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SUMMARY

In order to have a simple and little invasive age at death determination method, the known
microscopic method based on the replacement of bone tissue with increasing age was adapted

to Dutch (West European) demands. In transverse sections of the anterior shaft of the femur,
the relative decrease in surface area occupied by non-remodeled circumferential lamellar
cortical bone together with its enclosed non-Haversian canals was tested as a parameter for
passed life time of individuals. To achieve the best possible accuracy and applicability, a

collection of samples from the anterior cortex of the femoral midshaft of 86 males and 79

females, ranging in age from I to 96 years of age, was assembled. Detailed instructions were
drafted for the preparation of materials and equipment in order to determine the percentage of
non-remodeled surface in the subperiosteal area by means of a one square millimeter counting
framework of 10 x l0 squares. The framework was projected via a regular drawing attachment
into a light microscope with polarization filters. To cover the remodeling process in the entire
anterior cortex of a microscopic transverse section, quantitative assessments were done at the
most anterior point of the femur shaft and at a point 25" to the left and to the right.
Dependence of predicted age on subperiosteal bone replacement in the entire anterior cortex
of the femur for males and females combined, appeared to be very significant (p < .001).

Seventy-eight percent of the variance in predicted age was explained by the covariable
percentage of non-remodeled bone. Differences between males and females were negligible
and statistically not significant (p : .622). In contrast to the dependence of age on bone
replacement in the most anterior part of the femur only, the dependence in the antero-lateral
parts was even slightly higher than for the entire anterior cortex. Contrary to body frame,
dependence of age on cadaveric length for males and females combined was statistically very
significant. The latter finding conesponded well with the present strong secular trend in
growth in the Netherlands. In addition to regression equations extracted from the quantitative
analyses, a series of characteristic micrographs of human transverse sections through the

midshaft of the anterior femur was selected to meet demands for qualitative assessments of
age. General views and close-ups exposed to polarized and bright light were prepared for
every 1O-year age interval, young growing individuals included.
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INTRODUCTION

General
Many methods have been developed to estimate the age at death from human remains. As of
today, this field has been dominated by the gross / macroscopical anatomical methods.

Probably they will do so for a long time to come, since they generally are simple to apply and

robust with respect to demands on laboratory equipment ('Workshop of European

Anthropologists, 1980; Herrmann et a1.,1990; Brothwell, 1994; Mays, 1998, Cox and Mays,

2000). Although their degree of accuracy has been discussed on many occasions, we may

conclude from their widespread use that they are considered to have an acceptable degree of
exactness for specific purposes (Bedford et a1,.,1993). For instance an application has been the

assessment of age and life expectancy of anonymous individuals in archaeological contexts.

But an objective has also been the identification of bodies of single or multiple individuals in
crime scenes. The latter results potentially play a role in court cases and may have serious

consequences. Especially in that situation gross anatomical methods have practical

disadvantages. They inevitably request the analysis of large skeleton parts that are taken from
the body by dissection. Anatomical interventions for instance to recover the skull, humerus,
femur plus half of the pelvis for age determinations using multiple age indicators, leave the

body seriously mutilated (Workshop of European Anthropologists, 1980; Lovejoy et al.,

1985). In this way collateral damage interferes with possible future follow-up work if
requested and with a respectful return of human remains to relatives after a successful

identification.

In this respect, to substantially restrict the physical damage to the dead body, the introduction
of the so-called'4thrib method'in 1986 is of great help. In this method only the sternal end of
the 4th rib is needed (Iscan, 1986). Since ribs are always cut near their ends during routine
forensic autopsy, the bone sample can easily be collected without causing additional damage.

But it should be mentioned here, that if not painstaking effort is taken to carefully expose and

recover the 4th rib end with all its extensions into the adjacent rib cartilage before the autopsy

starts, the rib end changes critical for age determination will easily get damaged and lost. The
same care is required for the following maceration and cleaning process. As a matter of course

these fragile extensions are almost always damaged and lost in archaeological specimens.

Thus, in spite of its stated high accuracy (Loth, 1995), the need for an additional but also little
invasive way of age determination stays. Such an extra method will also be useful to confirm
or to narrow down the range of the age diagnosis extracted by the 4th rib method. In principle,
such an extra and also little invasive method viz., microscopic age determination, is already

available for a long time. But, notwithstanding the fact that there are no longer practical
objections to apply it, it still is not a widely used forensic tool.

The microscopic method
After Kerley introduced its basis in 1965, a great variety of alternative modifications were
developed. Ahlqvist and Damsten (1969) were the first to do so. Thereafter, no fundamental
changes were put forward. In principle, the method quantitatively assesses age at death by
determining the progress of bone tissue replacement / growth during the natural aging process

in the coftex of bones. The replacement process comprises of the remodeling of originally
deposited circumferential lamellar bone tissue into so-called Haversian systems (osteons).

Over the years various modifications on the method were made for different bones: mandible,
clavicle, humerus, ulna, femur, tibia, fibula and ribs (Kerley, 1965; Ahlqvist and Damsten,

1969; Singh and Gunberg, 1970; Ortner, 1975; Stout and Teitelbaum,1976; Thompson,1979;
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Uytterschaut, 1985; Stout, 1986; Drusini,1987; Samson and Branigan,1987; Ericksen, 1991;

Stout and Paine, 1992; Dudar et al., 1993; Stout et a1.,1996; Cho et aL,2002). Nevertheless,

the femoral shaft stayed the most popular site of research.

Histology
Up to the end of the growth period at young age, the caliber of the shaft of a long bone

increases by deposition of layers of circumferential lamellar bone tissue by groups of
osteoblasts ('bone depositing cells') onto its outer surface viz., at the periosteal membrane.

During this process small nutrient capillaries become step-by-step embedded between the

lamellae. In a microscopic transverse section the layers of lamellar bone will show to be

positioned parallel to the periosteal surface (subperiosteal circumferential lamellae). At places

the lamellae will separate to give way to the small nutrient capillaries. Since embedding

creates these capillary canals, they lack a demarcating cement line characteristic for bone

creation by erosion (see below). From a systematic point of view, the overall process is a so-

called intramembranous ossification process. It is principally different from a so-called

enchondral ossification process, which has a cartilaginous interphase. The latter process is

especially involved in the growth of long bones at its ends (epiphyseal growth plates), in bone

form transformation and in fracture healing.

From young age on, the circumferential lamellar bone tissue is bit by bit removed by groups of
osteoclasts ('cutting cones' of 'bone eating cells'). They do so by eroding / 'drilling' resorption

canals through the cortex which run more or less parallel to the long axis of the bone.

Subsequently, the interior of these resorption canals are first lined with a thin layer of cement

and then fuither'filled in'with a thick layer of new lamellar bone which is deposited by groups

of osteoblasts ('closing cones' of 'bone depositing cells'). In a microscopic transverse section

the cement will show as a cement line marking the original face of the resorption canal. The

deposited layers of new lamellar bone onto the cement will show as a thick layer of
accumulated concentric rings. This whole complex, a so-called Haversian system or osteon,

has a small central Haversian canal with vessels and nerves to keep the system alive.
Transverse connections of these longitudinal Haversian canals to the vascularized and

innervated periosteum and endosteum are called Volkmann's canals. The latter, together with
the small canals for nutrient capillaries embedded during the growth period, are grouped under

the name'non-Haversian canals'.

In a microscopic transverse section of cortical bone in adults, the ongoing remodeling process

will show as a decreasing amount of surface occupied by circumferential lamellar bone and an

increasing amount of surface occupied by Haversian systems or osteons. Eventually, due to
the indiscriminate nature of the 'erosion' and 'filling in' of the process, the result will lead to a
decreasing number of small leftover interstitial fragments of circumferential lamellar bone

positioned between an increasing number of osteons and osteon fragments. The latter
fragments are leftovers from early generation osteons which sooner or later became involved
in the ongoing indiscriminate 'erosion' and 'filling in'. In this study, the relative decrease in
surface area occupied by untouched original circumferential lamellar bone with its enclosed

non-Haversian canals is tested as a parameter for passed life time of an individual, since the

percentage of this non-remodeled surface should predict age. In order to achieve best possible

accuracy and applicability for the Dutch (West European) population, a sample collection of
considerable size was assembled.

J
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MATERIAL AND METHODS

Population
To test the importance of the replacement of non-remodeled cortical surface for predicting age

at death, bone samples from the anterior cortex of the femur from 165 individuals of known

calendar age and sex were analyzed. This over many years randomly collected assemblage

consisted of 86 males and 79 females. The three youngest females (1, 5 and 9 years old) were

excluded from quantitative analysis since their skeleton was still growing. The samples were

collected from forensic cases from the Netherlands Forensic Institute (N : 100), and from
dissection hall specimens of the Department of Anatomy of the Leiden University Medical

Center (N:65). Calendar ages at death ranged from I to 96 years of age. The ethnicity of the

sampled group can be defined as Dutch / West European / Caucasian. Only samples from
individuals free of chronic diseases that might have affected bone metabolism were taken into

consideration. Table I presents an overview of the age and sex distribution of the

quantitatively processed assemblage.

Table I
Age and sex distribution of

Age interval (years) Total number Number of males Number of females

10.0 - 19.9 t4 6 8

20.0 - 29.9 15 8 7

30.0 - 39.9 2t ll 10

40.0 - 49.9 ¿3 t4 9

50.0 - 59.9 ZJ l4 9

60.0 - 69.9 15 n 4

70.0 - 79.9 19 10 9

80.0 - 80.9 17 I 9

90.0 - 90.9 15 4 l1
Totals t62 86 76

Material and equipment preparation
Opposite the linea aspera, a wedged piece of bone was sawn from the anterior half of the

femoral midshaft, keeping the continuity of the shaft intact. One of the saw cuts of the wedge

was always kept perpendicular to the femoral axis (figure la). From that cut a parallel thick
section of ca. 2 mm was taken by means of a band saw with or without the help of a self-
prepared wedge holder (Figure lb). Care was taken that the periosteal surface of the bone was

not scratched during the sawing. From this thick section a ground section was prepared for the

microscopy of natural bone tissue according to Maat et al. (2000, 2001). With the help of a
marked transparency, the most anterior point of the femur shaft and a point 25o to the left and

to the right were marked on the glass cover slip of the prepared section (Figure 2). To cover

the overall status of bone replacement in the anterior femoral cortex at these three sites, the

percentage of non-remodeled bone tissue was determined over a surface of 1 square

millimeter in the immediate subperiosteal area. To do so, a transparency on an X-ray box with
a drawn counting framework of 10 x 10 squares was projected via a regular prismatic drawing

attachment into a regular light microscope (Figure 3). For counting (see below), only the 10x

objective and the 10x ocular lens were used. The zoom lens of the drawing attachment and a
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calibrated reference slide enabled to set the magnification of the outer edges of the drawn

framework precisely to 1xl millimeter.

The light microscope had a polarization filter set. If the latter facility had not been available,

one could have cut both filters from a sheet of plastic Polaroid filter or from plastic Polaroid

sunglasses. In that case one filter (the analyzer) had been positioned into the tube of the ocular

lens, the other (the polarizer) would have been put onto the light source of the microscope.

Since lamellar bone is arranged in flattened plates of mineralizedmatrix with a 90o difference

in orientation between adjacent plates, transmission with polarized light emphasized the

alternating orientation of the lamellar layers (anisotropy). This property of lamellar bone was

used to 'zero' the analyzer filter in the hrst place. To do so, a bone section was positioned on

the microscope table in such a way, that its subperiosteal circumferential lamellae ran as

'horizontal' as possible viz., parullel to the front of the microscope table. Subsequently these

fibers were emphasized as strong (lighÐ as possible by turning both filters into their optimal
position by trial and error. Once succeeded, the polarizer in the ocular tube was never touched

again. For further polarization effects only the analyzer was turned.

Microscopic analysis
To determine the percentage of non-remodeled surface in the subperiosteal area, the periosteal

surface of the bone section opposite to one of the cover slip marks was maneuvered into a
'horizontal' as possible position by hand. Then the projection of the calibrated framework was

maneuvered with one of its sides against the microscopic image of the periosteal surface in the

section (still opposite the mark on the glass cover slip). Subsequently, with help of the
analyzer filter on the light source, a one by one assessment was made of the state of
remodeling of all 100 squares in the framework. The percentage of non-remodeled surface

was equivalent to the number of squares dominated by circumferential lamellar bone and their
non-Haversian vascular canals. The same procedure, the 'horizontal positioning' of the

counting area included, was repeated at all three marked sites.

It should be mentioned here that during assembling of the collection, a few individuals
displayed atypical bone replacement in the sections from the anterior femoral cortex (for
instance showing isolated fields lacking remodeling activity, or unnatural severe

osteoporosis). These individuals were not taken into collection for this study.

Others
If possible, before autopsy or anatomical dissection, the body frame of each individual was

assessed by visual inspection. In addition, cadaveric length was measured with a measuring

tape to the nearest centimeter.

Statistical analyses were performed using SPSS version 1 1.0

5
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RESULTS

Quantitative analysis
Using multiple regression analysis, the documented age at death of all 162 adult individuals
was tested for its statistical dependence on:

subperiosteal bone replacement in the entire anterior cortex of the femur. This

concerned the average ofthe degree of subperiosteal bone replacement in three areas:

the most anterior part of the midshaft, and an area25o to the left and right of that point,

subperiosteal bone replacement in the most anterior part of the femur alone,

subperiosteal bone replacement in the antero-lateral parts of the femur. This
concerned the average of the degree of bone replacement in two areas: the area 25o to

the left and to the right of the most anterior point. In addition the dependence of
subperiosteal bone replacement in the most anterior part if compared to the combined

ontero-lateral parts was tested.
sex (male, female), body frame (light, average, heavy) and cadaveric length (cm).

Dependence of age on subperiosteal bone replacement in the entire anterior cortex of the
femur in males and females.
A scatter plot of age at death on the y-axis and the average percentage of non-remodeled bone

in the entire anterior cortex of the femur for males and females combined on the x-axis
demonstrated that with increasing age the percentage of non-remodeled bone declined (Figure

4). As this dependence seemed to disappear for percentages over 80Yo, all percentages of 80%
and higher were truncated (to 80%) for further analysis (Figure 4). We then used multiple
(curvi-) linear regression analysis with both the average of the percentage of non-remodeled
bone and its square as co-variables. Statistically, the overall dependence appeared to be very
significant (p < .001). The R-square was 0.783 and the standard deviation of the error (of the

residuals) was +/-11 years. The upper and lower limits related to this standard deviation are

shown as curved lines parallel to trend line in Figure 4. The following regression equation, for
males and females combined, was calculated (Y : predicted age in years; X : percentage of
non-remodeled bone in the entire anterior cortex; underlined values in parentheses : standard

deviations of the error, which are to be neglected in case of age calculations):

Y : 92.71 (2. 10) - I .86 (0. l3) X + 0.0123 g rc.00Ð X2

Differences between males and females appeared to be negligible. Inclusion of gender into the
regression equation, hardly improved the R-square (to 0.783). Again the standard deviation of
the error was +/-11 years. We obtained the following equations, presented for males and

females separately:

Y males:90.68 (3.58) - 1.85 (0.14) X+ 0.01223 (0.002) X2 + 0.876
Y females:90.68 (3.58) - 1.85 (0.14) X+ 0.01223 (0.002) x2 + ç2x 0.876)

Thus for given percentages of non-remodeled bone, the best age estimate for females was only
0.876 years higher than for males. The difference was statistically not significant (p : .622).

Dependence of age on subperiosteal bone replacement in the most anterior part of the
femur for males and females combined.
Regression showed that the overall dependence was very significant (p < .001). But the R-
square dropped to 0.608 compared to the entire anterior cortex (0.783). This poorer fit is also
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apparent from the higher standard deviation of the error, which increased to +l-14.9 years and

yielded the following regression equation (Y : predicted age in years; X : percentage of non-

remodeled bone in the most anterior parl,' underlined values in parentheses : standard

deviations of the error, which are to be neglected in case of age calculations):

Y :77.15 Q.22\ - 0.66 (0.11) X - 0.001689 (0.001) X2

Dependence of age on replacement in the untero-lateral pørts of the femur for males and
females combined.
As bone sections were turned over many times during their preparation process, their
orientation with respect to left or right side was lost. As a consequence the average of the
percentages of non-remodeled bone in the areas at 25o to the left and the right, symmetrical to
the most anterior point of the femoral shaft, was used. Regression analysis showed that the

dependence was very significant (p < .001) and that the R-square was high (R2 : 0.799). The
standard deviation of the error was +l-10.6 years. The estimated regression equation is shown
below (Y : predicted age in years; X : average of the percentage of non-remodeled bone in
the antero-lateral parts; underlined values in parentheses: standard deviations of the error,
which are to be neglected in case of age calculations):

y : 91 .49 0.96\- 1.91 (0.13) X + 0.0r3I 1(0.002) X2

Dependence of subperiosteal bone replacement in the most anteríor part if compared to
the replacement in the combìned antero-løteral parts.
In order to explore whether the combined antero-lateral parts and the anterior part yielded
independent information for the prediction of age, we used stepwise linear regression and
included all covariables of the above two analyses as candidate covariables. It turned out that
both the (truncated) value of the combined antero-lateral parts and its square significantly
predicted age, but the corresponding values of the most anterior part did not.

Dependence of age on body frame for males and females combined.
Body frame was entered into the regression analysis as a'continuous'variable, coded I (light
frame), 2 (average frame) and 3 (heavy frame). It turned out not to contribute significantly to
the prediction of age (p: .966).

Dependence of age on cadaveric length for males and females combined.
Statistically, the dependence appeared to be very significant (p < .001). The R-square was
0.749 and the standard deviation of the effor was reduced to +l- 9 years. The following
regression equation combined for males and females was obtained (Y: predicted age in years;

X : averâge percentage of non-remodeled bone in the entire anterior part; Z: cadaveric
length in cm; underlined values in parentheses : standard deviations of the error, which are to
be neglected in case of age calculations). Thus every cm increase in stature resulted ina0.46-
year decease in predicted age.

y: 164.08 (1S.91) - t.69 (0.211 X + 0.01181 (0.002) X2 - 0.46 rcjlr\ Z

Qualitative analysis / Atlas
To meet demands for qualitative diagnoses of age at death, a series of characteristic
micrographs of human transverse sections through the midshaft of the anterior femur was

selected for every lO-year age interval, growing individuals included (Table 2). The

7



8
Barge's Anthropologica nr. I 0

micrographs were produced at two magniflcations: a general view displaying the complete

stretch from periosteal to endosteal surface and a close-up displaying the square millimeter

counting framework of 10 x 10 squares. Both bright-light and polarized light exposures were

made. In the qualitative approach the age is assessed by the researcher's experience to interpret

the overall degree of bone replacement in the microscopic section'

Table2
Selected examples of sections with bone replacement

tvpical for a certain at death

Calendar age Percentage* Sex General view
Figure nrs.

Close-up
Figure nrs.

5 years not applicable female 5.6 27,28

9 years not applicable female 7,8 29,30
16 years not applicable female 9, 10 31,32
20 years 88% female ll, 12 33,34
30 vears 50% female 13,14 35,36
40 years 380Á male 15, 16 3',7,38

51 years 28% male 17,18 39,40
60 years 20% female 19"20 41,42
71 vears t3% male 21,22 43,44
8l years 6.5% female 23,24 4s.46
90 years 0.7% female 25,26 47.48

* Percentage of non-remodeled subperiosteal area of circumferential lamellar bone tissue,

non-Haversian vascular canals included.

Looking through the series of low magnification micrographs from young to old age, the

ongoing bone replacement by remodeling was noticed as an 'invasion' of increasing numbers

of osteons progressing from the endosteal area to the periosteal surface. At the end of this
process, at the end of life, the last remnants of circumferential lamellar bone were replaced in
the immediate subperiosteal zone.

In addition to this series, two examples of atypical / unnatural bone replacements were

selected from individuals that were left out of the experiment: an isolated cortical field lacking
remodeling activity (Figure 49), and a cortical field ravaged by resorption canals due to severe

osteoporosis (Figure 50).
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DISCUSSION

Preparation and microscopy

Microscopy as a routine technique has been strongly stimulated by recent technical advances.

Preparatory infiltration and embedding of bone samples in resins for one or more weeks, and

expensive motorized microtomes are no longer needed (Maat et al., 2000, 2001). Since

preparation of undecalcified ground sections has become extremely cheap (ca. 0.005 Euro per

section) and swift to produce (15-20 minutes from wedged shaft sample to mounted
microscopic section), routine analyses have become feasible.

In this study the microscopical way of diagnosing age at death by assessing femoral cortical
bone replacement is looked into again, now for the present Dutch population. In the first place
we aim to develop a less destructive method with respect to the human body compared to any
gross anatomical method based on the inspection of whole bones taken out of the corpse. In
the second place this is done to have another little invasive method in addition to the used 4th
rib method. It is meant to narrow the range of age diagnoses and to make the final diagnosis
less dependent on single technique complexity (Baccino et al., 1999). The use of the overlap
in age range from two completely different and 'independant' age indicators has shown to
work well on many occasions. Another reason to do this study is to achieve a method tailored
to local Dutch forensic demands, since it seems a reasonable assumption that methods based
on data directly extracted from a particular population should produce better results for that
population than those developed on data from more distantly related groups.

The anterior midshaft of the femur was chosen as 'donor' area as we looked in the first place
for a skeleton part with a fair chance to stay undamaged after death, even after a long lasting
interment. Such a 'donor' area can be used for forensic and archaeological purposes. Secondly
we looked for a cortical surface that biomechanically is little influenced by traction of muscle
attachments. Also for this aspect the anterior part of the femoral midshaft is ideal. Other
anatomical places in the close vicinity, even the medial, lateral and posterolateral parts of the
femoral shaft are less favorable in this respect (Ericksen, 1991). Especially this is true for the
linea aspera itself. Nevertheless, and unavoidably, even in the anterior midshaft of the femur,
spatial distribution of lamellar bone tissue will to some extent still be non-randomly
distributed across the midshaft femur, as it will always reflect variation in mechanical loading
between individuals (Robling, 1998; Feik et al., 2000; Goldman et al., 2003).

To assess age dependent bone replacement for the prediction of age, only the percentage of
non-remodeled surface I area has been counted. This was decided because of reasons of
simplicity. Of course, this area is exactly complementary to the area covered by osteons plus
osteon fragments (Ahlqvist and Damsten,1969; Uytterschaut, 1985), but it is much easier and
far less time consuming to count after zeroing of the polarizer in the ocular tube (see the
paragraph on: 'Material and equipment preparation'). It also avoids complex decision making
on hard to interpret images of various phases of osteon fragmentation (Ahlqvist and Damsten,
1969;Uylterschaut, 1985; Lynnerup, et al., 1998).

9
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Quantitative analysis

From figure 4, which summarizes the outcome, it is apparent that bone replacement during
aging results in a gradual decrease of the percentage non-remodeled circumferential lamellar

bone, but it also shows that this process is not linear. This was already noted almost half a
century ago in the first paper published in this field. Replacement, by its nature, comes

gradually and asymptotically to an end when, due to indiscriminate remodeling, the last

remnants of non-remodeled lamellar bone are removed. See Kelley (1965) with respect to:

osteons, osteon fragments, circumferential lamellar bone and non-Haversian systems. Most
probably, linear regressions used in most studies do not reflect an optimal representation of
the natural (curved) replacement process (Ahlqvist and Damsten, 1969; Singh and Gunberg,

1970; Ortner, 1975; Stout and Teitelbaum, 1976; Thompson, 1979; U¡terschaut, 1985;

Drusini, 1987; Ericksen, 1991; Stout and Paine, 1992;Dudar et al., 1993; Stout et al., 1996;

Cho et aL,2002).

Dependence of age on subperiosteal bone replacement, expressed as the percentage of non-
remodeled bone in the entire anterior cortex of the femur for males and females combined,
appears to be very significant (p < .001) and has a very high R-square (R2 : 0.783) i.e.,78Yo
of the variance in predicted age is explained by the covariables. Comparison with the two
other studies that also used percentage of non-remodeled bone as a parameter shows that
Kerley's dependence came close (1965; R2 : 0.756), but Ericksen's was weaker (199I; R2 :
0.518). Our standard deviation of the error (+/-11 years) is very close to that of Kerley (1965)

and Ericksen (1991). Both were ca. 12 years. Values of the same order of magnitude are also

reported from studies based on osteon counts in femurs and other bones (Ahlqvist and

Damsten, 1969; Singh and Gunberg,1970; Thompson,1979; Uytterschaut, 1985; Stout, 1986;

Drusini, 1987; Samson and Branigan, 1987; Ericksen, 1991; Stout and Stanley,l99l; Pfeiffer,
1992; Stout and Paine,1992; Dudar et al., 1993; Stout et al., 1996; Baccino et al., 1999; Cho
et a1.,2002). The same holds for age ranges produced by studies based on gross anatomical
changes (reviews in: Workshop of European Anthropologists, 1980; Herrmann et al., 1990;

Brothwell, 1994; Mays, 1998, Cox and Mays,2000). In general, they all seem to signal that
attempts to become more accurate in age prediction are doomed to fail. The strong impression
is that natural variation in pace of aging between individuals is the limiting factor, potentially
complicated by alterations from disease. Consequently the only way left to narrow the age

range of the diagnoses is to use different 'independent' assessment methods and to focus on the
common overlap in time.

Studies using osteon counts instead of non-remodeled surface in femurs produced the

following R-squares: Singh and Gunberg (1970) 0.945; Thompson (1979) 0.598; Uytterschaut
(1935) 0.919 and Drusini (1987) 0.746. Reported R2 values higher than 0.8 are a cause for
concern. In view of the impact of known individual variation in speed of aging and the effect
of differences by mechanical loading, such results would seem hardly realistic (Robling, 1998;
Feik et a1.,2000; Goldman et al., 2003).

In our study on femurs, differences between males and females are negligible and statistically
not significant (p : .622). Except for Ericksen (1991), who could only trace a sex difference in
the relationship between the numbers of osteons and osteon fragments, lack of difference
between sexes seems to be the common finding (Kelley, 1965;' Singh and Gunberg, 1970;

Thompson,1979, confirmed by Pfeiffer,1992). For a review see Ericksen (1991).
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Dependence of age on the subperiosteal bone replacement in the most anterior part of the

femur for males and females combined shows that, although the dependence is very
significant (p < .001), the R-square drops to 0.634. Thus, only 63Yo of the variance in
predicted age is explained by the remodeling, ca. 47o/o is not. Since the standard deviation of
the error also increases substantially to +l-14.3 years, analyzing this region alone should be

discouraged.

Dependence of age on the replacement in the antero-lateral parts of the femur for males and

females combined, reveals that the dependence is very significant (p < .001), that the R-square

is high (R' : 0.799) and that the standard deviation of the error is +l-10.6 years. Thus
performance of the antero-lateral parts alone seems slightly better than that of the entire
anterior cortex of the femur ß2: 0.783; standard deviation of the error: +/-11 years). For
this reason, and to avoid 'needless' extra counting efforts in the most anterior part of the
femur, one might decide to use the related regression equation (see above). Nevertheless, we
recommend using the entire anterior cortex and its corresponding regression equation. It
avoids the risk of misjudgments due to unnoticed isolated fields of bone tissue relatively void
of remodeling activity (see Figure 49).

Dependence of age on body frame for males and females combined appears to be virtually
absent. Thus body frame can be ignored in the prediction of age (p: .966).

In contrast, dependence of age on cadaveric length for males and females combined is
statistically very significant (p < .001). The R-square is 0.749 and the standard deviation of the
error is +l- 9 years. The regression formula (see above) expresses that every centimeter
increase in stature comes with a 0.46-year decease in predicted age. Although this effect is
small, it does fit in with the present strong secular trend in growth in the Netherlands.
Presently, younger generations are not only becoming taller than their ancestors, but they do so

in a decreasing growth period. Adult Dutch males increased 17 cm from 1865 to 1997 AD
(Maat,2003).

Qualitative analysis

In daily practice it has shown to be of great help to have a reference series of micrographs
typical of the status of bone replacement for every 1O-year age interval from young to old age.

They come in handy in case bone specimens to be diagnosed are incomplete, damaged, or of
poor quality (too thick, cremated, etc.). But also in case of availability of complete sections of
fine histological quality, they are probably very useful. There has been a strong indication that
qualitative seriating of specimens estimates age with greater accuracy and less bias than
(quantitative) regression techniques (Walker, 1989). Interestingly, in the same study, sex did
not s i gni ficantly affect corti cal hi stomorpho lo gy.

The presented series further reminds why quantitative counting work in a subperiosteal square
millimeter, for instance to determine the percentage of non-remodeled cortical bone or osteons

and their fragments, is useless in growing non-adult individuals. In the very young the cortical
thickness is still so small, that counting in a'subperiosteal' zone would include the midcortical
area. In somewhat older cases, in which appositional growth at the subperiostealarea is still
substantial, the remodeling process with its increasing numbers of osteons that attempt to
'invade' the coftex from the endosteal area, has not even reached the subperiosteal zone. In
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those instances there is nothing to count. In the second place, long bones have not gained their

final diameter and form. Continuing bone deposition and related outline / curve

transformations have not finalized and thus cause so-called'transverse cortical drift' (Williams

et a]^.,1989). Consistent spatial orientation and positioning is almost impossible in such 'fluid'

situations.

Sometimes transverse sections show changes that make them useless for counting procedures.

The histological texture of the bone tissue may be (may have become) atypical with respect to

the natural aging process. Two examples are presented.

In a microscopic section of the cortex isolated fields of bone tissue may occur which lack

remodeling activity if compared to the surrounding tissue (Figure 49). As a matter of course,

including such an area in quantitative counting makes the result invalid. In those situations,

qualitative assessment may still be of help.

Another example is the occunence of fields ravaged by resorption canals due to osteoporosis

of pathologic origin (Figure 50). Causes may be biomechanical disuse, hormonal imbalance,

cachexia from chronic malnutrition or disease (e.g. tumor metastases), etc.

CONCLUSIONS

For the Dutch population, an adapted quantitative microscopic method of age estimation was

tested on a collection of samples from 86 males and 79 females. This was done by analyzing

the relative decrease in surface area occupied by non-remodeled circumferential lamellar bone

together with its enclosed non-Haversian canals in the anterior femoral cortex. In microscopic
transverse sections, quantitative assessments were done at the most anterior point of the femur
shaft and at a point 25o to the left and to the right.

Dependence of age on subperiosteal bone replacement in the entire anterior cortex of the

femur for males and females combined, appeared to be curvilinear and statistically very
significant (p < .001) for the following (curvi-) linear regression equation: Age (years):92.1I
- 1.86 X + 0.01239 X2. (X: percentage of non-remodeled bone). Clearly, gender could be

ignored in age prediction.

Although dependence of age on cadaveric length for males and females combined was

statistically very significant, it added little to the accuracy of age prediction. As cadaveric

length is often missing, we recommend ignoring in practice.

To meet demands for qualitative age assessments, a series of characteristic micrographs of
human transverse sections through the midshaft of the anterior femur was selected and

presented for every l0-year age interval.
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A wedged piece of bone sawn from the anterior half of the femoral midshaft,
opposite the linea aspera. One of the saw cuts of the wedge was kept
perpendicular to the femoral axis.

Band saw with self-prepared wedge holder to cut a thick section of ca, 2 mm
from a wedge of bone. The section is taken from the cut of the wedge that was

originally perpendicular to the femoral axis.

Transparency to mark the most anterior point of the femoral shaft and a point
25o to the left and to the right on the glass cover slip of a section.

A transparency on an X-ray box with a drawn counting framework of 10 x 10

squares is projected, via a regular prismatic drawing attachment (1), into a

regular light microscope. The separate analyzer is seen on the light source (2).

Degree of subperiosteal bone replacement in the anterior cortex of the femoral
midshaft at various ages.

Micrograph, covering the periosteal to the endosteal surface, of a transverse
section through the femoral shaft of 5 years old female. Polarized light.

Figure 6: Same specimen. Bright light.

Figure 7 Micrograph, covering the periosteal to the endosteal surface, of a transverse
section through the femoral shaft of a 9 years old female. Polarized light.

Figure 8: Same specimen. Bright light.

Figure 9 Micrograph, covering the periosteal to the endosteal surface, of a transverse
section through the femoral shaft of a 16 years old female. Polarized light.
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Figure 1a:

Figure lb

Figure 2:

Figure 3:

Figure 4:

Figure 5

Figure 10:
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Figure l2:

Figure 13:

Figure 15

Same specimen. Bright light.

Micrograph, covering the periosteal to the endosteal surface, of a transverse
section through the femoral shaft of a20 years old female. Polarized light.

Same specimen. Bright light.

Micrograph, covering the periosteal to the endosteal surface, of a transverse
section through the femoral shaft of a 30 years old female. Polarized light.

Figure 14: Same specimen. Bright light.

Micrograph, covering the periosteal to the endosteal surface, of a transverse
section through the femoral shaft of a 40 years old male. Polarized light.

Figure 16: Same specimen. Bright light.
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Figure l7 Micrograph, covering the periosteal to the endosteal surface, of a transverse

section through the femoral shaft of a 51 years old male. Polarized light.

Figure 18: Same specimen. Bright light.

Figure 19: Micrograph, covering the periosteal to the endosteal surface, of a transverse
section through the femoral shaft of a 60 years old female. Polarized light.

Figure 20: Same specimen. Bright light.

Figure 21 Micrograph, covering the periosteal to the endosteal surface, of a transverse
section through the femoral shaft of a7l years old male. Polarized light.

Figure 22: Same specimen. Bright light.

Figure 23 Micrograph, covering the periosteal to the endosteal surface, of a transverse
section through the femoral shaft of an 81 years old female. Polarized light.

Figure 24: Same specimen. Bright light.

Figure 25: Micrograph, covering the periosteal to the endosteal surface, of a transverse
section through the femoral shaft of a 90 years old female. Polarized light.

Figure26: Same specimen. Bright light.

Figure2T: Micrograph of the subperiosteal area of a transverse section through the
femoral shaft of a 5 years old female. Polarized light.

Figure 28: Same specimen. Bright light

Figure 29 Micrograph of the subperiosteal area of a transverse section through the
femoral shaft of a 9 years old female. Polarized light.

Figure 30: Same specimen. Bright light.

Figure 31 Micrograph of the subperiosteal area of a transverse section through the
femoral shaft of a 16 years old female. Polarized light.

Figure 32: Same specimen. Bright light

Figure 33: Micrograph of the subperiosteal area of a transverse section through the
femoral shaft of a 20 years old female. Polarized light.

Figure 34: Same specimen. Counting framework: I square millimeter. Bright light.

Micrograph of the subperiosteal arca of a transverse section through the
femoral shaft of a 30 years old female. Polarized light.

Figure 35
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