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ABSTRACT 

Although postmenopausal hormone replacement therapy (HRT) is known to prevent fractures, 

knowledge on the influence of long-term HRT on bone strength and its determinants other 

than areal bone mineral density is scarce. This study used a genetically controlled design with 

24 monozygotic female twin pairs aged 54 to 72 years in which one co-twin was using HRT 

(mean duration 8 years) and the other had never used HRT. Estimated bone strength, cross-

sectional area, volumetric mineral density, bone mineral mass as well as cross-sectional 

density and mass distributions were assessed in the tibial shaft, distal tibia, and distal radius 

with peripheral computed tomography (pQCT). In the tibial shaft, HRT users had 9% (95% 

CI: 3—15%) higher estimated bending strength than their non-using co-twins. Larger cortical 

area and higher cortical bone mineral density accounted for this difference. The cortex was 

larger in the HRT users in the endocortical region. In the distal tibia, estimated compressive 

strength was 24% (9—40%) higher and in the distal radius 26% (11—41%) higher in the 

HRT users compared to their non-using co-twins due to higher volumetric bone mineral 

density. No difference between users and non-users was observed in total bone cross-

sectional area in any measured bone site. The added mineral mass in the HRT users was 

distributed evenly within and between bone sites. In postmenopausal women, long-term HRT 

preserves estimated bone strength systemically by preventing bone mineral loss similarly in 

body weight-loaded and non weight-loaded bone. 

Key words: Bone, postmenopausal women, hormone replacement therapy, mechanical 

loading, pQCT 



 5

INTRODUCTION 

 

Menopause-related estrogen deficiency accelerates loss of bone mineral mass and 

deterioration of bone macrostructure.(1, 2) Both bone mineral mass and bone structure are 

important determinants of bone strength,(3) and deterioration in these properties increase 

fracture risk in postmenopausal women.(4) Postmenopausal hormone replacement therapy 

(HRT) can counteract the increased fracture risk, a phenomenon which is partly explained by 

reduced bone resorption(5) leading to the accrual of bone mineral mass.(6,7) However, it has 

been shown that estrogen inhibits periosteal apposition (i.e. increase in bone outer 

diameter),(8-11) which has adverse effects on bone strength. The effects of HRT on bone have 

predominantly been studied with planar methodology, and therefore it remains unclear how 

HRT influences the bone macrostructure and thus bone strength.  

 

Present knowledge on the short-term effects of HRT on areal bone mineral density (areal 

BMD) derives from numerous randomized controlled trials. Previous follow-up studies 

indicate that HRT has a cumulative positive effect on areal BMD.(6, 12) This suggests that the 

potential of HRT to improve bone properties in the longer term is greater than has been 

observed during only a few years of use. Although randomized controlled trials are valued, 

long-term trials studies are difficult to conduct and thus often cannot provide reliable 

information on long-term treatment effects. 

 

The purpose of this study was to investigate the influence of long-term HRT on estimated 

bone strength and its important determinants — cross-sectional macrostructure, volumetric 

bone mineral density (volumetric BMD), mineral mass, and distribution of bone mineral — 

in postmenopausal monozygotic twins discordant for HRT use over a long period. To 
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investigate whether the influence of HRT is different in body weight-loaded and non-weight-

loaded bone, we examined lower and upper limb bones, including a diaphyseal bone site 

containing mostly cortical bone and epiphyseal bone sites containing both cortical and 

trabecular bone. Since estrogen suppresses bone remodeling and especially bone resorption 

we hypothesized that the HRT users have higher estimated bone strength than the non-users 

in all the bone sites due to higher bone mineral density and higher amount of bone mineral at 

the endocortical surface in the diaphyseal bone. 

 

 

METHODS 

 

Design 

This study uses a co-twin control design. It is a retrospective cohort design in which the 

control subjects are monozygotic co-twins of the exposed subjects. This design has the 

advantage of controlling for both genetic and multiple environmental factors that are shared 

by the co-twins. These factors account for more than 70% of the variance in bone structural 

strength, volumetric BMD and macrostructure.(13, 14) Therefore, the analyses of a co-twin 

control study are powerful even with a low number of subjects. The design also enables 

investigation of long-term exposures. 

 

Participants 

Two existing datasets on postmenopausal female twin pairs, drawn from the same 

population-based, nationwide Finnish Twin Cohort Study consisting of twins born before 

1958, were used.(15) The first study, FITSA,(16) is a study of genetic and environmental effects 

on the disablement process in older women with extensive data collected from 103 
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monozygotic and 114 dizygotic female twin pairs aged 63 to 76 years. The second study, 

SAWEs,(17) analyzes data on 15 monozygotic female twin pairs aged 54 to 62 years and 

discordant for HRT. They were recruited by asking female twin pairs with suitable birth years 

to self-identify themselves as discordant for HRT use. The zygosity of the twin pairs was 

confirmed using a battery of ten highly polymorphic gene markers. Twin pairs in which one 

sister had been a current HRT user for at least the previous 12 months and the other sister had 

never used HRT, were identified from these two studies. Subjects with bone diseases or 

medication affecting bone metabolism were excluded. In total, 24 monozygotic pairs 

discordant for HRT, nine from FITSA and 15 from SAWEs, were studied. The studies were 

approved by the Ethics Committee of the Central Finland Hospital. Before the laboratory 

examinations, the subjects provided a written informed consent. The study measurements 

were conducted blind to HRT use.  

 

Mean age of initiation of HRT use was 53 (SD 6.5) and the mean duration of HRT use was 

8.3 years (SD 5.7). Twelve women used estradiol only, eight estradiol and progesterone, and 

four products containing tibolone. One of the co-twins classified as a non-user had used HRT 

for 3 months 7 years prior to the laboratory measurements. Mean age at last menstruation was 

50 (SD 3.6) for HRT users and 50 (3.5) for non-users. Five HRT users and three non-users 

were smokers. Thirteen of the HRT co-twins were physically active, nine moderately active, 

and two sedentary. The corresponding numbers for non-HRT co-twins were twelve, ten, and 

two.  
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Clinical examination 

Self-reported HRT use, age at last menstruation, gynecological surgery, and acute and 

chronic illnesses were elicited by a questionnaire and confirmed by a physician during the 

clinical examination.  

 

Bone assessments 

Peripheral quantitative computed tomography scans (pQCT, XCT 2000, Stratec 

Medizintechnik GmbH, Pforzheim, Germany) were obtained from the side of the dominant 

hand. The scanned sites were 55% (tibial shaft) and 5% (distal tibia) of the tibial length 

proximal to the distal end of the tibia. In the radius, the scanned site was 4% of the length of 

the segment proximal to the distal end of radius. The analysis of the pQCT images was 

performed as described earlier. (13, 14) Bone mineral mass (mg/mm), total cross-sectional area 

(A, mm2, including bone marrow area), cortical volumetric BMD (mg/cm3), cortical cross-

sectional area (mm2), cross-sectional area of bone marrow (mm2), proportion of cortical bone 

of total cross-sectional area, and bone bending strength index (i.e. section modulus, 

BSIbend)(14) were analyzed for the tibial shaft. Bone bending strength index was calculated as  

BSIbend=(∫ ρy2 dA)/√A, 

where where ρ is the mineral density of an area unit, y is the distance from the centre of mass 

and A is the bone area. For the distal tibia and distal radius, bone mineral mass, total cross-

sectional area, total volumetric BMD (mg/cm3), trabecular volumetric BMD (mg/cm3), and 

compressive bone strength index (BSIcomp, g2/cm4) were analyzed. Compressive bone 

strength index (BSIcomp)(13)  was calculated as  

BSIcomp=BMD2·ToA. 

For each bone site, radial distribution of volumetric BMD and polar distribution of bone 

mineral mass were analyzed. The radial distribution analysis expresses volumetric BMD as a 
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function of the distance from the centre of bone mass. In this analysis, nine out of ten regions 

are presented due to partial volume effect on the outermost region. In addition for the tibial 

shaft, the results are shown for regions with a group mean higher than 100 mg/cm3 to exclude 

the bone marrow area. The polar distribution analysis gives bone mineral mass as an angular 

distribution for 72 sectors around the centre of bone mass. In the present study, the sectors 

were grouped into eight sectors. Valid data were obtained on the tibial shaft for 21 pairs, on 

the distal tibia for 23 pairs and on the distal radius for 22 pairs. Reasons for excluding bone 

measurements were substantial movement artifacts, previous fracture in the scanned site, and 

inability to fit the leg into the gantry of the pQCT device. 

 

Hormone analysis 

Serum estradiol levels were determined in duplicate by extraction RIA as previously 

described.(17, 18) Serum sex hormone binding globulin (SHBG) levels were determined using 

solid-phase, chemiluminescent immunometric assay (Immulite® 1000 SHBG, Diagnostic 

Products Corporation, Los Angeles, USA). Free estradiol levels were calculated from 17β-

estradiol and SHBG levels according a previously presented method.(19) 

 

Body composition and physical activity 

Lean body mass and total body fat were assessed using bioelectrical impedance (Spectrum II; 

RJL Systems, Detroit; MI, USA). Physical activity was assessed using the scale by Grimby(20) 

with slight modifications.(13) 

 

Statistical methods 

The influence of exposure to HRT was evaluated by comparing differences in bone properties 

within the twin pairs using paired-samples t-test. In cases of non-normal distribution in the 
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intra-pair differences, the Wilcoxon signed ranks test was used. Mean intra-pair differences 

(IPD%=HRT user/non-user*100-100) with 95% confidence intervals (CI) were calculated. 

To evaluate the temporal trend in the intra-pair difference, regression analyses were 

performed between time since menopause in the non-user co-twin and intra-pair difference in 

bone strength between the co-twins in each bone site. The level of significance was set at 

p<0.05. 

 

RESULTS 

 

Anthropometry, body composition, and serum hormone concentrations 

No significant differences were observed in anthropometry or body composition between the 

HRT users and non-users (Table 2). As expected, HRT users had significantly higher serum 

total estradiol, free estradiol, and SHBG concentrations (Table 2).  

 

Diaphyseal bone 

The HRT users had 9% (95% CI: 3 to 15%) higher estimated bending strength in the tibial 

shaft than their non-using co-twins (Table 1, Figure 1). Bending strength was higher due to 

higher cortical volumetric BMD (mean 5%, 3 to 7%) and larger cortical area (8%, 2 to 14%), 

which also increased bone mineral mass (11%, 5 to 16%). The larger cortical to total area 

ratio (6%, 1 to 11%) in the HRT users than in the non-users together with similar total cross-

sectional areas in the users and non-users indicates additional bone mineral on the 

endocortical surface in the HRT users. No significant difference was observed in marrow 

cavity area between the HRT users and non-users. Volumetric BMD was significantly higher 

throughout the bone cross-section, from the centre to outer surface, in the HRT users 



 11

compared to non-users except in the innermost area (Fig. 2). The HRT users had significantly 

higher bone mineral mass than the non-users in all directions (Fig. 3).  

 

Epiphyseal bone 

The HRT users had higher estimated compressive bone strength in the distal tibia (24%, 9 to 

40%) and distal radius (26%, 11 to 41%) than their non-using co-twins. This was due to 

higher total volumetric BMD (11%, 4 to 18%) in the HRT users, since total bone cross-

sectional area did not differ between the HRT users and non-users. Higher mineral density 

resulted in higher bone mineral mass in the distal tibia (10%, 4 to 16%) and distal radius 

(12%, 5 to 18%). Trabecular density of the distal tibia and radius was 11% (2 to 19%) and 

22% (7 to 36%) higher, respectively, in the HRT users compared to non-users. Volumetric 

BMD was significantly higher throughout the bone in the HRT users compared to non-users 

except in the innermost area and in the trabecular area next to the cortical wall (Fig. 2). Bone 

mineral mass was significantly higher in all eight sectors in both bone sites except for one 

anterior sector in the distal tibia and two anterior sectors in the distal radius (Fig. 3). 

   

Bone strength and time since menopause  

The longer the time since menopause, the larger was the difference in estimated bone strength 

between the co-twins. Time since menopause explained 25% of the variance in distal tibia 

compressive strength (p=0.015) and 24% of that in distal radius compressive strength 

(p=0.021). The slopes of the regression lines corresponded to a 2.8 and 2.6% increase in the 

intra-pair difference per year since menopause in the distal tibia and radius, respectively. 
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DISCUSSION 

 

This genetically controlled study showed that in the diaphyseal site, the higher estimated 

bending strength in the HRT-users compared to non-users resulted from the higher 

volumetric BMD and larger cross-sectional area of the cortex. In the epiphyseal bone sites, 

higher estimated compressive strength was due to higher volumetric BMD. The extra mineral 

mass in the HRT-using twins was distributed evenly within and between bone sites. 

 

The differences in bone strength between HRT users and non-users in the present study were 

marked: 9% in the diaphyseal bone site and over 20% in the epiphyseal bone sites. Such 

advantages in bone strength (half a SD) in HRT users are likely to decrease the risk of 

fracture substantially. Szulc et al.(2) reported that a 1 SD decrease in estimated bone strength 

doubles the fracture risk. The observed influence of HRT on bone strength in the present 

study is larger than in previous RCT studies using DXA(19, 20) and CT technology(21) where 

one to six years of use of HRT resulted in an increase of 2.5% to 4% in bending strength at a 

diaphyseal bone site whereas the difference between the co-twins in the present study was 9%. 

Although the difference between the previous and our findings may derive from differences 

in the methodology and study design, it is also plausible that the larger differences found in 

our study results from longer duration of HRT. In addition, the role of HRT in preserving 

bone mass may become more important with increasing time from menopause as we found an 

annual increase of 2.6 to 2.8% post menopause in the intra-pair difference in bone strength.  

 

The higher bending strength in the diaphyseal bone of the HRT users resulted from additional 

bone mineral mass throughout the cortex. The higher cortical volumetric BMD in HRT users 

compared to non-users in the present and a previous study among non-related women(24) may 
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reflect a lower level of intracortical porosity which normally increases with aging.(25) After 

menopause, endocortical resorption accelerates leading to a reduction in cortical area and 

consequently in bone strength.(2, 10, 26) In the present study, in the endocortical region, the 

cortex was larger in the HRT users than non-users. Therefore, our results support previous 

findings that HRT attenuates endocortical resorption, i.e. prevents bone loss on the inner 

surface of the cortex.(2, 27) 

 

It has been suggested that periosteal apposition takes place in women also after menopause 

and partly compensates the loss of strength following age-related mineral loss.(2) Estrogen is 

considered to inhibit periosteal apposition.(10,11) In the present study, the co-twins had similar 

cross-sectional areas, which suggests similar periosteal apposition in the HRT users and non-

users. This is in line with a longitudinal study by Szulc et al. using DXA in which no 

significant difference was found between the HRT users and non-users. However, some 

longitudinal studies using DXA-technology have found a smaller gain in diaphyseal bone 

diameter in HRT users than non-users supporting the inhibiting influence of HRT on 

periosteum.(21, 22, 26) If HRT restricted periosteal apposition it could offset the positive effects 

of increased mineral density and mass on bone bending strength because small reductions in 

cross-sectional bone size substantially decrease bone bending strength. 

 

The compressive strength of the epiphyseal bone sites was higher in the HRT users than non-

users. This was due to higher volumetric BMD since there was no difference between the co-

twins in cross-sectional area, which together with total density determines compressive 

strength. The higher trabecular density in the HRT users may be due to the proposed ability 

of estrogen to prevent trabecular thinning(28) and to preserve the trabecular structures.(29) 
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Apart from the observed influence on trabecular density, HRT also increased volumetric 

BMD in the cortex according to the radial distribution analysis.  

 

It has been suggested that estrogen modulates the effect of mechanical loading on bone.(30) 

The present study does not support this view. We found a similar difference (~10%) between 

the co-twins in bone mineral mass and strength in the body weight-loaded and non weight-

loaded bones, suggesting rather that HRT has a systemic effect on the skeleton. Further, the 

extra mineral mass was distributed somewhat uniformly across bone cross-sections increasing 

bone strength in all directions. In contrast, long-term exercise seems to increase bone mineral 

mass in the antero-posterior axis of a weight-loaded bone but not on the medio-lateral axis.(31) 

Our findings thus support the view that estrogen and loading have independent effects on 

bone.(32) 

 

An important strength in this study were the design and the unique population-based data on 

genetically identical twin pairs which enabled investigation of the influence long-term HRT 

without an intervention. The design also intrinsically adjusts for both genetic and multiple 

environmental factors that are shared by the co-twins. Further, the measurement technique 

used made it possible to quantify the effects of HRT on volumetric BMD and macrostructure 

directly. This study has also some limitations. The measured bone sites in the lower limb are 

not clinically the most important ones. Also, without prospective follow-up data, it was not 

possible to monitor adherence to the use of HRT. Although the HRT products were 

heterogeneous in this study, the results are likely to be congruent with the effects of existing 

clinical practice in which HRT products are prescribed individually. 
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In conclusion, long-term postmenopausal HRT preserves estimated bone strength by 

preventing bone mineral loss and by maintaining bone macrostructure. The extra mineral 

preserved using HRT is distributed evenly across the bone’s cross-section. Thus, HRT 

prevents adverse effects of menopause on the skeleton which predispose postmenopausal 

women to fractures. 
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Table 1. Self-reported illnesses, gynecological surgical operations, and fractures in 24 

hormone replacement (HRT) users and their non-user monozygotic co-twins.  

 

  HRT HRT non-users 

Hypertension  5 5 

Other cardiovascular diseases1  1 5 

History of cerebral ischemia  1 1 

Type II diabetes  0 1 

History of cancer2  1 4 

Hysterectomy and ovariectomy   7 2 

Hysterectomy  4 1 

Fractures after menopause3  0 5 

1Cardiac insufficiency, history of myocardial infarction, coronary artery disease, or 

arrhythmia  

2One basalioma in both groups, one melanoma, one lymphoma, one renal cancer 

3Phalangeal fractures omitted 



 23

Table 2 Body characteristics, serum hormone concentrations, and properties of bone of 24 

hormone replacement (HRT) users and their non-user monozygotic co-twins 

Variable   HRT users             HRT non-users    

  Mean (SD)  Mean (SD)  pa 

Body height, cm  162  (5.5) 161  (5.1) 0.13b 

Body mass, kg  71.2  (9.6) 72.6  (12.5) 0.55 

Lean body mass, kg  48.0  (3.4) 47.5  (4.2) 0.52 

Body fat, kg  23.2  (7.8) 25.1  (9.9) 0.28 

Total estradiol, pmol/l  173  (199) 26.2  (20.1) <0.001b 

Free estradiol, pmol/l  3.04  (2.82) 0.61  (0.46) <0.001b 

SHBG, nmol/l  75.7  (44) 56.5  (28.1) 0.025 

Tibial shaft (n=21)       

BMC (mg/mm)  365 (28) 333 (44) <0.001 

ToA (mm2)  490 (49) 482 (39) 0.19 

CoA (mm2)  299 (22) 280 (32) 0.013b 

MaA (mm2)  93.1 (27) 99.8 (28) 0.061 

CoA/ToA  0.61 (0.05) 0.58 (0.08) 0.039b 

CoD (mg/cm3)  1049 (46) 1002 (72) <0.001 

BSIbend (index)  1.76 (0.20) 1.63 (0.21) 0.005 

Distal tibia (n=23)       

BMC (mg/mm)  276 (34) 255 (46) 0.002b 

ToA (mm2)  1004 (102) 1012 (122) 0.54 

ToD (mg/cm3)  276 (30) 255 (51) 0.002 

TrD (mg/cm3)  218 (27) 202 (45) 0.022 
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BSIcomp (g2/cm4)  0.77 (0.16) 0.67 (0.23) 0.001 

Distal radius (n=22)       

BMC (mg/mm)  106 (14) 97 (19) 0.001 

ToA (mm2)  329 (51) 328 (54) 0.71 

ToD (mg/cm3)  329 (59) 303 (75) 0.002 

TrD (mg/cm3)  178 (31) 157 (50) 0.009 

BSIcomp (g2/cm4)   0.35 (0.09) 0.30 (0.12) 0.001 

 

SHBG, sex hormone-binding globulin; BMC, bone mineral mass; ToA, total cross-sectional 

area; CoA, cortical cross-sectional area; MaA, marrow cavity area; CoD, cortical volumetric 

bone mineral density: BSIbend, bending strength index (section modulus); ToD, total 

volumetric bone mineral density; TrD, trabecular volumetric bone mineral density, BSIcomp, 

compressive strength index 

ap-value of the paired t-test unless indicated otherwise  

bp-value of the Wilcoxon signed ranks test 
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FIGURE LEGENDS 

 

Fig. 1. Properties of bone in women using HRT compared to their monozygotic non-using co-

twins. The squares represent intra-pair differences [IPD%=(HRT user - nonuser)/nonuser * 

100], and the error bars represent 95% confidence intervals for IPD%. (BMC, bone mineral 

mass; ToA, total cross-sectional area; CoA, cortical cross-sectional area; MaA, marrow 

cavity area; CoD, cortical volumetric bone mineral density: BSIbend, bending strength index 

(section modulus); ToD, total volumetric bone mineral density; TrD, trabecular volumetric 

bone mineral density, BSIcomp, compressive strength index) 

 

Fig. 2. Mean radial distributions of bone density from the centre of bone mass to the outer 

edge of the bone for HRT-using co-twins (solid line with squares) and non-using co-twins 

(dotted line with diamonds). In the tibial shaft, bone marrow area is excluded. *p<0.05 

(paired t-test) 

Fig. 3. Mean polar distributions of bone mass as 72 sectors around the centre of bone mass 

for HRT-using co-twins (solid line) and non-using co-twins (dotted line). Axes show anterior 

(A), posterior (P), medial (M), and lateral (L) directions. In the bar charts, mean intra-pair 

difference [IPD%=(HRT user - nonuser)/nonuser * 100] in bone mineral mass is presented 

for 8 sectors. Error bars are 95% confidence intervals.   
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