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ABSTRACT

Background: Histomorphometry and microcomputed tomography (microCT) have been used in implant studies but need
better understanding before being used as equivalent methods.

Purpose: The purpose of this study was to investigate the agreement between 2D (histomorphometry) and 3D (microCT)
reference methods for assessing jawbone microarchitecture in vivo.

Material and Methods: Forty-four bone specimens from 32 patients were obtained during implant placement and examined
by microCT, followed by hematoxylin—eosin staining and histomorphometric analysis. The morphometric parameters
included bone volume density (BV/TV), bone surface fraction (BS/TV), bone surface density, trabecular thickness, tra-
becular number, and trabecular separation (Tb.Sp). Bland—Altman plots were used for pairwise agreement analysis between
the equivalent 3D and 2D parameters, and complemented with Mountain plots. The association between the two methods
was tested using Pearson’s correlation followed by Passing—Bablok regression.

Results: Systematic bias was observed in all Bland—Altman and Mountain plots, including constant bias for BV/TV and
Tb.Sp, and proportional bias for all other parameters. Significant correlation was found for BV/TV (r=0.80; p <.001) and
BS/TV (r=0.44; p=.003), and the Passing—Bablok regression showed constant bias for BV/TV and proportional bias for
BS/TV.

Conclusion: Because of the poor agreement between measures obtained by histomorphometry and microCT, these methods
should not be used interchangeably for jawbones.
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important in the peri-implant healing phase,' knowl-
edge of trabecular bone microarchitecture is important

influence on the outcome of dental implant therapy.™
Assessment of bone microarchitecture of human
maxilla and mandible in vivo may help us to under-
Reprint requests: Prof. Rejane Faria Ribeiro-Rotta, Department of L Y P
Oral Medicine, School of Dentistry, Federal University of Goias, Rua stand its influence on bone Strength and whether or
C-235, N. 1323/1501 Nova Suica Goiénia-GO 74280-130 Brazil; not it can affect Changing on implant_bone interface
e-mail: rejanefrr@gmail.com after loading.”® Furthermore, bone tissue micro-
© 2013 Wiley Periodicals, Inc. architecture is one parameter influencing “bone

DOI 10.1111/cid.12176 quality,” in itself a concept of debate but still said to

732


mailto:rejanefrr@gmail.com

be related to clinical results of implant stability and
implant survival.>*"!
considered the

Histomorphometry has been

standard reference method for bone microarchitecture

12-14 This method allows for assessment in two

analysis.
dimensions (2D) and provides an image with high
spatial resolution and high contrast, but it is very time
consuming.” A third dimension can only be added
on the basis of stereology."”” Measurement performed
in histomorphometric analysis can be influenced
by the selection of the section plane.'® As another limi-
tation, histomorphometry is destructive and does not
allow for secondary measurements of a sample.>"’
Microcomputed tomography (microCT) has been sug-
gested as another standard reference method because of
its high resolution and accuracy for both the 2D and
three-dimensional (3D) study of bone structure, and
because it is faster than histomorphometry."*'” Even
though the use of microCT to study microarchitectural
characteristics of jawbone tissue is relatively new, it pro-
vides the advantage of sample reusing.*®'®"
Validation of microCT as a reference method
for bone morphometric evaluation has been reported,
with  the

morphometry, which still remains the “gold stan-

comparing it stereology-based histo-
dard”'*'*** Studies have been performed in animal
bone,’™® human cadavers,”® and in vivo human
bone,'*****?? but not in jawbone. Therefore, the aim
of this study was to evaluate the agreement between
microCT (3D) and histomorphometry (2D) in in vivo
human jawbone.

MATERIAL AND METHODS

Sample

This was a cross-sectional observational study approved
by the Ethics Committee of the Federal University of
Goias, Brazil (protocol n. 114/2007), and all volunteers
agreed to participate by signing the term of consent.
Thirty-two volunteers were selected after clinical exami-
nation and fulfilled the following inclusion criteria:
partial edentulousness with dental implant treatment
indication and estimated amount of alveolar bone con-
sidered enough by clinical and imaging evaluation
(periapical, panoramic, and computed tomography).
Exclusion criteria included no complex oral rehabilita-
tions needs, no metabolic diseases or allergies, smoke
free for at least 10 years, and good oral hygiene care.
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Bone Biopsies

Bone biopsies were performed under local anesthesia
prior to implant installation with a 2.7 mm inner diam-
eter trephine specifically designed for this study. The
specimens were maintained in a buffered 10% for-
malin solution. The implant placement followed the
traditional two-stage surgical protocol,’® and prosthetic
rehabilitation was performed after osseointegration.

MicroCT

MicroCT of the bone biopsies were performed using
Skyscan 1172 equipment (Antwerp, Belgium) with the
following technical parameters: 120 mA and 92 kV
power intensity, aluminum filter and 180° rotation, and
pixel size or resolution for acquisition, and image recon-
struction of 2.7 um. The data scanned by the capture
card was sent to the computer using tomographic recon-
struction software NRecon version 1.4.4 (Skyscan,
Antwerp, Belgium). The reconstructed images were
reformatted as 3D images and analyzed by CT-An soft-
ware (CTAnalyser, Skyscan, Antwerp, Belgium), which
calculated the 3D morphometric parameters of the bone
in each volume of interest (VOI).

Histomorphometry

After microCT analysis, the specimens were demineral-
ized in an EDTA solution (pH 7.0) for 1 week, automati-
cally processed (OMA DM-20, M20090257, Sao Paulo,
Brazil), embedded in paraffin, sectioned longitudinally
with a microtome (Leica RM2165, Merck KGaA, Darm-
stadt, Germany) in 5um slices, and stained using
routine hematoxylin/eosin techniques. The most central
section was selected to perform the histomorphometric
measurements. It should correspond to the greatest
dimensions of the specimen in length and diameter.
Digital microscopic images were obtained using a digital
camera connected to an optical microscope (X5; Axio
Scope Al and Axiocam ERc 5's, Carl Zeiss, Gottingen,
Germany), which had been previously calibrated. An
average of two microscopic fields were analyzed from
each bone specimen. Measurements of total bone
perimeter length (Pg), total bone area (Ap), and total
section area (Ar) were performed using the AxioVision
Release 4.7 microscope software (Carl Zeiss) (Figure 1).

Morphometric Analysis

MicroCT provided measurements obtained directly
from reconstructed images (CT-An analyzer, Skyscan)
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Figure 1 MicroCT 3D image reconstruction (B) and histological slice (C) of bone specimens (hematoxylin and eosin/original
magnification X 5) obtained from lower first-molar area (A1) rehabilitated by prosthesis supported by osseointegrated implant (A2).
Histomorphometric measurements (C) show the total bone area (trabecular bone) in black and total section area (trabecular

bone + bone marrow) in red. Images obtained using Axiovision 4.7 software (182 X 66; 150 X 150 DPI).

(Figure 1) based on consecutive 2D images. Several mea-
surements could be obtained from this method, includ-
ing 3D primary measurements, which were described as
tissue volume (TV), bone volume (BV), bone surface
(BS), and trabecular thickness (Tb.Th), as well as
other derived measurements. However, only those
could be
histomorphometric parameters were selected for this
study. They included:

measurements  that correlated  with

* BV density (BV/TV) was the ratio of the trabecular
BV to the total TV of the VOI;

*  BS fraction (BS/TV) was the ratio of the BS area to
the total TV of the VOI;

*  BSdensity (BS/BV) was a ratio of the BS area to the
trabecular BV of the VOI;

«  Tb.Th was calculated from the trabecular BV and
the total TV;

*  Trabecular number (Tb.N) was calculated from the
reciprocal of the distance between the center and
the center of trabeculae;

« Trabecular separation (Tb.Sp) was the distance
between adjacent trabeculae.

The 3D microCT measurements, obtained by algo-
rithms of computer graphics, are illustrated in
Figure 2.

Using a calculation proposed by Parfitt and col-
leagues in 1983," the primary 2D histomorphometric
measurements (P, Ap, and Ar) allowed us to obtain
estimated 3D parameters based on the stereology. Stan-
dardized nomenclature, symbols, and units'* allowed for
a comparison of the histomorphometric parameters
to direct 3D measurements obtained by microCT
analyses. The formulas and correspondence between
these parameters are described in Table 1. The data
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Figure 2 MicroCT measurements: All the 3D measurements were performed automatically by CT-An analyzer. They were based on
the solid content and spaces of the volume of interest (VOI), using the algorithms of computer graphics (i.e., Marching Cubes
method). The solid content enables the measurements of the bone surface (BS) from surface triangulation (A), the bone volume
(BV) by defining tetrahedrons from the surface triangulated (B), and the trabecular thickness (Tb.Th) using spherical algorithms
(D). The spaces allow measurements of trabecular separation (Tb.Sp), also using spherical algorithms (E). The total solid and spaces
content are the tissue volume (TV), corresponding to the VOI (C). The trabecular number (Tb.N) was taken as the inverse of the
mean distance between the mid-axes of the structure examined (F), implying the number of crossings through a trabecular or solid
structure, done per unit length in a random linear path through the VOI.

were expressed as percentages and given in millimetres
or micrometers.

Data Analysis

Descriptive analysis was expressed by data mean, stan-
dard deviation, range, and median values for both
histomorphometry and microCT. Bland—Altman plots
were generated to provide a graphical visualization
of the agreement between the two measurement

methods.*!

The mean values (X-axis) were plotted
against the percent difference between the two methods
(Y-axis) to identify any systematic bias and possible out-

liers. Horizontal lines were drawn at the mean difference

and at the limits of agreement, defined as the mean
difference plus and minus 1.96 times the standard devia-
tion of the differences.

Additionally, the Mountain plot (also called “folded
empirical cumulative distribution plot”) was used as a
complement to the Bland-Altman plots, which was
created by calculating a percentile for each ranked dif-
ference between the two methods.” To get a folded plot,
the following transformation was performed for all per-
centiles above 50: percentile = 100 — percentile. These
percentiles were then plotted against the differences
between the two methods. The Mountain plot provides
information about the distribution of the differences

TABLE 1 System of Nomenclature, Symbols, and Units Suggested by Parfitt et al. (1987) and the Calculation

Formulas of Morphometric Parameters That Allowed for Comparison between the 2D (Histomorphometry)
and 3D (microCT) Methods

Formulas to Calculate 3D
Parameters from Primary

Formulas to Calculate 3D
Parameters from Primary

Parameter Symbol Unit 2D Measurements 3D Measurements
Bone volume density BV/TV % (Ag/A1)100 BV/TV

Bone surface fraction BS/TV mm! (Pg/ A1)1.199 BS/TV

Bone surface density BS/BV mm! (Pp/Ap)1.199 BS/BV

Trabecular thickness Tb.Th mm (2/1,199)(Ap/Pg) 2 X BV/BS
Trabecular number Tb.N mm™! (1,199/2)(Ps/Ar) BV/(TV x Tb.Th)
Trabecular separation Tb.Sp mm (2/1,199) (At — Ag)/Py 1/Tb.N — Tb.Th

Agp =bone area; At = total area; Py = bone perimeter; BV = bone volume; BS = bone surface; TV = tissue volume.
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TABLE 2 Descriptive Data of 2D (Histomorphometry) and 3D (MicroCT) Morphometric Parameters

Morphometric parameters Units Mean (SD) Min-Max Median
Bone volume density (BV/TV) % 2D 51.69 (16.3) 17.69-82.92 52.34
3D 34.97 (14.2) 11.09-67.95 33.1
Bone surface fraction (BS/TV) mm™! 2D 4.51 (1.28) 2.6-8.97 4.16
3D 12.14 (8.11) 4.14-49.69 9.81
Bone surface density (BS/BV) mm™! 2D 10.16 (5.6) 3.71-27.57 8.79
3D 40.37 (31.15) 7.45—-143.89 31.86
Trabecular thickness (Tb.Th) mm 2D 0.25 (0.12) 0.07-0.54 0.23
3D 0.11 (0.07) 0.02-0.33 0.09
Trabecular number (Tb.N) mm™ 2D 2.25 (0.64) 1.3-4.48 2.08
3D 4.45 (3.02) 0.85-14.96 3.66
Trabecular separation (Tb.Sp) mm 2D 0.22 (0.08) 0.1-0.41 0.21
3D 0.36 (0.1) 0.2-0.61 0.32

2D = two dimension; 3D = three dimension; microCT = microcomputed tomography; SD = standard deviation.

between the methods. If the histomorphometry and
microCT methods are unbiased, then the mountain is
centered over the zero line on the X-axis, and if a long
tail on the curve is observed, this reflects large differ-
ences and systematic bias between the methods.
MicroCT measurements were subtracted from the cor-
responding histomorphometric measurements in all
Bland—Altman and Mountain plots.

Pearson’s correlation analysis was performed to
measure the degree of association between two vari-
ables. In the assumption of linear relationship and high
correlation, a specific regression analysis was performed
using the Passing—Bablok regression method. This
analysis provides a linear regression with no special
assumptions regarding the distribution of the samples,
and the measurement errors do not depend on the
assignment of a method to the X- and Y-axes.” The
slope “b” of the regression line and the intercept “a” were
calculated with their 95% confidence intervals (ClIs).
These Cls are used to determine whether there is only a
chance difference between “b” and 1 (if “b” differs sig-
nificantly from 1, there is at least a proportional differ-
ence between the two methods) and between “a” and 0
(if “a” differs significantly from 0, both methods differ at
least by a constant bias). Interpretation of the results of
the Passing—Bablok procedure supplemented the results
of the Bland—Altman and Mountain plots.

RESULTS

A total of 44 specimens from 32 patients (18 women
and 14 men, mean age: 42 years old) were analyzed.

All specimens were 2.7 mm in diameter and 2.5 to
13.0 mm in length. Table 2 shows the descriptive data of
histomorphometric and microCT parameters.

Table 3 shows the results of the relationships
between data using linear regression, Bland—Altman,
and Passing—Bablok regression for each corresponding
microCT and histomorphometric parameters. System-
atic bias was observed in all of the Bland—Altman plots,
including constant bias for BV/TV and Tb.Sp, and
proportional bias for all other parameters (BS/BV,
BS/TV, Tb.Th, and Tb.N) (Figure 3).

Pearson’s correlation analysis indentified two
parameters for which the 2D and 3D measurements have
alinear relationship and are significantly correlated. They
were BV/TV (r=0.80; p<.001) and BS/TV (r=0.44;
p=.003). The subsequent regression analysis for these
two parameters using the Passing—Bablok method con-
firmed the results found using the Bland—Altman plots.
From the analysis of intercept “a,” the results revealed that
the a =0 hypothesis was rejected for BV/TV. This indi-
cates that the 2D and 3D methods differ by at least a
constant bias for this parameter. On the other hand, from
the analysis of slope b, the hypothesis that b=1 was
rejected for BS/TV, which means that there is a propor-
tional difference between the two methods (Table 3).

Figure 3 shows a panel of graphical methods, reveal-
ing for BV/TV a constant bias with limits of differences
excluding the null difference line (Figure 3 panel A1),and
anormal distribution of the dot plot, without the Moun-
tain plot distribution centered over zero (Figure 3 panel
B1). The graphs for BS/TV show the proportional bias
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TABLE 3 Relationships between the Data Using Linear Regression (r), Bland—-Altman Plots, and Passing-Bablok

Regression

Passing—Bablok Regression

Morphometric Parameters Bland-Altman Plots r

(2D and 3D) Bias % (95%Cl) (p Value) Intercept a (95%Cl) Slope b (95%Cl)
BV/TV 40.9 (8.1 t0 90.0) 0.80 (<.001) —9.87 (—20.0 to —1.12) 0.86 (0.68 to 1.09)
BS/BV —108.1 (—31.8 to —184.4) 0.12 (.446) - -

BS/TV —76.7 (10.8 to —164.2) 0.44 (.003) —60.21 (—381.88 to —22.29) 17.03 (7.74 t0 93.94)
Tb.Th 79.6 (—32.4 to 191.6) 0.21 (.170) - -

Tb.N —44.7 (83.6 to —173.0) —0.10 (.519) - -

Tb.Sp —47.5 (25.6 to —120.5) 0.20 (.192) - -

2D =two dimension; 3D = three dimension; CI = confidence interval; BS/BV =bone surface density; BS/TV =bone surface fraction; BV/TV =bone
volume density; Tb.N = trabecular number; Tb.Th = trabecular thickness.

between the methods (Figure 3 panel A2) and the skew- DISCUSSION

ness distribution and long tail of the Mountain plot

(Figure 3 panel B2), reflecting the differences between Although both histomorphometry and microCT are

the methods considered reference methods to assess bone tissue, this
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Figure 3 Bland—Altman plots comparing the agreement between histomorphometry (2D) and microcomputed tomography
(microCT; 3D) for the following parameters: (A1) bone volume density (BV/TV) and (A2) bone surface fraction (BS/TV). Mountain
Plots showing the distribution of the differences between the two methods for BV/TV (B1) and BS/TV (B2).
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study showed that these methods should not be used
interchangeably for jawbone microarchitecture evalua-
tion, because systematic biases were found for all the
evaluated morphometric parameters in the agreement
analysis.

The findings of this study are difficult to com-
pare with other reports, because no previous study
assessed the agreement between microCT and
histomorphometry for in vivo human jawbone sites.
The majority of previous studies used different ranges of
specimen dimensions and used samples from different

13,14,20,26,27

anatomical regions, such as the iliac bone and

2.2 which have marked differences in the tra-

femur,
becular characteristics compared with the maxilla and
mandible.** Another difference compared with previous
studies was the way of specimens’ preparation, because
most of them performed the histomorphometry on
undecalcified bone specimens,'>!*20222629

In dental implant literature, previous studies used
animal models to test the correlation or differences
between microCT and histomorphometry for specific
bone responses, such as the level of osseointegration
based on bone-implant contact ratio™? or BV.*
However, these studies did not explore the intrinsic
characteristics of the bone microstructure. Rebaudi
and colleagues® compared microtomographic and
histomorphometric analyses of peri-implant bone in a
single sample from human jawbone in vivo, which
revealed relevant information regarding potential of
microCT, but with an obvious statistical limitation.
Recently, another study® described the use of both
methods to evaluate jawbone microarchitecture in one
patient that received implant treatment. The authors
emphasized the relevance of these methods to under-
stand the bone characteristics and their influence to
predict the implant success by using bone biopsies
obtained during implant insertion.””> MicroCT for
human jawbone has been claimed to be validated from
the earliest'® to the most recent™ studies that used this
method in dental implant research.

Moderate to high
histomorphometric and microCT methods have been

correlation between the

reported,'>'*?%2? egpecially for metabolic bone dis-
eases.'>!#2027:2 These studies reinforced the importance
of using microCT for better characterization of bone
quality as a predictor of bone strength without destroy-
ing the specimen.>*'** In addition, microCT also pro-
vides several additional parameters that can be directly

measured from the image of the bone microstructure.*"”
However, the correlation results should be interpreted
with caution because a high correlation does not auto-
matically imply that there is good agreement between
the methods,” as was the case for the BV/TV and BS/TV
analyses performed in this study. Although BV/TV had a
strong correlation between the two methods, constant
bias was identified by the agreement analysis. BS/TV
showed a moderate correlation, but proportional bias
was observed.

In another study comparing microCT and
histomorphometry, Bonnet and colleagues® compared
the reproducibility and accuracy of two of the most
widely used microCT devices (Skyscan and Scanco) with
the histomorphometric method. They found high cor-
relations between the 3D and 2D methods, except for
Tb.Th (r-square ranging from 0.38 to 0.74), and system-
atic biases were found for these parameters in the
Bland—Altman plots and Passing—Bablok regression.
Chappard and colleagues' studied human transiliac
biopsies and used similar methods for data analysis.
Correlations between all of the parameters were highly
significant, but microCT tended to overestimate BV
(BV/TV), probably because of the double threshold used
in microCT, showing trabecular boundaries as less well
defined than the histological sections."* Correlations
between 3D and 2D measurements were lower for Tb.Th
and Tb.Sp, and 3D analysis always overestimated the
thickness by approximately 50%. The authors attributed
these increases to the 3D shape of the object, because the
number of nodes and the size of the marrow cavities
were correlated with the 3D values."

Our results revealed a tendency of microCT to over-
estimate values for BS/TV, BS/BV, Tb.Sp, and Tb.N. A
comparison of results between this study and the studies
by Chappard and colleagues' and Bonnet and col-
leagues” must be made with caution considering the
different samples that were studied, tibiae bone of
female rats?> and human iliac bone,"* which are ana-
tomically and structurally different from human jaw-
bones. Additionally, it could be inferred that the
difference or similarity between histomorphometric
and microtomographic measurements depends on each
individual parameter.”!

Chappard and colleagues' as well as other
authors, have warned that high correlation between
histomorphometry and microCT is influenced by the

21,26,27,36

threshold options and 3D algorithm used.”



Determining gray scale in microCT analysis is an
important step. Using different specimens (e.g., 2.7
mm/diameter X 4—13 mm/length, from different regions
of the maxilla and mandible), the X-ray attenuation
through the nonhomogeneous structure is not uniform,
and there may exist trabeculae of varying densities that
require individual selections of thresholds, as was used in
this study. Skyscan microCT uses two thresholds: one
when images are reconstructed from acquisition files and
another one when images are binarized before mor-
phometry. The latter is manually determined using a
histogram of the pixel repartition against gray levels.
Although Miiller and colleagues' have suggested using
uniform threshold, other authors have recommended
proper adjustment of threshold,”****¥ because the
structural indices are dependent of threshold.*®

Demineralization technique and paraffin embed-
ding have been used to study bone tissue, especially for
pathologies diagnosis, and it is considered the standard
method for immunohistochemistry and molecular
evaluations.® However, the loss of mineralized tissue is
its main disadvantage. Embedding methods using resin
materials such as methyl methacrylate does not require
demineralization. It has been an option for study bone
tissue, especially in implantology, because it has the
advantage of visualization of soft and hard tissues,
as well as their relationship with another materials,
including the metal of implants.*” On the other hand,
undecalcified technique is technically challenging, and
besides higher cost and it being time consuming, the
embedding medium can use toxic catalyst and can
require deplastination prior to staining.*' Demineraliza-
tion technique/paraffin embedding was chosen based on
feasibility to reuse the sample for another experiments
(i.e., immunohistochemistry, molecular),” and because
in the searched literature, no evidence that demi-
neralization technique could significantly influence
histomorphometric results was found, especially in such
small sample, as was used in the present study.

Because of anisotropy of jawbone tissue, which
means it has different properties in all directions, a
2D method seems to be limited to study jawbone
microarchitecture and its influence on bone quality."”
Another bias of 2D histomorphometric methods is the
influence of the selection of the section plane.'® To mini-
mize this aspect, the most central section plane of the
specimens was selected to perform the measurements,
in which we expected to have the specimens’ greatest
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dimensions. MicroCT may provide more appropriate 3D
information than stereology-based histomorphometry
related to dental
and their influence on the prognosis of

for investigating biomechanics
implants®'**
implant therapy.”*

Based on these results, it could be concluded
that histomorphometry and microCT provide com-
plementary information regarding jawbone micro-
architecture, but the poor agreement between the
methods warns that their results should not be used

interchangeably.
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