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Abstract. Conventional hormone replacement therapyKeywords: Anabolic; Bone remodeling; Estrogen;
preserves bone mass predominantly by reducing boneostmenopausal women

turnover but does not exert significant anabolic skeletal
effects. In contrast, high doses of estrogen have been

shown to increase bone formation in animals and we

have recently reported high bone mineral density values

in women treated long-term with estradiol implant ;
therapy. The aim of this study was to investigate thelntroductlon
mechanisms by which high doses of estrogen may

increase bone mass in postmenopausal women. lliathe beneficial skeletal effects of menopausal estrogen
crest biopsies were obtained from 12 women who hageplacement therapy are well documented [1-6]. Admin-
received long-term treatment with estradiol implants (agstration of estrogen at or after the menopause prevents
least 14 years), on demand, following hysterectomy angone loss and reduces fracture rate in the spine, hip and
bilateral salpingo-oophorectomy. Indices of bone turntadius — effects which are believed to be mediated
over, remodeling balance and cancellous bone structuy@edominanﬂy by inhibition of osteoclastic bone
were assessed by image analysis and compared Wifasorption. The small increase in bone mineral density
those of premenopausal women. Mean wall width Wagjyring the first 1-2 years of treatment that has been
significantly higher in women treated with estradiol gpserved in many studies can be attributed to the
therapy than in premenopausal women (44.8 + 4.8 Viyfiling of the remodeling space that occurs as
38.8 + 2.8um; mean + SDp=0.001) and eroded cavity yesorption is inhibited and existing cavities become
area was significantly lower in the implant-treatedfjed in with new bone formed by osteoblasts.

2. —
women (3612 + 956 vs 5418 + 14Q4m”; p=0.001). Studies in animals have shown that estrogens not only

Bone formation rate at tissue level and activationinninit osteoclastic activity but may also have stimula-
frequency were lower in the women treated with

. . - tory effects on osteoblasts, resulting in increased bone
implants, although the differences were not statisticall,rmation [7,8]. Direct evidence for a similar effect in

S|gn|f|c(|3|\nt. 'In_?lcebs tOf cantcheII?us bone st_rl_uhcture Werlt umans is lacking although indirect evidence is provided
generally similar between [he two groups. These resullyy, the gpservation that percutaneous estrogen implant

provide the first direct evidence that high-dose estrogefya a5y “\which is associated with high serum estradiol
therapy produces anabolic skeletal effects in postmenqe,o|s * results in greater increases in bone mineral

pausal women and indicate that these are achieved hyo s than oral or transdermal estrogen administration,
stimulation of osteoblastic activity.

with which more physiologic concentrations of serum
man d offprint requeststo: Dr J. E. Compston estradiol are achieved [9-12]. However, these data are
Departmentof Medicine, Box 157,Addenbrooke’éHdspitaI,Cam-’ derived mainly from cross-sectional studies in which
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group of women receiving long-term treatmentwith
percutaneougstradiolimplants without co-administra-
tion of testosterongl3].

To explore further the skeletal changesinduced by
high dosesf estrogerwe haveexaminedooneturnover,
resorptioncavity characteristiceandcancellousstructure
in women receiving long-term percutaneousestradiol
implant therapy following hysterectomyand bilateral
salpingo-oophorectomyComparison of histomorpho-
metric indiceswasmadewith a groupof premenopausal
women, basedon the rationale that significant age-
relatedboneloss had not occurredin the patientgroup
prior to estrogentherapy and that any differences
betweenthe two groups would therefore reflect the
effectsof high-doseas opposedo physiologicestrogen
replacement.

Patients and Methods
Patientsand Controls

Twelve women,aged52—-67years(mean58 years),who
had undergone total abdominal hysterectomy and
bilateral salpingo-oophorectomyfor a non-malignant
indication and had receivedlong-termestradiolimplant
therapy,agreedto take partin the study. Thesewomen
were attending the estradiol implant clinic at the
Departmentof Obstetricsand Gynaecology,Princess
Royal, Hull, UK; all 12 consentedo undergailiac crest
bone biopsy. Estradiol implants, 100 mg, had been
inserted approximately 6-monthly, on demand,for at
least14 years,althoughfor the last2—3 yearsbeforethis
studythe dosehadbeenreducedo anaverageof 50 mg
every 6 months. None of the women had received
testosterone pisphosphonatesfluoride, vitamin D or
glucocorticoids, nor did any have a past or present
history of illnessassociatedvith disturbancesf boneor
mineral metabolism.

Control valueswere obtainedfrom 12 premenopausal
women, aged 23—-40 years (mean 31.3 years), with
endometriosis,prior to treatmentwith gonadotropin-
releasinghormoneanalogs[14]. None of thesewomen
had a pastor presenthistory of any illness associated
with bonediseaseand none had taken drugs known to
affect boneor mineral metabolism.

BoneHistomorphometr

Trans-iliacbonebiopsieswere obtainedusing an 8-mm
internal diameter trephine under local anestheticand
mild sedation after the administration of two time-
spacedoral dosesof a tetracycline (demeclocycline).
Informed written consentwas obtainedfrom all women
andthe studywasapprovedby the Hull andEastRiding
researchethics committee.Biopsieswere embeddedn
LR White medium resin (London Resin Co.). Eight
micrometerundecalcifiedsectionswere stainedby the
von Kossa technique or with 1% toluidine blue.
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Histomorphometric assessmentwas made using a
Digicad digitizing tabletand cursorwith an LED point
light source (Kontron) and an Olympus BHS-BH2
binoculartransmittedlight microscopewith a BH2-DA
drawingattachmen{OlympusOptical UK, London).All

histomorphometric data are described according to
ASBMR nomenclature[15]. All measurementsvere
madein maskedfashion by the sameobserver(S.V.)
with the exceptionof tetracycline-basedhdicesin the
premenopausalomen;becausef the lack of sufficient
remaining bone tissue, fresh histologic sectionscould
not be obtainedfrom thesebiopsiesandit wastherefore
necessaryto use the values previously obtained by
anotherobserver.

Primary MeasurementsBone arealtissuearea (B.Ar/
T.Ar), osteoid perimeter/boneperimeter (O.Pm/B.Pm)
and osteoidseamwidth (O.Wi) were measuredn von-
Kossa-stainedectionson a minimum of 25 fields from
threeto six sectionsOsteoidwidth wasmeasuredt four
approximately equidistant points, or eight points on
seamdongerthan 600 um in length. A minimum of 20
seamsper biopsy was measuredon the samesections
usedfor O.Pm.All seamswith a width of 3 pm or more
weremeasured.

The meanwidth of completedboneremodelingunits
(W.Wi) wasmeasurean toluidine-blue-stainedections
viewed underpolarizedlight at x 156 magnification.A
minimum of 25 BMUs was measuredon each biopsy
from betweenthree and eight sections. Tetracycline
labeling was viewed by fluorescencemicroscopyon a
minimum of six 15 pum unstainedsectionsat x 156
magnification. Mineralizing perimeter (Md.Pm) was
calculatedasfollows:

Md.Pm/B.Pm(%) = dL.Pm+ (0.5 x sL.Pm)/B.Pm

wheredL.Pmis the double-labelegerimeterandsL.Pm
is the single-labeledperimeter.

The mean distance between double labels was
measureddirectly at x 312 magnification using the
digitizing tabletandcursor.Measurementa/ere madeat
approximatelyfour equidistantpoints along the double
labels.A minimum of 20 labelswas measuredor each
biopsyon a minimum of six sections.

Mineral appositionrate was calculatedas:

MAR (um/day)= L.Wi/LP

where L.Wi is the inter-label width and LP is the
labeling period (12 days).

Derived Indices. Adjusted apposition rate (Aj.AR),
mineralization lag time (MIt) and osteoid maturation
period (Omt) were calculatedasfollows:

Aj. AR (um/day)= MAR x (M.Pm/O.Pm%)
Mlt (days)= O.Wi/Aj.AR
Omt (days)= O.Wi/MAR
The tissue-basedione formation rate (BFR/B.Pm)
was calculatedasfollows:

BFR/B.Pm(um%pum/day)= MAR x (M.Pm/B.Pm%)
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Activation frequency(Acf) was calculatedas:
Acf (yr—) = (BFR/B.Pm)/W.Wi

Measuremenbf ResorptionCavity Characteristcs. The
methoddescribedby Garrahanet al. [16] was adapted
for use with the digitizing tablet and light cursor for

measurementCavitieswereidentified on toluidine blue
stainedsectionsviewed under polarizedlight at x 156
magnification and measured at x375 or x 750
magnification depending on the size of the cavity.

Criteria for identificationof resorptioncavitiesincluded
interruption of lamellae at an angle to the bone
perimeter,absencef osteoidtissueanddepthof greater
than3 pm. A minimum of 20 cavitieswas assessetbr

eachbiopsy. The following indiceswere obtained:

Mean erodeddepth(E.De, um)
Maximum erodeddepth(E.De.Max,um)
Erodedcavity area(E.Ar, pm?)
Meanreconstructedavity length (um)
Cementline length (um)

Strut Analysis.This methodhasbeendescribedn detail
previously[17]. The bonesectionis viewedwith a CCD
cameramountedon a light box, allowing the whole
section to appear within a single field of view
(magnification x 9). Imagesof the whole bone section
are capturedon an 386DX IBM-compatible AT-based
computer system containing a Virtuoso frame store
(PrimagraphicUK). All analysissoftwarewaswrittenin
the ‘C’ languageusing a library of image-processing
subroutinegFosterFindlay AssociatesNewcastle UK).
The storedimagesare convertedto binary imagesthat
can be interactively edited to remove minor specimen
preparatiorartifacts. The right andleft corticomedullary
junctions are defined automatically using a procedure
that hasbeendescribedpreviously[18]. The upperand
lower boundarief the sectionare definedinteractively
by the operator.The upper and lower boundariesand
right and left corticomedullarydelineationsdefine the
‘active’ regions upon which all measurementsare
performed.

Table 1. Details of the patientgroup
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Binary imagesare skeletonizedto give a symmetric
axis of the original bone profile. The computer
automatically identifies trabecularjunctions, or nodes
(Nd) and the ends of trabeculae,or termini (Tm).
Individual trabeculae,or struts, are defined topologi-
cally: the indices thus generatedinclude the ratio of
nodesto termini (Nd/Tm) andthe terminus-to-terminus
strutlength (Tm.Tm), node-to-loopstrut length (Nd.Lp)
and node-to-terminusstrut length (Nd.Tm), each of
which is expressedas a percentageof the total strut
length.

Statisticalanalysiswas performedusing an unpaired
Student’s t-test after log transformationof the data.
Resultsare expressedsthe meanz SD.

Results

Details of the patientgroup are shownin Table 1. The
time since hysterectomyand bilateral salpingo-oophor-
ectomywas17-23years(mean20 years)andthe ageat
surgical menopauseaangedbetween33 and 48 years
(mean37.6years).Themeanspinalbonemineraldensity
was1.42+ 0.24g/cnt andthe meanT-score was+1.73
+ 2.0; correspondingfigures for femoral neck bone
mineral density were 1.13 + 0.17 g/cn? and +1.24
+1.42.

Histomorphometridndicesare shownin Tables2—4.
Therewereno significantdifferencesn cancellousone
area, osteoid perimeter, mineralizing perimeter or
osteoid seam width between the women receiving
estradiol implants and the premenopausalcontrols
(Table 2). The mineral appositionrate was significantly
lower in the implant-treatedvomenthanin the controls
(0.63 £ 0.10vs 0.89 = 0.39 um/day; p=0.0004) and
therewasa trendtowardslower boneformationrateand
activation frequency in these women, although the
differences were not statistically significant (0.030
+0.023vs 0.048+ 0.040 um?/um/day and 0.25 + 0.21
vs 0.47+ 0.42/yr%; Table2).

Indices related to remodelingbalanceare shownin
Table3. In womenreceivingestradiolimplantsthemean

Patient Age Age at operation Lumbar spine Femoralneck Weight
no. (years) (years) BMD BMD (kg)
glen? T-score glen? T-score

1 58 35 1.810 5.1 1.331 29 67.0
2 59 36 1.330 11 1.390 34 66.0
3 57 37 1.368 14 1.065 0.7 67.0
4 58 37 1.477 2.3 0.969 -0.1 71.0
5 67 48 1.667 4.0 1.322 2.9 80.0
6 52 34 1.333 1.1 1.004 0.2 87.0
7 55 35 1.085 -1.0 1.106 1.0 66.5
8 63 41 1.700 4.2 1.311 2.8 80.0
9 53 36 1.115 -0.7 0.900 -0.7 76.0
10 58 39 1.553 2.9 1.145 1.4 76.5
11 55 33 1.183 -0.2 1.070 0.7 67.5
12 57 40 1.277 0.6 0.948 -0.3 62.0
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Table 2. Comparisn of indicesof boneformationin postmenopausal
women on long-term high-dose estrogenimplant therapy versus
control group

Indices Estrogen Control Significance
implant group group
(n=12) (n=12)

Tb.Ar (%) 21.945.4 20.5¢6.5 NS

O.Pm (%) 8.04£6.0 5.9+4.2 NS

O.Wi (um) 6.9+2.0 9.615.7 NS

Md.Pm (%) 4.8+3.7 5.6+5.0 NS

MAR (um/day) 0.63+0.11 0.89+0.39 p = 0.0004

BFR (um?%pm/day) 0.030+0.023 0.048+0.040 NS

Acf (yr™ 0.25+0.21 0.47+0.42 NS

Table 3. Comparison of indices of remodeling balance in
postmenopausaivomen on long-term high-dose estrogenimplant
therapyversuscontrol group

Indices Estrogen Control Significance
implantgroup group
(n=12) (n=12)
Meaneroded
depth(um) 24.2+3.6 23.0+£3.5 NS
Maximum eroded
depth (um) 44.6+22.0 34.3+47 NS
Erodedcavity
area(um?) 3612+956 5418+1404 p=0.001
Reconstructed
surfacelength(um) 175+25.3 259+26.6 p<0.0001
Cementline
length (um) 234+29.0 284+30.9 p =0.0004
W.Wi (um) 44.8+4.8 38.8+2.8  p=0.001

Table 4. Indicesof cancellousbone connectivityin postmenopausal
women on long-term high-dose estrogenimplant therapy versus
control group

Indices Estrogen Control Significance
implantgroup  group
(n=12) (n=12)

Nd/Tm (%) 27.0+12.9 28.1+10.9 NS

Nd/Lp (%) 25.5+20.2 16.4+10.0 NS

Tm/Tm (%) 7.8+9.9 7.6+7.4 NS

Nd/Nd (%) 22.5+6.8 29.446.0 p =0.018

Nd/Tm ratio 1.2+0.8 1.1+0.7 NS

valuefor wall width wassignificantly higherthanin the

control group of premenopausaomen (44.8+ 4.8 vs

38.8 £ 3.8 um; p=0.001). There were no significant
differencesin the mean or maximum eroded depth
betweenthe two groups.However, the eroded cavity

area was significantly lower in the implant-treated
women (3612 £ 956 vs 5418 £ 1404 um“; p=0.001),
aswerethereconstructegurfacelengthandcementine

length (175 + 25.3vs 259 + 26.6 um; p<0.0001)and
234+ 29.0vs 284 + 30.9 um; p=0.0004).
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The resultsof strutanalysisareshownin Table4. No
significant differenceswere observedbetweenthe two
groupsin the node-to-termins ratio or in the terminus-
to-terminus, node-to-loop or node-to-terminus strut
lengths.The node-to-nodestrut length was significantly
lower in the women receiving implants than in the
premenopausatontrols (22.5 + 6.8 vs 29.4 + 6.0%;
p=0.018).

Discusson

Theseresultsprovide histologic evidencethat estrogen
implant therapy producesanabolic skeletal effects in
postmenopausalvomen and indicate that these are
achievedoy stimulationof osteoblasti@ctivity, resulting
in increasedbone formation at the cellular level. The
mean bone mineral density at the spine and femur in
women treatedwith percutaneougstrogenwas higher
than that seen in normal premenopausalwomen,
suggestingnot only that peak bone mass had been
preservedut alsothat estrogerreplacemenhadfurther
increaseonemassabovethis level. This contentionis
supported by the significantly greater thickness of
completed cancellous bone structural units in the
women receiving high-dose implant therapy when
compared with premenopausalwomen. lliac crest
cancellousbone area was not significantly higher in
theimplant-treatedvomen,probablyreflectingthe large
measurementariance associatedwith its assessment
andthe relatively small numberof subjectsstudied.

For ethical reasonsit is difficult to obtain bone
biopsiesfrom normalpremenopausalomenand,in the
presentstudy, comparisorof histomorphometriéndices
was madewith a group of premenopawd womenwith
endometriosisvho hadtakenpartin a previousstudy of
the effects of gonadotropin-€leasinghormoneagonists
[14]. Although it has beensuggestedpn the basis of
measurementsf volumetric bone densityin the distal
radius,that bone massmay be reducedin womenwith
endometriosig19], in a subsequenstudy of 85 women
with endometriosisLane et al. [20] reported normal
spinal bone mineral density. In our group of premeno-
pausal women, serum estradiol concentrationswere
normal (mean 374 pmol/l; range 232-516)and spinal
bone mineral density was also normal, providing
justificationfor their useas controlsin this study.

Severalotherlines of evidencesupportthe contention
that estrogens,in high doses, may stimulate bone
formation in the human skeleton. The use of oral
contraceptivesin premenopausalwomen has been
reportedin somestudiesto be associatedvith increased
bonemineraldensity,althoughthis finding hasnot been
universal[21-24].Low bonemasshasbeenreportedn a
youngmanwith estrogerresistancelueto a mutationin
theestrogemeceptorgene[25] andin ayoungmalewith
aromataseleficiency[26]; furthermore,in a youngman
with the latter condition, estrogenreplacementwas
associatedvith a 19.8% increasein spinal bone mass
after 30 months of treatment[27]. Finally, estrogen
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deficiencyin adolescentds associatedwith failure to

attain peak bone mass;in a study of adolescentand

youngadultfemalesanintegratedestimateof endogen-
ous and exogenousestrogenexposurewas significantly
correlatedwith bone mineral density of the spine and
wrist [28].

The measuremenbf wall width in cancellousbone
provides an index of osteoblastcellular activity [29];
becausef the long life spanof the formative phaseof
the bone remodeling cycle and relatively low bone
turnoverin adulthumanbone,assessmerdf wall width
after relatively short treatment periods does not
accuratelyreflect the effects of interventionsince only
a small proportion of completedremodelingunits will
havebeenformedduring the treatmentperiod. Prospec-
tive studies of women treated with conventional
hormone replacementtherapy have shown no change
[30] or a small decreasg31] in wall width after 1 or 2
years treatment respectively. In women treated with
percutaneousestrogen implants (75 mg 6-monthly),
Holland et al. [32] also reportedno significantchange
in wall width after 1 year.In the presentstudythe long
treatment period in the women receiving estrogen
implants insured that the majority of structural units
identifiedwereformedsubsequertb thecommencement
of treatment.

The changesbservedn indicesof resorptioncavity
sizein implant-treatedvomenare consistenwith those
reportedearlierin a prospectivestudy of womentreated
with conventional hormone replacementtherapy, in
which a consistentrendtowarda reductionin resorption
cavity sizewasseen31]. In the presenstudy,the cavity
areawassignificantly smallerin implant-treatedvomen
than in premenopausatontrols — a difference that
resultedfrom a smallererosioncavity lengthratherthan
depth.The effectsof estrogenon osteoclastctivity are
incompletely understoodbut inhibition of osteoclasto-
genesig33] andstimulationof osteoclasapoptosiave
beenreported[34]. Although the relative contributions
of osteoclashumberandactivity to erosioncavity depth
andlengthhavenot beendefined,it is conceivablehata
reductionin the former may preferentially affect the
surface extent of individual resorption cavities rather
than their depth, which is likely to be determined
predominantlyby the activity of individual osteoclasts.
This propositionis supporteday the study of Delaisseet
al. [35] ontheeffectsof cysteineproteinasenhibitorson
the resorptiveactivity of chick osteoclasts.

Accurate assessmentof remodeling balance is
difficult, largely becauseof the problems associated
with measurementof completed erosion depth. The
methodusedfor the latter in the presentstudy assesses
the size of all cavities presentand thus underestimates
completed erosion depth by an unknown amount.
Neverthelessyalues for mean and maximum erosion
depthwere similar to thoseobtainedin premenopausal
women and this, in combinationwith the substantially
greater values for mean wall width, provides strong
evidencein favor of a positive remodelingbalance.
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Strut analysisof cancellousbone generallyrevealed
similar values in the implant-treated women and
premenopausalcontrols, indicating that connectivity
had been preservedin the former group. In women
with postmenopausabsteoporosis,conventional hor-
mone replacementtherapy has also been shown to
preserve existing cancellous bone architecture [36];
similar effectswould be predictedin the implant-treated
womenin the presentstudy sincethe anaboliceffect of
estrogenwas mediatedvia increasedmeanwall width
ratherthan by de novo boneformation.

Becauseof the lack of availability of freshhistologic
sectionsin the control group of premenopausalomen,
it wasnot possiblefor tetracycline-basedtheasurements
to be performedby the sameobserver.It is therefore
possible that the significant differences in mineral
apposition rate and its derived measurementsbone
formation rate at tissuelevel and activation frequency,
from the implant-treatedvomenmight havearisenfrom
inter-observervariation and these data thus have to
interpretedwith somecaution. This would also explain
the apparent contradiction in the observationsthat
mineral apposition rate was lower but wall width
higher in the implant-treatedwomen when compared
with valuesin premenopausalomen;alternatively,it is
possiblethatmineralappositionratehadpreviouslybeen
higher but decreasedvhen the dose of estradiol was
reducedNeverthelesghevaluesfor boneformationrate
and activation frequencyin the implant-treatedvomen
were very similar to those measured,by the same
observer,in womenwith postmenopausabsteoporosis
after 2 yearsof treatmentwith conventionalhormone
replacementherapy[31], suggestinghat boneturnover
was relatively suppressedn the women treated with
estradiolimplants.

Themechanism&y which estrogengroduceanabolic
skeletal effects remain to be identified. Estrogen
receptors have been identified on osteoblastsand
osteocyte$37—39], raisingthe possibility thatincreased
bone formation may result from direct stimulation of
thesecells. However,the estrogenreceptoralphadoes
not appearto be requiredfor anabolicskeletaleffectsof
estrogenin mice [40], suggestinginvolvement of the
estrogerreceptotbeta[41-43]or, alternatively,mechan-
isms not mediatedby the estrogenreceptor.In vitro,
estrogerhasbeenreportedto stimulatethe productionof
transforming growth factor beta, insulin-like growth
factors and type 1 collagen[44,45], all of which are
associatedvith increaseconeformation.

Nearly all drugscurrently usedin the preventionand
treatmentof osteoporosisact predominantlyby inhibi-
tion of bone turnover and resorption, and thus
identification of agentsthat produce substantialgains
in bonemassis of considerablénterest.Although high
dosesof estrogensmay be associatedwith increased
short-termand long-term side-effects there might be a
role for a finite period of suchtreatmentin perimeno-
pausalwomen with severelyreducedbone mass.The
anabolicskeletaleffectsof estrogemmayalsoberelevant
to selectiveestrogerreceptormodulatorswhich it may
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be possibleto administerin higherdosesecausef their
lack of unwantedestrogeniceffectsoutsidethe skeleton
[46]. Finally, greaterunderstandingf the mechanisms
by which estrogen stimulates bone formation may
ultimately leadto the developmenbf novel therapeutic
interventions.
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References

1. Hutchinson A, Polansky SM, Feinstein AR. Postmenopausal

10.

11.

12.

13.

14.

15.

estrogensprotect againstfracturesof the hip and distal radius.
Lancet1979;11:705-9.

. Lindsay R, Hart DM, ForrestC, Baird C. Preventionof spinal

osteoporosisn oophorectomisedvomen. Lancet 1980;11:1151—
3

. ChristianserC, ChristensemS, McNair PL, HagenC, Stocklund

KE, Transbgll. Preventionof early menopausalbone loss:
conducted?-yearstudyin 315normalfemales. Eur J Clin Invest
1980;10:273-9.

. Weiss NS, Ure CL, Ballard JH, Wiliams AR, Daling JR.

Decreasedisk of fracturesof the hip and lower forearm with
postmenopausalseof estrogensN Engl J Med 1980;303:115-
8

. E'ttingerB, GenantHK, CannCE. Long-term estrogenreplace-

ment therapypreventsbone loss and fractures.Ann Intern Med
1985;102:319-24.

. Lufkin EG, Wahner HW, O’Fallon WM, et al. Treatmentof

postmenopausabsteoporosiswith transdermalestrogen. Ann
Intern Med 1992;117:1-9.

. EdwardsMW, Bain SD, Bailey MC, Lantry MM, Howard GA.

17@3-Estradiolstimulation of endostealbone formation in the
ovariectomisedmouse: an animal model for the evaluation of
bone-targete@strogensBone 1992;13:29-34.

. Chow J, Tobias JH, Colston KW, ChambersTJ . Estrogen

maintainstrabeculabonevolumein ratsnot only by suppression
of resorptionbut also by stimulation of bone formation. J Clin
Invest1992;89:74-8.

. SavvasM, StuddJWW, Fogelmanl, Dooley M, MontgomeryJ,

Murby B. Skeletal effects of oral oestogen comparedwith
subcutaneousoestrogen and testosteronein postmenopausal
women.BMJ 1988;297:331-3.

Studd JWW, SavvasM, Fogelmanl, Garnett T, Watson NR,
CooperD. The relationship betweenplasmaestradiol and the
increasein bone density in women following treatmentwith
subcutaneous hormone implants. Am J Obstet Gynecol
1990;163:1474-9.

GarnettT, StuddJ, WatsonN, SavvasM. A cross-sectionatudy
of the effects of long-term percutaneoushormonereplacement
therapyon bonedensity.ObstetGynaecol1991;78:1002—7.
Ryde SJS,Bowen-SimpkinsK, Bowen-SimpkinsP, EvansWD,
Morgan WD, CompstonJE. The effect of oestradiolimplantson
regionalandtotal bonemass:a threeyearlongitudinalstudy.Clin
Endocrinol1994,40:33-8.

WahabM, Ballard P, Purdie DW, CooperA, Willson JC. The
effect of long-term oestradiol implartation on bone mineral
densityin postmenpausalwomenwho have undergonehyster-
ectomy and bilateral oophorectomy.Br J Obstet Gynaecol
1997;104:728-31.

CompstonlJE, YamaguchiK, CroucherPl, GarraharNJ, Lindsay
PC, ShawRW. The effectsof gonadotrophin-releasinigormone
agonistson iliac crestcancellousbone structurein womenwith
endometriosisBone 1995;16:261-7.

Parfitt AM, DreznerMK, Glorieux FH, et al. Bone histomorpho-
metry: standardisationof nomenclature,symbols and units. J
Bone Miner Res1987;2:595-610.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

57

. Garrahan NJ, Croucher PI, Compston JE. A computerised

techniquefor the quantitativeassessmemnf resorptioncavities
in trabecularbone.Bone 1990;11:2416.

GarraharNJ, Mellish RWE, CompstonJE. A new methodfor the
two-dimensionalanalysisof bone structurein humaniliac crest
biopsies.J Microsc 1986;142:341-9.

Croucher PI, Garrahan NJ, Compston JE. Assessmentof
cancellousonestructurexcomparisorof strutanalysistrabecular
bonepatternfactor,andmarrowspacestarvolume.J BoneMiner
Res1996;11:955-61.

Comite F, DelmanM, Hutchinson-WilliamsK, DeCherneyAH,
JenserP. Reducedbonemassin reproductive-ageagvomenwith
endometriosisJ Clin EndocrinolMetab 1989;69:837-42.

Lane N, BaptistaJ, Snow-HarterC. Bone mineral density of the
lumbar spine in endometriosissubjectscomparedto an age-
similar control population. J Clin Endocrinol Metab 1991;
72:510-4.

LindsayR, TohmeJ, KandersB. The effect of oral contraceptive
useon vertebralbonemassin pre- and post-menopausatomen.
Contraceptionl986;34:333-40.

StevensonJC, Lees B, DevenportM, Cust MP, GangerKE.
Determinantsof bonedensityin normalwomen:risk factorsfor
future osteoporosisBMJ 1989;298:924-8.

MazessRB, BardenHS. Bonedensityin premeiopausalvomen:
effects of age, dietary intake, physical activity, smoking and
birth-control pills. Am J Clin Nutr 1991;53:132—42.

Murphy S, Khaw K-T, CompstonJE. Lack of relationship
betweenhip and spine bone mineral density and oral contra-
ceptiveuse.Eur J Clin Invest1993;23:108-11.

SmithEC, Boyd J, FrankGR, et al. Estrogerresistanceausedy
amutationin the estrogen-receptagenein aman.N EnglJ Med
1994;331:1056-61.

Morishima A, GrumbachMM, SimpsonER, Fisher C, Qin K.
Aromatasedeficiencyin male and female siblings causedby a
novel mutation and the physiologicalrole of estrogens. J Clin
EndocrinolMetab 1995;80:3689-98.

Morishima A, GrumachMM, Bilezikian JP. Estrogenmarkedly
increasesbone massin an estrogendeficient young man with
aromataseleficiency.J Bone Miner Res1997;12(Suppll):S126.
Dhuper S, Warren MP, Brooks-GunnJ, Fox R. Effects of
hormonal status on bone density in adolescentgirls. J Clin
EndocrinolMetab 1990;71:1083-8.

Lips P, Courpron P, Meunier PJ. Mean wall thickness of
trabecularbone packetsin the humaniliac crest: changeswith
age.Calcif Tissuelnt 1987;26:13-7.

Steiniche T, Hasling C, CharlesP, Eriksen EF, Mosekilde L,
MelsenF. A randomisedstudyof the effectsof estrogen/gestagen
or high dose oral calcium on trabecularbone remodelling in
postmenopausalsteoporosisBone 1989;10:313-20.

Vedi S, Compston JE. The effects of long-term hormone
replacementtherapy on bone remodelling in postmenopausal
women.Bone 1996;19:535-9.

Holland EFN, Chow JWM, StuddJWW, LeatherAT, Chambers
TJ. Histomorphometricchangesn the skeletonof postmenopau-
sal women with low bone mineral density treated with
percutaneougmplants.ObstetGynecol1994;83:387-91.

Jilka RL, Hangoc G, Girasole G, et al. Increasedosteoclast
developmengfter estrogenoss. Sciencel992;257:88-91.
HughesDE, Dai A, Tiffee JC, Li HH, Mundy GR, Boyce BF.
Estrogenpromotesapoptosisof murine osteoclastsnediatedby
TGF-3.NatureMed 1996;2:1132-6.

DelaisseJM, Boyde A, MaconnachieE, et al. The effects of
inhibitors of cysteine proteinasesand collagenaseon the
resorptiveactivity of isolatedosteoclastsBone 1987;8:305-13.
Vedi S, CroucherPI, GarrahanNJ, CompstonJE. Effects of
hormonereplacementherafy on cancellousbonemicrostructure
in postmenopausalomen.Bone 1996;19:69-72.

Komm BS, TerpeningCM, Benz DJ, et al. Estrogenicbinding,
receptor mRNA and biologic response in osteoblast-like
osteosarcomaells. Sciencel988;241:81-3.

Eriksen EF, Colvard DS, Berg NJ, et al. Evidenceof estrogen
receptors in normal human osteoblast-like cells. Science
1988;241:84-6.



58

39.

40.

41.

42.

43.

BraidmanIP, DavenportLK, CarterDH, Selby PL, Mawer EB,
FreemontAJ. Preliminaryin situ identificationof estrogertarget
cellsin bone. J Bone Miner Res1995;10:74-80.

PanLC, Ke HZ, SimmonsHA, et al. Estrogenreceptoralpha
knockout mice lose trabecular and cortical bone following
ovariectomy.J Bone Miner Res1997;12(Suppll):S134.
OnoeY, Miyaura C, OhtaH, NozawasS, SudaT. Expressionof
estrogerreceptorbetain rat bone.Endocrinology1997;38:4509-
12. .

Kuiper GGJM, GustafssonJ-A. The novel estrogenreceptor-3
subtype:potentialrole in the cell- and promotor-specifiactions
of estrogensand anti-estrogensFEBS Lett 1997;410:87—-90.
Kuiper GGIM,EnmarkEg, Pelto-HuikkoM, NilssonS, Gustafsson

44,

45.

46.

S. Vedi et al.

J-A. Cloningof anovelestrogerreceptorexpresseth rat prostate
andovary. ProcNatl Acad Sci USA 1996;93:5925-30.

ErnstM, HeathJK, RodanGA. Estradioleffectson proliferation,
messengeribonucleicacid for collagenand insulin-like growth
factor-1, and parathyroidhormone-stimulatingadenylatecyclase
activity in osteoblasticcells from calvariae and long bones.
Endocrinology1998;125:825-33.

Yang NN, BryantHU, HardikarS, et al. Estrogenandraloxifene
stimulate transforminggrowth factor-R3 gene expressionin rat
bone:a potentialmechanisnfor estrogenor raloxifene-mediated
bonemaintenanceEndocrinology1996;137:2075-84.
Compston JE. Designer oestrogens:fact or fantasy? Lancet
1997;350:676—7.

Receivedor publication 18 August1998
Acceptedn revisedform 9 Decemberl998



