocyte pool. 

• Potent antiresorptive agents (e.g., DMAb) may be 
permissive to MBF and, coupled with a low rate of 
remodeling, may account  for prolonged gains in bone 
mass with such agents. 

• Anabolic agents (e.g., PTH 1-34; Scl Ab’s) stimulate 
modeling in both cancellous and cortical bone.
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Thank You!

College of Physicians and Surgeons of Columbia 
University, New York


