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Relationships between Surface, Volume, and Thickness
of Iliac Trabecular Bone in Aging and in Osteoporosis

IMPLICATIONS FOR THE MICROANATOMIC

AND CELLULAR MECHANISMSOF BONE LOSS

A. M. PARFITT, C. H. E. MATHEWS,A. R. VILLANUEVA, M. KLEEREKOPER,
B. FRAME, and D. S. RAO, Bone and Mineral Research Laboratory,
Department of Medicine, Henry Ford Hospital, Detroit, Michigan 48202

A B S T R A C T Wedevised a new method for exam-
ining the structural changes that occur in trabecular
bone in aging and in osteoporosis. With simultaneous
measurement of total perimeter and bone area in thin
sections, indirect indices of mean trabecular plate
thickness (MTPT) and mean trabecular plate density
(MTPD) can be derived, such that trabecular bone
volume = MTPDX MTPT. MTPDis an index of the
probability that a scanning or test line will intersect
a structural element of bone, and is the reciprocal of
the mean distance between the midpoints of structural
elements, multiplied by 7r/2. Weapplied this method
to iliac bone samples from 78 normal subjects, 100
patients with vertebral fracture, and 50 patients with
hip fracture. The reduction in trabecular bone volume
observed in normal subjects with increasing age was
mainly due to a reduction in plate density, with no
significant decrease in plate thickness. The further re-
duction in trabecular bone volume observed in patients
with osteoporotic vertebral fracture was mainly due
to a further reduction in plate density. There was a
relatively smaller reduction in plate thickness that was
statistically significant in males but not in females.
Only in patients with hip fracture did trabecular thin-
ning contribute substantially to the additional loss of
trabecular bone in osteoporosis relative to age. These
data indicate that age-related bone loss occurs prin-
cipally by a process that removes entire structural ele-
ments of bone; those that remain are more widely sep-
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arated and some may undergo compensatory thick-
ening, but most slowly become reduced in thickness.
Wepropose that the process of removal is initiated by
increased depth of osteoclastic resorption cavities
which leads to focal perforation of trabecular plates;
this is followed by progressive enlargement of the per-
forations with conversion of plates to rods. The re-
sulting structural changes are more severe in osteo-
porotic patients than in normal subjects, but have been
completed in most patients before they develop symp-
toms.

INTRODUCTION

Iliac bone biopsies are frequently performed in pa-
tients with osteoporosis, both for diagnosis and for re-
search, but most investigators have examined the pro-
cess of trabecular bone loss solely in terms of the
amount of bone, giving no attention to its spatial dis-
tribution or microscopic structure (1-8). The amount
of bone, usually expressed as a fraction or percentage
of the volume of trabecular tissue and referred to as
trabecular bone volume (TBV)', is a useful index, since
it differs significantly between old and young persons,
between elderly males and females, and between pa-
tients with vertebral compression fractures and healthy
subjects of the same age (1-3), but no single index can
adequately describe the structural effects of aging and
disease on trabecular bone. Low power stereoscopic

I Abbreviations used in this paper: MTPD, mean trabec-
ular plate density; MTPS, mean trabecular plate separation;
MTPT, mean trabecular plate thickness; S/V, bone surface
area per unit volume of bone; Sv, bone surface area per unit
volume of tissue; TBV, trabecular bone volume.

1396 J. Clin. Invest. ©D The American Society for Clinical Investigation, Inc. * 0021-9738/83/10/1396/14 $1.00
Volume 72 October 1983 1396-1409



light microscopy and scanning electron microscopy of
unembedded thick sections of trabecular bone disclose
a complex three-dimensional network of curved plates
and bars (9, 10). The size, shape, orientation, distri-
bution, and connectivity of these structural elements
can substantially affect both the biomechanical prop-
erties of trabecular bone (11, 12) and its internal sur-
face area (12, 13), which is an important determinant
of hormone responsiveness and of remodeling activity.

Since direct examination of three-dimensional struc-
ture requires removal of soft tissues and precludes the
preparation of thin undecalcified sections, it is incom-
patible with most of the purposes for which bone biop-
sies are performed. Fortunately, considerable insight
into three-dimensional structure is possible by making
better use of the two-dimensional information avail-
able in thin sections and by applying the principles of
stereology (13-15), which require only that perimeter
and area measurements in a section are made on the
same structures at the same magnification, and that
the measurement device is calibrated. Using this ap-
proach, we confirmed and extended earlier reports
that, in the normal bone loss of aging, entire structural
elements are removed, with increased separation be-
tween, but little change in the thickness of, those re-
maining (13, 16-20), and we show for the first time
that these structural characteristics are more evident
in patients with osteoporosis and fractures, a fact with
important implications for the cellular mechanism in-
volved.

METHODS
Transiliac bone biopsies with cortex at each end were ob-
tained with a trephine of 7.5 mmi.d. (21, 22) from 100
patients with at least one nontraumatic vertebral compres-
sion fracture and 50 patients with at least one hip fracture
without severe trauma. Those who had sustained fractures
of both types were assigned according to the most recent
one. Demographic data are given in Table I. Vertebral frac-
ture cases satisfied the following criteria: definite radio-
graphic osteopenia; nonblack race; no clinical evidence of
any cause of secondary osteoporosis; no other disease or drug
administration with known adverse effects on bone; no treat-
ment for osteoporosis other than calcium; normal plasma
levels of calcium, inorganic phosphate, alkaline phosphatase,
and creatinine; technically satisfactory unfragmented biopsy
specimens; no histologic evidence of osteitis fibrosa (23); and
values for osteoid volume not greater than 5% of total bone
volume and for mean osteoid seam width not greater than
15 Atm. These histologic criteria excluded other forms of
metabolic bone disease and provided additional assurance
that conditions such as intestinal malabsorption or hyper-
thyroidism had not been overlooked, but did not jeopardize
the validity of the sample; in our experience, <5% of patients
with a clinical diagnosis of uncomplicated age-related os-
teoporosis have osteoid measurements outside the limits
specified. Female cases were eligible only if studied within
the previous 3 yr, but all available male cases were included.

Because of the high frequency of associated disease in hip
fracture patients (8), admission criteria were necessarily less

stringent and the group included 13 blacks, 11 patients with
diabetes, seven with a history of excess alcohol intake, three
on replacement thyroxine (including two with previous hy-
perthyroidism), two with rheumatoid arthritis, two with
asymptomatic primary hyperparathyroidism, one each with
myeloma and mild chronic renal insufficiency, and four with
values for relative osteoid volume between 5 and 10% but
with normal osteoid seam width. The 24 cases with none of
these complicating conditions fulfilled the same admission
criteria as the vertebral fracture cases, except for the inclu-
sion of black subjects; data from this subset were analyzed
separately. Because values for plasma calcium, inorganic
phosphate, alkaline phosphatase, and creatinine are com-
monly abnormal in hip fracture patients regardless of their
previous metabolic state (8), these values were not used as
exclusion criteria.

Reference values were derived from iliac bone samples
from 78 healthy white subjects, including 41 of age range
comparable to the compression fracture patients; age-matched
reference values for the hip fracture patients were not avail-
able. The samples included bone biopsies on 16 normal vol-
unteers from Denmark, the embedded blocks being gener-
ously supplied by Dr. F. Melsen (4), 14 normal volunteers
from Michigan, and 15 patients without metabolic bone dis-
ease or abnormal mineral metabolism in whombone biopsies
were done either because of a mistaken radiologic report of
osteopenia or a nonvertebral traumatic fracture. With these
exceptions, the subjects met the same criteria as the patients
with compression fractures. In the remaining 33 cases, bone
was obtained at autopsy after sudden death in previously
healthy persons; the embedded blocks being kindly supplied
by Dr. S. Teitelbaum (7).

The previously unembedded biopsy specimens were placed
in 70% ethanol, prestained by the Villanueva method,
embedded in polymethylmethacrylate, and sectioned with
a Jung-K microtome (24). Sections prepared from previously
embedded blocks were stained after sectioning with tolu-
idine blue. In accordance with normal stereologic practice,
no attempt was made to control the plane of sectioning.
Trabecular bone area as a fraction of total trabecular tissue
area (marrow and bone) and the perimeter of marrow-bone
interface (in millimeters per square millimeter of tissue area)
were measured in the same microscopic field, either by
counting point hits and line intercepts with a Zeiss integra-
tion plate II eyepiece graticule (15) or by the Zeiss MOP3
digitizing system (25) (Carl Zeiss, Inc., New York). For both
methods, calibration was performed with a stage microm-
eter. In 32 cases (including 12 from the present study), mea-
surements were made by both methods in the same sections,
with good agreement. Trabecular bone area (mean±SD) was
15.12±7.19 mm2with the graticule and 14.98±7.78 mm2
with the MOP, and marrow-bone interface perimeter was
2.99±1.18 mmwith the graticule and 2.94±1.15 mmwith
the MOP. These pairs of values are not significantly different
and the correlation coefficients were 0.969 and 0.957, re-
spectively, with slopes not significantly different from unity
and intercepts not significantly different from zero. The
measurements were not confined to the central region of the
section (2, 13) but included the entire trabecular tissue area
in the section. The demarcation between trabecular and cor-
tical bone was made according to a previously described rule
(26), and the endosteal border of the cortex was not included
in the perimeter measurements. All measurements were
made at a total magnification, including both eyepiece and
objective, of X 25, since the apparent perimeter length in-
creases at higher magnification because of increased reso-
lution of surface irregularities (27).
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TABLE I
Sex and Age of Subjects Studied

Age

Sex n Range Mean±SD

yr

Young normal subjects (<50 yr) Female 18 20-46 32.2±9.4
Male 19 15-49 32.2±10.3
Combined 37 15-49 32.2±9.7

Old normal subjects (>50 yr) Female 30 52-80 62.7±7.4
Male 11 51-73 64.0±7.1
Combined 41 51-80 63.1±7.3

Vertebral fracture Female 70 48-80 66.2±7.6
Male 30 23-72 50.6±11.9
Combined 100 23-80 61.5±11.4

Hip fracture Female 33 54-94 75.0±10.2
Male 17 48-95 72.5±12.8
Combined 50 48-95 74.2±11.1

All subjects were white except for five females and eight males with hip fracture who were
black.

Several three-dimensional quantities were derived from
the primary two-dimensional area and perimeter length
measurements. TBV expressed as a percentage of total tissue
volume is identical with the two-dimensional percentage
area (15). Bone surface density (bone surface area in square
millimeters per cubic millimeter of tissue; Sv) is obtained
as follows: (two-dimensional perimeter)/(unit tissue area)
X 1.199; this value was experimentally determined for iliac
trabecular bone (28) and is slightly smaller than the value
4/w (1.273) used for structures without preferred spatial
orientation (15). Bone surface to volume ratio (bone surface
area in square millimeters per cubic millimeter of bone S/
V) is given by S/V = (Sv/TBV)100. Normal trabecular bone
consists mainly of interconnecting plates (9, 10) and it is
conceptually useful to partition the total TBV into an index
of the thickness of individual plates and an index of the
number of plates. An indirect estimate of mean trabecular
plate thickness (MTPT) in micrometers is given by MTPT
= 2,000/(S/V) (13-15). Values for MTPTobtained by this
method correlate significantly with, and do not differ in
mean value from, values obtained by direct measurement
of the width of individual trabecular profiles (14, 29). Unlike
the direct method, however, the indirect method gives no
information on the variability of thickness within a single
sample. A notional expression of trabecular plate number
can be derived by dividing volume by mean thickness ac-
cording to the equation: Mean trabecular plate density
(MTPD; per millimeter) = TBV(percent) X 10/MTPT (in
micrometers). From previously given relationships, it follows
that MTPD= Sv/2, but, although numerically related and
dimensionally equivalent, MTPDand Sv are expressed in
different units and represent different concepts; the rela-
tionship between them is shown in Fig. 1. When divided by
r/2, MTPDis an estimate of the frequency with which a

scanning line will intersect a structural element of bone
(number of intersections per millimeter) averaged over all
directions of scanning (Fig. 2 and reference 15). Finally, an
index of the distance between trabecular plates is given by:
Mean trabecular plate separation (MTPS; in micrometers)

= 1,000/MTPD - MTPT = MTPT (100/TBV - 1). This
expression gives the shortest distance between the plates, on
the assumption that they are parallel (Fig. 1); when multi-

i?.6
16io

FIGURE 1 Diagram to show relationships between calculated
three-dimensional quantities. A cube of tissue with sides of
length 1 mmcontains two parallel plates of bone, each with
a surface area of 1 mm2on each side. With the distances
shown, TBV = 25%, Sv = 4.0 mm2/mm3,S/V = 16.0, MTPT
= 125 ,Am, MTPD= 2.0/mm, and MTPS= 375 ,Am.
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B RESULTS

FIGURE 2 Diagram to demonstrate the significance of
MTPDand MTPSin a bone section. On the left (A) is shown
the continuous trabecular profile characteristic of a young
person, and on the right (B) the discontinuous trabecular
profiles characteristic of an elderly person. Superimposed on
each field of area 6.25 mm2 is the image of an eyepiece
graticule consisting of five horizontal and five vertical lines
each of length 2 mm, so that each small square has sides of
500 um and the total length of test lines is 20 mm. By direct
measurement on the original print using the Zeiss MOP3
digitizing system, the following values were obtained:

TBV SV S/V MTPT MTPD MTPS

A 27.2 3.48 12.8 156 1.74 418
B 19.8 2.62 13.2 151 1.31 613

The number of intersections of test lines on bone, counting
one-half if the test line does not extend all the way across,
is 21.5, or 1.075/mm, in A and 16.5, or 0.825/mm, in B.
Corresponding values for MTPD(2/r) are 1.108 for A and
0.833 for B. The mean length of test lines overlying marrow
cavities is 751 um for A and 911 um for B, with correspond-
ing values for MTPS(ir/2) of 657 and 963 gm. This indicates
that a lower value for MTPDcorresponds to a decreased
probability that a test line (or scanning line) will intersect
a bone profile, and that a greater value for MTPScorresponds
to an increase in the size and connectivity of the marrow
cavities. It is also evident that, if the same reduction in TBV
is a result of a reduction in trabecular plate thickness with
no change in plate density, the probability of intersection
would be virtually unchanged.

plied by 7r/2, it is an estimate of the mean marrow cavity
width averaged over all directions of scanning (Fig. 2 and
reference 15).

To clarify the relationships between the derived three-
dimensional quantities, each can be expressed solely in terms
of the primary measurements. Denoting the total bone pe-
rimeter length in millimeters as PB, the total bone area in
square millimeters as AB, and the total section area in square
millimeters (treated as a constant) as AT, then TBV = (AB/
AT)100, SV = (PB/AT)1-199, S/V = (PB/AB)1.199, MTPT
= (2,000/1.199) (AB/PB), MTPD= (1.199/2)(PB/AT), and
MTPS= (2,000/1.199)(AT - AB)/PB. For statistical calcu-
lation, comparison of means was performed with an un-
paired t test or one-way analysis of variance as appropriate
(30, 31), comparison of proportions by the chi-squared test
(30), comparison of standard deviations by the F (variance
ratio) test (31), and linear regression and correlation coef-
ficients computed by the method of least squares (30).

In the control subjects, there was no significant dif-
ference in age or in any primary measurement or de-
rived index between the autopsy and biopsy cases. The
results of all indices in the control subjects classified
by sex and by age with division at 50 yr are given in
Table II. In females, TBV was significantly lower in
the older subjects, with an approximately proportional
decrease in Sv and in plate density, and a significant
increase in plate separation. There was no change in
S/V or trabecular thickness. The same directional
changes were observed in the male subjects, but they
were of smaller magnitude than in females and at-
tained statistical significance only for plate separation.

The relationships of the principal structural indices
to age in the female control subjects are shown in Fig.
3 and the parameters of the regression equations for
both sexes are given in Table III. In females, both TBV
and plate density showed a highly significant negative
regression on age, but for plate thickness the slope did
not differ significantly from zero. The dispersion of the
data increased with age for plate thickness (with a
suggestion of bimodality), but decreased with age for
plate density, with corresponding changes in the stan-
dard deviations (Table II). In males, results were sim-
ilar, except that the slopes and r values for TBV and
MTPDwere smaller than in females. Even when data
from the two sexes were pooled, the fall of MTPTwith
age did not attain statistical significance, but there was
a higher proportion of both high and low values, and
the increase in standard deviation was more significant
than in females alone (Table II). If age-predicted val-
ues for TBV and MTPDare obtained from the regres-
sion equations, a notional predicted value for MTPT
is given by (predicted TBV)1o/(predicted MTPD); this
calculated quantity declines only by -1% per decade
in both sexes. The relationship between TBV and plate
thickness and density in individual cases is shown in
Fig. 4, and corresponding regression equations are
given in Table IV. In keeping with the changes in
standard deviation with age, the contribution of plate
density to the variation in TBV was greater in the
younger subjects and the contribution of plate thick-
ness was greater in the older subjects, most likely be-
cause of compensatory increase in plate thickness with
age in some subjects.

Mean values of all indices in the osteoporotic pa-
tients classified by type of fracture and by sex are given
in Table V, and observed mean values are compared
with age predicted mean values in Table VI. There
was no correlation of TBV, MTPT, or MTPDwith age
in any subgroup of fracture patients or in the whole
group. The relationships of these indices to age in fe-
male patients with vertebral fractures are shown in
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TABLE II
Structural Indices of Trabecular Bone in Control Subjects

Female Male Combined

s50 yr >50 yr s50 yr >50 yr s50 yr >50 yr

TBV, % 25.71±5.47 19.43+±6.16 24.42±6.81 20.08±7.84 25.05±6.14 19.60°±6.55
Sv, mm2/mm3 3.560±0.820 2.785+±0.552 3.404±0.716 2.880±0.822 3.48±0.762 2.811°±0.625
S/V, mm2/mm3 14.05±2.56 15.38±4.241 14.39±2.69 15.13±3.24 14.23±2.60 15.31±3.96§
MTPT, um 147.0±24.9 140.3±40.6i 143.6±26.8 138.5±34.2 145.3±25.6 139.8±38.6§
MTPD, /mm 1.780±0.410 1.393°±0.2761 1.702±0.358 1.4404'±0.411 1.740±0.381 1.405°±0.313
MTPS, um 444.1±132.8 605.20±151.2 470.7±138.5 602.4t±196.6 457.7±134.5 604.4"±161.1

Subjects classified by sex and age; number of cases and ages in Table I. Values given as mean±SD in each group. Location of footnotes
indicates whether comparison is between means (unpaired t test) or between standard deviations (variance ratio or F test); groups
compared are older and younger subjects in each category.
° P < 0.001.
I P < 0.05.
§ P < 0.01.
"P < 0.05 for one-tailed test.

Fig. 5. Most values for TBV were in the lower half of
the 95% confidence range of the regression established
in normal subjects, but only 10% of the values were
below the lower limit; by contrast, 40% of the values
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FIGURE 3 Relationships of the principal structural indices
to age in female control subjects. For TBV, the regression
line and 95% confidence limits for individual values are
shown. For MTPT, there was no significant regression on
age; the interrupted lines are the descriptive boundaries of
the data determined by inspection. For MTPD, the regres-
sion line is shown, but the confidence limits are omitted
because the dispersion of the data declines significantly with
age. The descriptive boundaries are partly based on the SD
for the subjects younger than 50 yr. Parameters of regression
equations given in Table III.

for MTPDwere below the lower descriptive boundary
for normal subjects (Fig. 5). Mean TBV was 40% lower
than expected for the patients' age (Tables V and VI),
with a corresponding increase in plate separation of
71% (Table V), but plate thickness was reduced by
only 8% (Table VI). In contrast to density, the change
in thickness as not significant (Table V); furthermore,
the relative deviation from age-predicted values was
significantly smaller for thickness than for density
(Table VI).

The same directional differences were present in
males with compression fracture (Table V). Compared
with age-predicted values (Table VI), the deficit in
TBV was larger than in females (48%), even though
the absolute values were similar. As in females, most
of this difference was due to a reduction in plate den-
sity of 35% (Table VI), with a corresponding increase
in plate separation of 56% (Table V). In contrast to
females, there was also a significant reduction in plate
thickness of 18%, which made a relatively greater con-
tribution than in females to the low TBV, but the rel-
ative deviation from age-predicted values was still sig-
nificantly less than for plate density (Table VI). The
relationship between TBV and plate thickness and
density in individual cases is shown in Fig. 6 and cor-
responding regression equations are given in Table IV.
In contrast to normal subjects, variation in plate den-
sity and in plate thickness made approximately equal
contributions to the variation in TBV, but most indi-
vidual values for plate thickness were normal, whereas
many individual values for plate density were reduced.

The clinical heterogeneity of the hip fracture pa-
tients had no discernible effect on the results. There
was no significant difference in any measurement or
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TABLE III
Regressions of Bone Structural Indices on Age

y x Group n Reresion equations r

TBV Age Females 48 y = 31.2 - 0.184x 0.474'
Males 30 y = 29.3 - 0.148x 0.3571
Combined 78 y = 30.3 - 0.168x 0.430'

MTPT Age Females 48 y = 152.9 - 0.197x 0.095
Males 30 y = 149.6 - 0.184x 0.112
Combined 78 y = 150.8 - 0.176x 0.094

MTPD Age Females 48 y = 2.126 - 0.0115x 0.515'
Males 30 y = 2.003 - 0.0090x 0.406t
Combined 78 y = 2.069 - 0.0104x 0.478-

Data from control subjects.
P < 0.001.
P < 0.005.

derived index between males and females (Table V)
or between blacks and whites (not shown). There was
also no significant difference between the 26 patients
who had one or more of the listed additional conditions
(such as diabetes) and the 24 patients who did not
(Table VII). Neither did subgroups with diabetes, al-
coholism, or miscellaneous conditions differ signifi-
cantly in any measurement, either between themselves
or with the 24 uncomplicated patients, except that
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patients with alcoholism were significantly younger
than the other patients. Because of the demonstrated
morphologic homogeneity between the subgroups,
they were combined for further analysis. However,
none of the major conclusions of the study would be
altered if the analysis was based solely on the 24 un-
complicated patients.

Taken together, the hip fracture patients showed the
same directional changes in all structural indices as the

MEANTRABECULARPLATE THICKNESS (um)

FIGURE 4 Relationship between TBV and MTPTin control subjects, with younger subjects on
the left and older subjects on the right. The interrupted lines radiating from the origin represent
equal values for MTPDand Sv. Vertical interrupted lines indicate ranges for MTPTin the
young subjects. Solid lines are least-square regression lines; parameters for y on x (Table IV)
indicate a fall in intercept but not in slope in older subjects.
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TABLE IV
Regressions of TBV on Its Components

y x Group n Regression equation r TR

TBV MTPT Young normal subjects 37 y = 8.82 + 0.112x 0.466° 0.217
Old normal subjects 41 y = 1.08t + 0.132x 0.779§ 0.606
Vertebral fracture 100 y = 3.50 + 0.065xi 0.597§ 0.356
Hip fracture 50 y = 3.07 + 0.083x¶ 0.543* 0.294
Combined 228 y = -0.99 + 0.127x 0.599* 0.359

TBV MTPD Young normal subjects 37 y = 3.95 + 12.lx 0.742§ 0.552
Old normal subjects 41 y = 2.36 + 12.3x 0.585§ 0.342
Vertebral fracture 100 y = 3.56 + 8.5x 0.602§ 0.362
Hip fracture 50 y = 1.11 + 10.3x 0.736§ 0.542
Combined 228 y = -1.24 + 13.99x 0.828§ 0.686

Data from all subjects.
P < 0.001.

I Intercept significantly lower than in young normal subjects (P < 0.001).
* P < 0.001.
"Slope significantly lower than in old normal subjects (P < 0.001).
1 Slope significantly lower than in old normals (P < 0.05).

compression fracture patients (Table V), but the de-
viations from age-predicted values showed significant
differences between the two fracture types (Table VI).
In white, nonalcoholic, hip fracture patients, TBV was
only 27% less than expected, a smaller deficit than in
those with compression fractures. Trabecular plate
thickness was significantly lower in the combined hip
fracture patients than in the older normal subjects (P
< 0.02). Furthermore, the reduction in plate thickness
of -20% made a greater contribution to the additional
loss of trabecular bone than the reduction in plate den-
sity of -8% (Table VI); compared with compression

fracture, this represents a reversal in the relative im-
portance of these structural changes. However, the
absolute deficit in hip fracture patients compared with
young adults was still greater for plate density (-37%)
than for plate thickness (-21%). The relationship be-
tween TBV and plate thickness and density in indi-
vidual cases is shown in Fig. 5 and corresponding
regression equations are given in Table IV. Compared
with patients with compression fractures, there was
more variability in TBV and plate density and less
variability in plate thickness.

The relationship between surface density and TBV

TABLE V
Structural Indices of Trabecular Bone in Osteoporotic Subjects

Vertebral fracture Hip fracture

Female Male Combined Female Male Combined

TBV, % 11.690±3.55 11.33±2.72 11.58a±3.31 12.12a±4.50 13.29±5.16 12.52±4.71
Sv, mm2/mm3 1.830a±0.436 2.018t±0.526 1.886 ±0.470 2.104§±0.616 2.402±0.744 2.2064l±0.670
S/V, mm2/mm3 16.40±4.02 18.19"±+3.79 16.94"-+4.17 18.90±3.69 18.29±4.55 18.5041±4.25
MTPT, um 128.6±31.0 115.3±27.6 124.64±30.5 117.2±34.1 110.3±24.7 114.84±31.1¶
MTPD, per mm 0.915+±0.218 1.009t±0.263 0.943_±0.235 1.052§±0.308 1.201±0.372 1.103 ±0.335
MTPS, ,m 1034.2*±319.7 941.1±267.3 1006.3°±306.6 931.3§±359.5 819.8±380.5 893.4t±366.8

Patients classified by type of fracture and by sex. Numbers of cases and ages in Table I. P values refer to differences between the fracture
patients and controls (columns 1, 3, and 4), between sexes (columns 2 and 5), or between fracture types (column 6).
a P < 0.001.
t P < 0.0 for one-tailed test.
* P < 0.01.
II P < 0.05.
1 Comparison with female vertebral fractures; other comparisons with combined group.
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TABLE VI
Deviations from Age-predicted Values in Osteoporotic Subjects

Vertebral fracture Hip fracture

Female Male Combined Female Male Combined

TBV, %
Abs. -7.4±0.4 -10.5±0.5 -8.3±0.4 -4.8 1.0 -4.lt±2.0 -4.71±0.9
So -38.3±2.3 -48.0±2.2 -41.2±1.8 -26.8±5.6 -23.0±11.7 -28.0±5.0

MTPD, /mm
Abs. -0.45±0.03 -0.5±0.05 -0.48±0.02 -0.16t±0.06 +0.04t±0.18 -0.12t±0.06
So -32.9±1.9 -34.7±3.0 -33.4±1.6 -11.1±5.3 +4.6±15.2 -7.9±5.2

MTPT, um
Abs. -10.7±3.7 -25.7±5.0 -15.1±3.1 -23.7§±6.4 -38.4±7.0 -26.74+5.4
% -7.71±2.7 -18.1t±3.6 -10.81±2.2 -17.3±4.7 -28.3§±5.1 -19.5±3.9

Data are means±SE of individual differences between observed values and values predicted from regressions on age in normal subjects
and individual ages, expressed in absolute (Abs.) or relative (%) terms. (Note difference from percentage as the unit of TBV). Predicted
values for MTPTare given by (predicted TBV X 10)/(predicted MTPD). Only white, nonalcoholic, hip fracture patients included (27
female, seven male), since the regressions on age were established only in white subjects and the relationship to age was different in
alcoholic subjects. The four footnoted probability values in bottom line refer to comparison of percentage deviations between MTPD
and MTPT; all other footnoted probability values refer to comparison between fracture types for different subsets based on sex, determined
in both cases by unpaired t test applied to the individual differences.

P < 0.01.
I P < 0.001.
I P < 0.05 for one-tailed test.

P < 0.05.

% TBV pm
240

I * *. 200

* . : . 160

* *-
. :. .- -16

\ * .ks 120-

*\: 80

MTPT /mm

1.8

.1.6

1.2.-*-0.6 I MTPD

*---:.. . . 1.

* * . .

40-

2- 0.2

0 0v 0 i

50 60 70 80 50 60 70 80 50 60 70 80

Age (yr)

FIGURE 5 Relationships of principal structural indices to age
in female patients with vertebral fractures. Layout as for
Fig. 3, except for differences in scale. Solid and interrupted
lines denote regression lines, confidence limits, or descriptive
boundaries, as in Fig. 3; note that MTPDdiscriminates be-
tween normal and osteoporotic subjects more effectively than
TBV.

in the entire study population, subdivided into those
with and without fractures is shown in Fig. 7. There
was a highly significant correlation between these two
conceptually independent measurements in each group
and in the two groups combined (r = 0.828, P < 0.001).
Over a wide range, the individual points conform rea-
sonably well to a theoretical model of the relationship
between the surface density and porosity of bone (12),
with porosity for trabecular bone defined as 100
- TBV. This relationship will no longer hold when
porosity falls much below 60% (TBV > 40%).

DISCUSSION

The concept of MTPDthat we have originated is cen-
tral to the interpretation of our data and to the infer-
ences that we will draw concerning the mechanisms
of bone loss. MTPDmust be distinguished from the
number of isolated trabecular profiles observable in a
histologic section. This number can increase, even
though MTPDas we have defined it is reduced, as is
evident from Fig. 2. We reemphasize that MTPDis
an index of the probability that a test or scanning line
will intersect a structural element of bone, whether
plate or bar. Others have observed a proportional re-
duction in surface density and bone volume with age,

Surface, Volume, and Thickness of Trabecular Bone in Osteoporosis
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FIGURE 6 Relationship between TBV and MTPTin patients with osteoporosis. Vertebral frac-
ture patients are on the left; females, *; males, 0. Hip fracture patients are on the right; sexes,
races, and clinical subgroups are combined, because there were no significant differences among
them. Oblique and vertical interrupted lines as in Fig. 4, with additional vertical line to indicate
lower limit for MTPTin the older normal subjects. Parameters of regression lines (y on x) in
Table IV indicate reduction in slope in both groups compared with older normals.

but the dependence of total surface on the frequency partitioned into its two principal structural compo-
of intersection and so on the distance between struc- nents.
tural elements has not previously been demonstrated.
MTPD, which is the reciprocal of the mean distance
between the midpoints of structural elements, multi-
plied by 7r/2 (Figs. 1 and 2 and Table VIII) accurately
reflects the structural changes and enables the reduc-
tion in TBV both in aging and in osteoporosis to be

Our normal subjects were relatively few in number
and diverse in origin, but the changes we observed
with age are similar to those found by other investi-
gators. The values for TBV were slightly higher than
in other series (1, 2, 4); this was possibly because we
included the peripheral zone of the trabecular space.

TABLE VII
Comparison between Hip Fracture Patients with and without a Coexisting Condition

Association None (n = 24) Combined (n 26) Diabetes (n = 11) Alcoholism (n = 7) Miscellaneous (n = 13)

Age, yr 77.71±10.50 70.88°±10.73 73.64±10.81 61.001±8.62 74.08±10.38
TBV, % 12.61±5.28 12.43±4.23 13.59±4.26 11.07±4.41 12.43±4.66
Sv, mm2/mm3 2.240+0.702 2.146±0.650 2.220±0.422 1.999±0.812 2.192±0.686
S/V, mm2/mm3 18.95+4.61 18.13+3.97 17.92±4.51 18.07±3.36 18.68±4.58
MTPT, ,um 113.3±33.9 116.1±28.9 118.8±32.3 113.5±19.1 114.9±36.0
MTPD, per 1Am 1.120±0.351 1.073±0.325 1.110±0.211 1.000±0.406 1.096±0.343
MTPS, jAm 876.8±362.7 905.8±367.8 792.1±187.5 1088.0±590.4 877.6±262.8

Column 1 includes patients without diabetes, alcoholism, or other specified condition. The combined group includes 11 patients with
diabetes, seven with chronic alcoholism, three receiving thyroxine, two with rheumatoid arthritis, two with asymptomatic hyperpara-
thyroidism, one each with myelomatosis and mild chronic renal insufficiency, and four with values for relative osteoid volume between
5 and 10%; five patients had more than one of these conditions. The diabetic group includes one patient with alcoholism, and the
alcoholism group includes one patient with diabetes. The miscellaneous group includes all cases with a condition other than diabetes or
alcoholism; four had diabetes as well. None of the differences between the groups is significant, except that the combined group and
the alcoholism group were significantly lower in age than the group without other conditions.

P < 0.01.
P < 0.001.
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The same difference in method probably contributes
to the smaller decline with age we have found in mean
trabecular thickness,, since we may have included some
thicker trabecular plates at the periphery that have
arisen by subendosteal tunneling of the cortex (32).
Moreover, the indirect method of measuring mean
thickness may conceal a fall in some regions offset by
an increase in other regions of the same biopsy. Nev-
ertheless, each of our conclusions is supported by much
other evidence. Previous anatomic studies have dem-
onstrated a proportional reduction in total surface and
trabecular bone volume with age (13, 19), and a rel-
atively much smaller reduction in trabecular thickness,
whether measured directly (16) or indirectly (13, 19).
Direct measurerment of trabecular spacing (17) showed
an increase with age with which our indirect mea-
surements agree remarkably well (Table VIII).

The reduction in TBV we observed in all three
groups of osteoporotic patients was of magnitude sim-
ilar to that reported in vertebral f racture cases by other
investigators (1, 2, 6). The separation between subjects
with and without compression f ractures was not quite

so clear as others have found (2), probably because of
our inclusion of the entire trabecular space; only 10
of 70 females and none of 30 males exceeded the upper
limit of 16% for TBV in patients with compression
fracture found by Courpron et al. (2). Some of the
most severely affected patients were probably ex-
cluded by the need for an unfragmented specimen,
but the lower limit of TBV was only slightly higher
than in other series (2). Among patients with compres-
sion fractures, males were significantly younger than
females; most would be classified as having idiopathic
osteoporosis, a condition that differs in several respects
from the much more common postmenopausal and
age-related osteoporosis (33). In the patients with hip
fracture, our mean value for TBV of 12.77 is similar
to the mean value of 13.44 reported recently from the
Netherlands (34), with a similar lack of sex difference
in the absolute values. In that study, TBV was lower
than in age-matched control subjects in males with hip
fracture, but not in females. However, using the
regressions of TBV on age determined in younger con-
trol subjects (Table VI), we did not observe such a sex
difference.

All the data lead to the conclusion that the normal
loss of trabecular bone with age occurs predominantly
by a process that removes entire structural elements
of bone, leaving those that remain more widely sep-
arated but only slightly reduced in thickness, thus
transforming the mainly continuous trabecular net-
work characteristic of a young person into the mainly
discontinuous network characteristic of the elderly
(Fig. 2). These structural changes are more severe in
patients with compression fractures, in whomthe ad-
ditional deficit in TBV compared with normal subjects
of the same age was the result mainly of a further
reduction in trabecular plate density and further in-
crease in trabecular plate separation. Unfortunately,
we cannot determine from our data whether these

TABLE VIII
Mean Interplate Distance: Comparison between Measurements

Made in Two Ways

Interplate distance

Sex Age Indirect Direct

yr jsm
Female <50 928 947

>50 1,207 1,166
Male <50 945 994

>50 1,092 1,093

Data from normal subjects. Mean interplate distance measured
between midpoints either indirectly as (MTPS + MTPT) 7r/2 (Table
II) or directly (17).
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patients had lost more trabecular plates than normal
or whether they had fewer to start with; most likely
both factors contributed. In males, MTPTwas signif-
icantly reduced, but in females the reduction was
much smaller, and did not attain statistical signifi-
cance. Only in the patients with hip fracture, in whom
mean age was significantly higher than in any other
subject group, could a significant fall in MTPTbe dem-
onstrated and only in this group did trabecular thin-
ning make a major contribution to the additional loss
of trabecular bone relative to age. These structural
characteristics of osteoporosis have not hitherto been
identified explicitly, although they are implicit in some
preliminary data from other laboratories (29, 35, 36).

One reason for distinguishing between density and
thickness of trabecular plates is that the possibilities
of change with time are different. Normally, all tra-
beculae are made by the process of endochondral os-
sification, so that new trabeculae cannot appear after
epiphyseal fusion, unless some pathologic process such
as Paget's disease or metastatic cancer leads to de novo
formation of woven bone within the marrow cavity
(1, 33). Consequently, trabecular plate density can
decrease with age but can never increase. Trabecular
plate thickness, however, can change in either direc-
tion, as is evident from the increased frequency of both
higher and lower mean values with increasing age
(Fig. 3). This distinction has important implications
for the treatment of osteoporosis. An increase in TBV,
however produced, can only occur by thickening of
existing trabeculae. The compressive strength of tra-
becular bone depends more on preservation of con-
nections between the structural elements than on the
amount of bone present (11); the thickened trabeculae
produced by treatment would remain disconnected,
so that increasing TBV even to normal would not re-
store a biomechanically normal skeleton. Once lost,
trabecular plates can never be replaced. Consequently,
prevention of bone loss is much more important than
attempting to repair the damage once it has occurred.

Possible cellular mechanisms for loss of bone must
be considered in relation to the intermediary organi-
zation of the skeleton (37) and the quantum concept
of bone remodeling (38). According to this concept,
a finite amount of bone is removed from a surface by
osteoclastic resorption and the resultant cavity is then
more or less completely refilled by osteoblasts appear-
ing in the same location to form a new bone structural
unit, which is separated from older bone by a cement
line. The focal imbalance between the amounts of bone
resorbed and formed, which is both a necessary and
a sufficient condition for bone loss, can arise because
either the cavity eroded is too large or the new struc-
tural unit formed within the cavity is too small. An
index of the size of new bone structural units is the

mean distance between quiescent bone surfaces and
the cement line, referred to as mean wall thickness
(39). This quantity declines with age and is lower in
patients with osteoporosis than in normal subjects of
the same age (40), indicating a defect either in the
recruitment of osteoblasts or in their individual activ-
ity (41). However, the mnean thickness of interstitial
bone separating structural units on opposite sides of
a trabecular plate increases with age (29, 42), indi-
cating that the mean depth of resorption cavities also
declines with age, although by a lesser amount than
mean wall thickness.

It is reasonably well established that this cellular
mechanism underlies the slow reduction in trabecular
plate thickness with increasing age (29, 42), but it is
highly unlikely that the same mechanism is responsible
for the reduction in trabecular plate density. First, if
complete loss of a trabecular plate was the end result
of progressive trabecular thinning, then the reduction
in plate thickness would occur at an earlier age than
the reduction in plate density, which is the opposite
of what happens (Tables II and V). Second, there
would be progressive accumulation of plates that were
thinner than normal plates, representing the transi-
tional stages before complete removal (Fig. 8 A). But

A

.,1 .... ...

B

FIGURE 8 Two hypothetical mechanisms for the structural
changes illustrated in Fig. 2. In sequence A, a trabecular
plate becomes progressively thinner before being removed
completely. In sequence B, a trabecular plate undergoes fo-
cal perforation which progressively enlarges. Note that
stages 1 and 5 are the same for both sequences and that the
intervening stages are purely illustrative; they are not meant
to represent equal intervals of time or the same intervals of
timne for the two sequences. The necessary intermediate
stages for sequence B are more commonly observed than for
sequence A.
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the frequency distribution of directly measured tra-
becular plate thickness at different ages indicated no
such accumulation; in fact, structural elements thinner
than 50 Amrepresented less than 4% of the total at all
ages (17).

If complete loss of a trabecular plate is not due to
a defect in osteoblast function and consequent reduc-
tion in mean wall thickness, the obvious alternative is
an abnormality in osteoclast function leading to in-
creased depth of resorption cavities. With such a de-
fect, successive cycles of remodeling could quickly
lead to focal perforation of a trabecular plate, and
progressive enlargement of the perforation could ul-
timately remove the plate completely (Fig. 8 B). Cur-
rently, active perforation is difficult to find, as would
be expected if it was a rapid and so short-lived process,
but it has been directly observed in the vertebral bodies
by Arnold (43), who assigned to this process a central
role in the conversion of trabecular plates to bars and
rods (44). Serial computed tomography of the spine
after bilateral oophorectomy discloses focal defects
consistent with trabecular plate perforation after -2
yr (45). Finally, exaggerated depth of resorption cav-
ities has been demonstrated directly in the vertebral
bodies of monkeys immobilized in a plaster jacket for
2 wk (46), establishing the existence in a primate spe-
cies of the defect in osteoclast function that is proposed
to account for the main structural component of age-
related bone loss.

On the basis of the data presented here, the infer-
ences drawn from these data, and supporting data
from numerous other studies, we give a tentative de-
scription of the microstructural and cellular basis of
age-related bone loss, which can serve as the basis of
future research. In the first 5 yr after menopause in
women, there is a period of rapid bone loss (33)
brought about by perforation of trabecular plates and
progressive enlargement of the perforations and even-
tual conversion of the plates to bars and rods (44). This
is initiated both by an increase in the overall rate of
bone remodeling (47), and by augmentation of indi-
vidual osteoclast function, so that resorption cavities
are eroded to a greater depth than normal. In time,
the rate of bone turnover falls and resorption cavities
get progressively shallower, but there is continuing
slow bone loss due to thinning of residual structural
elements as a result of the decrease in the number and/
or stamina of osteoblasts described earlier. Clinical
osteoporosis could occur because bone mass at maturity
was too low (whether as a result of too few trabecular
plates, thinner than normal plates, or both), because
of exaggerated loss of trabecular plates, or because of
excessive thinning of residual trabecular plates. Vary-
ing combinations of these different factors in individ-
ual patients with compression fractures would con-

tribute to the histologic heterogeneity in their bone
biopsies (7, 48).

Such conclusions are independent of the state of
bone remodeling at the time of the biopsy. Based on
in vivo double tetracycline labeling, the mean bone
formation rate is substantially reduced in patients with
postmenopausal osteoporosis (48). Most such patients
are no longer losing bone faster than normal persons
of the same age, whether judged by serial dual photon
absorptiometry of the spine (49), by external calcium
balance (50, 51), or by serial metacarpal morphometry
(52). Moreover, mean TBV in patients with compres-
sion fractures is the same at all ages (reference 3 and
Fig. 5). Consequently, it can be inferred that the bone
resorption rate must also be reduced in the majority
of osteoporotic patients. The methods we devised for
examining the wreckage of the skeleton enabled us to
reconstruct what must have happened in the past, even
if it came to an end a decade or longer before the
biopsy. The previous episodes of increased bone re-
sorption that we have inferred are supported by much
biochemical (53) and calcium radiokinetic (47) data
obtained in normal postmenopausal females, and are
entirely consistent with a reduced rate of bone re-
sorption at the time of the biopsy.
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