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ABSTRACT

Estrogen deficiency associated with menopausecsnaganied by an increase in the rate of
bone remodeling and the appearance of a remodelibgance; each of the greater number of
remodeling transactions deposits less bone thamegasbed, resulting in microstructural
deterioration. The newly deposited bone is alss tesnpletely mineralized than the older bone
resorbed. We examined whether breastfeeding, avgestdeficient state, compromises bone
microstructure and matrix mineral density. Distlial and distal radial microarchitecture were
guantified using high-resolution peripheral quaatite computed tomography in 58 women
before, during, and after breastfeeding and inat8rols during follow-up of 1 to 5 years. Five
months of exclusive breastfeeding increased copimasity by 0.6% (95% confidence interval
[C1] 0.3-0.9), reduced matrix mineralization depdy 0.26% (95% CI 0.12-0.41) (bgth<

0.01), reduced trabecular number by 0.22 per m#(€50.15-0.28), and increased trabecular
separation by 0.07 mm (95% CI 0.05-0.08) ifatl 0.001). Relative to prebreastfeeding, at a
median of 2.6 years (range 1 to 4.8) after cessatikreastfeeding, cortical porosity remained
0.58 SD (95% CI 0.48-0.68) higher, matrix mineatiian density remained 1.28 SD (95% ClI
1.07-1.49) lower, and trabeculae were 1.33 SD (@5%15-1.50) fewer and 1.06 SD (95% CI
0.91-1.22) more greatly separated atl 0.001). All deficits were greater than in cofdgrd he
results were similar at distal radius. Bone miawagtre may be irreversibly deteriorated after
cessation of breastfeeding at appendicular sitesli€s are needed to establish whether this



deterioration compromises bone strength and inesefaacture risk later in life. © 2016
American Society for Bone and Mineral Research.

KEY WORDS: CORTICAL POROSITY; LACTATION; MATRIX MINERALIZATION;
TRABECULAR BONE MICROARCHITECTURE</KWD>

I ntroduction

All factors influencing bone’s structural strengtkpress their effects through a final common
cellular machinery of bone remodeliftg’ Bone remodeling is balanced during young
adulthood. Equal volumes of old or damaged bonesam®ved and replaced by new bone upon
the endocortical surface of the cortex maintairdadical thickness, upon the surfaces of the
intracortical canals maintaining their diameters] apon trabecular surfaces maintaining their
thickness, number, and connectivity

With the appearance of estrogen deficiency at maumsgy bone remodeling becomes
unbalanced; each remodeling event resorbs morethanat replaces, producing cortical
thinning and porosity, perforation, and completsslof trabeculae. Remodeling rate also
accelerates; more remodeling sites appear upaoenithecortical, intracortical, and trabecular
surfaces, accelerating structural deteriorafibfihe rapid remodeling also reduces matrix
mineralization density by replacing older, more enalized bone with young, less completely
mineralized bon&®

Breastfeeding is an estrogen-deficient state aaativith bone l10s§-® Bone remodeling
accelerates and may also become unbalanced. Studaent and other animal models
demonstrate that trabeculae perforate, their nusnteerease, and cortical porosity incre&Ses.
18) This structural deterioration has been reportduttoeversible in some animal modéts:*®



Bone loss during breastfeeding in humans is regpbtet whether the microstructural
deterioration is reversible after cessation of sifeading in human subjects is uncertairt®

As trabecular bone loss, trabecular thinning, aerfiopation proceed rapidly after estrogen
deficiency, the resulting bone fragility is attrtbd to deterioration in trabecular bone. However,
~80% of the skeleton is cortical; trabecular boomgrises only ~20% of the skeleton. The
slower remodeling and loss of the fourfold largestical bone volume contributes more to total
bone loss in absolute terms than rapid trabecwlae boss during aging®*" Moreover,
unbalanced intracortical remodeling is the mainrs@wf cortical bone loss and produces
cortical porosity>? Increasing porosity of a compact structure liketical bone reduces
strength more than increasing porosity of an ajygemious structure like trabecular bdife.

No study has been done examining the microstrudbass of bone loss or its reversibility
during more than 1.5 years postpartum follow-up. Wjeothesized that the rapid unbalanced
remodeling associated with breastfeeding will prsdione loss, structural deterioration, and
will reduce the completeness of matrix mineral@atby replacing older bone with young bone.
We also hypothesized that deficits in trabecular @rtical microstructure are likely partly
irreversible because complete loss of trabeculgeebipration and formation of large pores may
be incompletely restored after completion of briegsting and return of normal menstrual
cyclicity.

Materialsand Methods

We recruited 100 healthy pregnant women aged 2@ tgears with a singleton pregnancy and
term delivery at The Mercy Hospital for Women, Helgerg, Melbourne, Australia, from 2008
to 2009. Initial assessment was at a mean of 14 @agge 3 to 25) post-delivery. The second



assessment occurred after a median of 5 monthge(ato 6) in women who breastfed 6 to 10
times per day exclusively without formula or boféeding (Table 1).{TBL 1} To accurately
capture changes during exclusive breastfeedindp, waman had the second assessment within
14 days of cessation of exclusive breastfeedingumthe shift to intermittent breastfeeding is
followed shortly by resumption of menses and pdsslowing of remodeling as estrogen levels
rise®® The third and final assessment occurred afterdiandotal follow-up since delivery of
3.6 years (range 0.9 to 5.4). Total follow-up imE#d a median of total breastfeeding for 13
months (range 3 to 31), exclusive breastfeedin fmonths, intermittent breastfeeding (2 to 4
times daily combined with other nutrition for 7 ntbs (range 0 to 25), and 2.6 years (range 1 to
4.8) follow-up after stopping breastfeeding. Restiompof menses occurred 7 months post-
delivery (range 1 to 14) (which was shortly aftesgation of exclusive breastfeeding), and
follow-up after resumption of menses was 3 yeasde 1.5 to 5.1).

We excluded 8 women who did not breastfeed, 6 vdoaime pregnant, 10 who were lost to
follow-up, as well as 18 women with movement atefaluring scanning of distal tibia and 24
women with movement artefact of distal radius. Tefs58 breastfeeding women with three
valid distal tibia scans and 52 women with threlwdistal radial scans. We recruited a control
group of 48 healthy non-pregnant non-lactating meopausal women aged 18 to 44 years,
followed for a median of 2.1 years (range 1.1 8) @ith two valid scans of distal tibia and 42
of them had two valid scans of distal radius. Adttcipants gave written informed consent. The
study was approved by the Austin and Mercy HumaseReh Ethics Committees.
High-resolution 3-dimensional peripheral quanttatcomputed tomography (HR-pQCT;
XtremeCT, Scanco Medical AG, Bruttisellen, Switaed) was used to obtain images at the



non-dominant distal tibia and distal radff8 A total of 110 slices were obtained at 22.5 aid 9.
mm from a reference line at the endplate of th@alligia and radius, respectively. The 49 most
proximal slices were chosen because the thickéexatlows accurate assessment of porosity.
Porosity within the total cortex and its compartisgicompact cortex, outer and inner
transitional zones), matrix mineralization denditgbecular number, thickness, separation, and
bone volume/tissue volume (BV/TV) were quantifiesing StrAx1.0, a non-threshold-based
method for quantifying microarchitecture in vi#’8. The method automatically segments bone
into its compartments (Straxcorp, Melbourne, AdgtjaThe in vivo precision was 0.5 to
3.0%3% Daily quality control was carried out by scannaghantom containing rods of
hydroxyapatite (QRM, Moehrendorf, Germany).

StrAx1.0 analysis uses an algorithm that sepataiae from background (soft tissue) and bone
into its compact-appearing cortex, the fragmenteteg forming an outer and inner transitional
zone and the trabecular compartment. From the seigohénmage, porosity is quantified as the
proportion of voxels within the cortical compartmémat contain void. Once deposited, osteoid
is mineralized reaching80% of full mineralization (1200 mgHA/cc) within yia Matrix
mineralization is quantified using StrAx1.0 by deteing the mean density of voxels with
attenuation between 80% and 100% of fully mineealibone. These voxels are unlikely to
contain a pore because a pore results in voxelw#dteon <80% of the maximum. So, variation
attenuation within 80% and 100% of full mineralipatreflects heterogeneity in mineralization.

Voxels attenuating photons <80% are used to cakplarosity.



Areal bone mineral density (aBMD) at the spine totdl hip was assessed using dual-energy X-
ray absorptiometry (DXA, Lunar GE Prodigy, Madisdvil, USA) at baseline and after end of
lactation and end of follow-up (first and third fgsbut not at the second visit).

Analysis of variance (ANOVA) was used to comparsdbae features in women who breastfed
and controls. Thentests were used to determine whether the withioyggmean change in
absolute terms differed from zero (i) during exoladreastfeeding (second minus first
measurement), (ii) after end of exclusive breasifeg(third minus second measurement), and
(i) across the total follow-up in breastfeedinggp (third minus first measurement), and in
controls (second minus first measurement). In agdithange in standardized terms relative to
prebreastfeeding was calculated by dividing tot@nge by baseline standard deviation (SD) for
each trait. Annual rates of change in absolutedexere calculated for each period by dividing
each of the changes by its respective follow-upOMA was used to test whether the change in
each trait in absolute terms in women who breagstitered from the change in controls after
adjustment for baseline age, parity, height, aniglteAnalyses were performed using SAS
Software package, v9.3 (SAS Institute Inc., Car@, NSA). Two-sideg < 0.05 was the level

of significance chosen. The results with mean tidaded deviation (SD) are shown in the tables,
whereas the results below show the mean values@fdygilitate comprehension. The 95%
confidence intervals (Cl) are presented short nemixeses.

Results

The total follow-up of women who breastfed was aiae of 3.6 years (range 0.9 to 5.4), which
included exclusive breastfeeding for a median widnths (range 2 to 6), intermittent
breastfeeding for a median of 7 months (rangeZbjpand no breastfeeding at all for a median



of 2.6 years (range 1 to 4.8) (Table 1). Baselge aeight, weight, and tibial cortical porosity
did not differ between women who breastfed androtsmtHowever, trabecular number was
higher (2.97 versus 2.63 per mm), trabeculae wena¢r (0.187 versus 0.196) but less
separated (1.24 versus 1.34 mm), and the degmeatofi mineralization was higher (66.1
versus 65.5%) compared with controls, respecti{edlyp < 0.05).

Exclusive breastfeeding

During a median of 5 months of exclusive breasifegdlistal tibia cortical porosity increased
by 0.6% (95% CI 0.3—-0.9), whereas the degree ofixnaineralization decreased by 0.26%
(0.12—-0.41), trabecular number decreased by 0.2&hpe(0.15-0.28), thickness increased by
0.004 mm (0.003-0.005), separation increased by (0.05-0.08), and BV/TV decreased
by 0.29% (0.20-0.38) (afi < 0.001, Table 2). {TBL 2}

Intermittent breastfeeding, with other nutritiordaresumption of menses

Despite the cessation of breastfeeding for a meafian6 years and regular menses for 3.0
years, distal tibia cortical porosity continuedrtorease by a further 1.8% (95% CI 1.4-2.1),
whereas matrix mineralization continued to decrdgs@.97% (0.79-1.14), trabecular number
decreased by a further 0.43 per mm (0.36-0.5Xknless increased by 0.014 mm (0.011—
0.016), separation increased by 0.16 mm (0.13—0at8) BV/TV decreased by 0.78% (0.66—
0.90) (allp < 0.001).

After stopping breastfeeding

Residual deficits in microarchitecture and matec@hposition were observed at a median of
2.6 years after complete cessation of any breabtigeRelative to measurements done before
breastfeeding, cortical porosity remained 2.3% (9%.9-2.7) or 0.58 SD (48-0.68) higher,



and matrix mineralization density remained 1.23%3%1.43) or 1.28 SD (1.07-1.49) lower
(all p<0.001) (Table 2, Fig.A).{FIG1} There were 0.65 per mm (0.56-0.74) or 133
(1.15-1.50) fewer trabeculae that were 0.017 mO1L-0.020) or 1.54 SD (1.33-1.74) thicker
and 0.22 mm (0.19-0.26) or 1.06 SD (0.91-1.22) rmeparated. Trabecular BV/TV remained
1.07% (0.93-1.21) or 0.70 SD (0.61-0.79) lowergdatl0.001). There was no overall gain in
distal tibia total cross-sectional area (—0.005 48214, +2.13]).

There was a gain in aBMD of the spine and totald@fween baseline and end of follow-up of
0.021 g/cm2 (95% CI 0.004—-0.038) or 0.16 SD (0.0Z69p = 0.016 and 0.010 g/cmz2 (-0.0001,
0.020) or 0.10 SD (0.03-0.18)= 0.052, respectively. The weight loss of 2.2 &%4.0) p =
0.014) did not predict the changes in aBMD or nstmacture at any site.

All trait changes were greater in women breastfegthian in controls: Cortical porosity was
higher, 2.3% (1.9-2.7) versus 0.8% (0.4-1.2); matineralization density was lower, 1.23%
(1.03-1.43) versus 0.29% (0.07-0.51); trabecularbrar was lower, 0.65 per mm (0.56-0.74)
versus 0.29 per mm (0.20-0.39); trabecular thickmess greater, 0.017 mm (0.015-0.020)
versus 0.008 mm (0.005—0.010); separation wasagrgaP2 mm (0.19-0.26) versus 0.10 mm
(0.07-0.14); and BV/TV was lower, 1.07% (0.93-1.2d)sus 0.45% (0.28-0.61) (plk

0.001). Results were similar for distal radius (€all and 2). Annualized rates of changes in
cortical porosity, matrix mineralization densitsglhecular number, thickness, separation, and
BV/TV were more rapid in breastfeeding women thanantrols (alp < 0.05, Fig. B). All

these comparisons were adjusted for age, heigightyand parity.

Discussion



We report that women who exclusively breastfed inade rapid deterioration in microstructure
than controls. Intracortical remodeling producedogdy and replaced older, more completely
mineralized bone with younger, less completely maheed bone. Remodeling upon trabecular
surfaces removed them producing a reduction iretnalar number and greater separation
between them. These morphological effects did exxtnse despite cessation of lactation and the
return of menses. Despite follow-up of a mediaB.6fyears post-delivery, residual deficits
remained relative to beginning of breastfeedindnwigher cortical porosity, fewer trabeculae,
and lower matrix mineralization.

Women who exclusively breastfed lost bone rapidly

Deterioration in microarchitecture was observedtred to prelactation and was greater than in
controls. As reported during menopause, trabetidae was lost by a reduction in trabecular
number producing an increase in trabecular separan effect that reduces trabecular strength
more than trabecular thinnifj’ Trabecular bone loss occurs more rapidly thaneartione

loss, but the resulting deficits were similar (OSD trabecular BV/TV versus 0.58 SD cortical
porosity). However, increasing porosity of a comysiucture like cortical bone reduces
strength more than increasing porosity of an ajygemious structure like trabecular bdife.

Loss of mineral occurs in three ways. First, earhadeling transaction deposits less new bone
than was resorbed, so there is loss of mineraha@atdx. Second, the smaller volume of newly
deposited osteoid volume undergoes rapid primangraiization reaching ~80% of its peak
mineralization density within days to weeks, budaselary mineralization, the enlargement of

crystals deposited during primary mineralizati@kets months if not years to compl@f’éA



third possible mechanism is peri-osteocytic os&s)yfocal resorption of mineral from
perilacunar matrix as documented during lactatiorodents®”

Deterioration in microstructure and matrix minezation density persisted despite cessation of
lactation and return of menses

Bone loss slowed, but did not cease, after theoéedclusive lactation. Nor did deficits in bone
microstructure or matrix mineralization densityegvto prebreastfeeding values during follow-
up. Estrogen deficiency associated with menopautctation increases the rate of bone
remodelind® More remodeling events upon the surfaces of inttaal canals, endocortical
surface, and trabeculae create cavities and miogistal deterioration.

If the rapidity of remodeling was the only abnorityghssociated with lactation and estrogen
deficiency, the microstructural deficits produceodd be expected to be fully reversed with
restoration of estrogen production and slowingeofiodeling because all the cavities excavated
eventually refill completely.

However, estrogen deficiency is also accompanietthéyappearance of a remodeling
imbalance—Iless bone is deposited than was resaollogty lactation. The negative bone
balance is small, about —5%; more than 95% of araelof bone resorbed by the osteoclasts is
replaced by osteoblasts of each remodeling ung.rapidity of remodeling drives structural
deterioration. Perforated trabeculae result in peent loss of trabeculae. Preferential loss of
thin trabeculae reduces trabecular number butasethenean thickness of trabeculae; we do
not suggest lactation is accompanied by bone foomatpon trabeculae making them thicker.

High intracortical remodeling produces large cozdes pores, which may also fail to refill after



lactation. Secondary mineralization takes many m®ti reach completion when remodeling
slows down after return of mensé&®%°)

The occurrence of cortical porosity is well documeeinby histomorphometry in lactating beagle
dogs but reversibility of porosity in this animabdel was not reportédf Studies in rodent
species variously report reversibility, partial,nar reversibility after weaning®>*® Studies in
rodents also demonstrate reduced mineralizatidiooé matrix!?*® Although trabecular bone
is remodeled in rodents, rodents continue to gnesvao not remodel cortical bone, or do so to a
limited degree late in life, so this species mayess suitable as a model for examining cortical
(Haversian) remodeling and porosity in human subjec

Contrary to changes in appendicular microarchite¢tt! some investigators report either
partial or complete reversibility of BMD at the spior hip after breastfeeding, and some
suggest even higher spine BMD after breastfeeditig?® The reasons for the reversibility at
central skeleton are not clear.

The only other study examining bone microarchitectf the appendicular skeleton also
reported incomplete recovery in bone microarchitext® However, because 80% of porosity
is less than 100 microns in diameter, thresholetbaegmentation performed in this study
underestimates cortical porosity because voxeltaging pores also contain matrix and are
disregarded using this approach. Threshold-baspdesgation also overestimates trabecular
density because intracortical remodeling produpiogsity results in cortical fragments, which
are measured as “trabecular bone,” overestimagiogvery of trabecular bone.

The effects are species specific. Studies in mmicerats report reversibility, but these animals
model cortical bone, they do noémodel cortical bone. They continue to grow throughoig, li



and this may explain why the loss of bone is ralkersHumans remodel their cortical bone, and
high remodeling of trabecular bone can cause lbsgleecular plates and loss of connectivity.
We suggest that estrogen deficiency associatedlaathtion is, like menopause, accompanied
by two changes, one being the reversible remodelfigit produced by the rapid increase in
bone remodeling accompanying the onset of lactati@hthe delay and slowness of the refilling
phase of each remodeling transaction. There is@ease in the number of excavated cavities,
and, concurrently, refilling of fewer cavities dbgfore delivery occurs. This produces a
perturbation irsurface level remodeling, the net effect being a rapicdrelase in BMO®®)

All of this would be fully reversible at the endlattation in humans if it were not for the
second abnormality: the appearance of a negatsie baulticellular unit (BMU) balance.
Estrogen deficiency alters the life span of thecakge cells of bone. Osteoclasts live longer;
osteoblasts die sooner. This produces an irreversibs of bone and permanent structural
deterioration because refilling of an excavateel isitncomplete. Trabeculae are about 100 to
200 microns; a resorption cavity may be this demysing perforation, which is why menopause
causes loss in number of trabeculae, not thinAirepeculae are irreversibly lost. We suggest
that this may be occurring during lactation. liriere modest because lactation is only 6 to 9
months, so remodeling returns.

There is another change of interest: osteocytieabgsis, so there is loss of mineral. After
lactation, remineralization occurs rapidly, busths primary mineralization. Secondary
mineralization is slow, which may take months if gears. Hence, we suggest and report
persisting deficits in the mean degree of mineadilan of matrix. This is likely to become fully
reversed, but it takes time.



This study has several limitations. The sample wiae modest and follow-up may have been
insufficient to detect reversal of structural chem@nd restoration of matrix mineralization
density produced by high remodeling rate. Measunésngere not available before pregnancy
so that the observations may be confounded byffeete of pregnancy, if any, on bone
morphology and the subsequent changes producedmietion of pregnancy. The ideal
control, pregnant women who did not breastfeed thi&spring, could not be recruited to
address this design limitation.

In summary, breastfeeding is associated with detgron of cortical and trabecular bone
microstructure and a reduction in completenesgobisdary matrix mineralization at the
appendicular skeleton. The bone loss was irreMerdilring 2.6 years of follow-up after the end
of lactation and 3 years after resumption of regolanses. The relevance of these deficits in
terms of compromising bone strength and increasawjure risk remain to be established.
Epidemiological studies report that lactation isitn@ or protective against fracture; no long-
term deleterious effects on fracture risk are reggdf>**? Further studies are needed to
establish whether the deterioration in microarchites of the appendicular skeleton contributes
to fracture risk later in life.

Disclosures

AB has received lectures fees from Amgen and Hl.LAG-Z is remunerated by StraxCorp as
senior image analyst and is one of the inventoth@StrAx1.0 algorithm. RZ has received
grant and/or research support from Amgen, Merckis&aDohme, Servier, Warner-Chilcott,
AKP, Genzyme, Sanofi, GSK, and Pfizer. He is aahalder in StraxCorp, is remunerated by
StraxCorp as president of R&D, and is one of tvemmtors of the StrAx1.0 algorithm. RZ is



also a director on the board of StraxCorp. ES &esived research support and has lectured at
national and international meeting symposia fungdgedmgen, Allergan, Asahi, Genzyme, and
Merck Sharp & Dohme. He is a director of the baand shareholder in StraxCorp, is
remunerated by StraxCorp as chief medical offiaed is one of the inventors of the StrAx1.0
algorithm. All authors state that they have no otinflicts of interest.

Acknowledgments

This study was funded by National Health and MddRmsearch Council of Australia and by
the Research Council of Norway (RCN) Grant (ID 198%50).

Authors’ roles: Study design and conduct: all atghBata collection: AB, AGZ, and XW.
Responsibility for StrAx analysis: RZ. Statistiealalyses: AB and MB. Drafting manuscript: all
authors. Data interpretation and approving finasia of manuscript: all authors.

References

1. Parfitt AM. Skeletal heterogeneity and the pggsoof bone remodelling: implications for the
understanding of osteoporosis. In: Marcus R, FeldBaNelson DA, Rosen CJ, editors.
Osteoporosis. San Diego, CA: Academic Press; 200B1—-89.

2. Parfitt AM. Targeted and non-targeted bone reghing: relationship to basic multicellular
unit origination and progression. Bone. 2002;3®47-

3. Parfitt AM. The physiologic and clinical sigraéince of bone histomorphometric data. In:
Recker R, editor. Bone histomorphometry. Technicquesinterpretation. Boca Raton, FL: CRC
Press; 1983. p. 142-223.

4. Seeman E, Delmas PD. Bone quality—the matemigistéructural basis of bone strength and
fragility. N Engl J Med. 2006;354(21):2250-61.



5. Manolagas SC. Choreography from the tomb: armgingerole of dying osteocytes in the
purposeful, and perhaps not so purposeful, targetitnone remodeling. Bonekey. 2006;3:5-14.
6. Eriksen EF, Langdahl B, Vesterby A, Rungby Js¢&éam M. Hormone replacement therapy
prevents osteoclastic hyperactivity: a histomorpéwit study in early postmenopausal women.
J Bone Miner Res. 1999;14(7):1217-21.

7. Kovacs CS. Maternal mineral and bone metabatisrmg pregnancy, lactation, and post-
weaning recovery. Physiol Rev. 2016;96(2):449-547.

8. Compston JE. Sex steroids and bone. Physiol H®4.;81(1):419-47.

9. Khosla S, Melton LJ 1, Riggs BL. The unitaryodel for estrogen deficiency and the
pathogenesis of osteoporosis: is a revision needl@&tihe Miner Res. 2011;26(3):441-51.

10. Vajda EG, Kneissel M, Muggenburg B, Miller S@creased intracortical bone remodeling
during lactation in beagle dogs. Biol Reprod. 18996):1439-44.

11. Vajda EG, Bowman BM, Miller SC. Cancellous a&adtical bone mechanical properties and
tissue dynamics during pregnancy, lactation, argflactation in the rat. Biol Reprod.
2001;65(3):689-95.

12. Bowman BM, Siska CC, Miller SC. Greatly incredgancellous bone formation with rapid
improvements in bone structure in the rat mateskeleton after lactation. J Bone Miner Res.
2002;17(11):1954-60.

13. Vanhouten JN, Dann P, Stewart AF, et al. Mamgrspecific deletion of parathyroid
hormone-related protein preserves bone mass diactetion. J Clin Invest. 2003;112(9):1429—
36.



14. Miller SC, Bowman BM. Rapid improvements intazal bone dynamics and structure after
lactation in established breeder rats. Anat Rease®@ Mol Cell Evol Biol. 2004;276(2):143-9.
15. Miller SC, Anderson BL, Bowman BM. Weaning iaies a rapid and powerful anabolic
phase in the rat maternal skeleton. Biol Repro@52(8(1):156—62.

16. Ardeshirpour L, Dann P, Adams DJ, et al. Wegiiggers a decrease in receptor activator
of nuclear factor-kappaB ligand expression, wideagrosteoclast apoptosis, and rapid recovery
of bone mass after lactation in mice. Endocrinol@§07;148(8):3875-86.

17. Wysolmerski JJ. Conversations between breasbane: physiological bone loss during
lactation as evolutionary template for osteolysibrieast cancer and pathological bone loss after
menopause. Bonekey. 2007;4(8):209-25.

18. Liu XS, Ardeshirpour L, Vanhouten JN, Shan&\ksolmerski JJ. Site-specific changes in
bone microarchitecture, mineralization, and stgduring lactation and after weaning in mice.
J Bone Miner Res. 2012;27(4):865—75.

19. Sowers M, Corton G, Shapiro B, et al. Changd®ne density with lactation. JAMA.
1993;269(24):3130-5.

20. Sowers M, Randolph J, Shapiro B, Jannausch pro8pective study of bone density and
pregnancy after an extended period of lactatioh Wwitne loss. Obstet Gynecol. 1995;85(2):285—
9.

21. Kalkwarf HJ, Specker BL, Bianchi DC, Ranz J,MoThe effect of calcium

supplementation on bone density during lactatiahafter weaning. N Engl J Med.
1997,337(8):523-8.



22. Kalkwarf HJ, Specker BL. Bone mineral loss dgriactation and recovery after weaning.
Obstet Gynecol. 1995;86(1):26-32.

23. Ritchie LD, Fung EB, Halloran BP, et al. A langlinal study of calcium homeostasis during
human pregnancy and lactation and after resumpfiomenses. Am J Clin Nutr.
1998;67(4):693—-701.

24. Laskey MA, Prentice A. Bone mineral changesnduand after lactation. Obstet Gynecol.
1999;94(4):608-15.

25. Polatti F, Capuzzo E, Viazzo F, Colleoni R,i&eC. Bone mineral changes during and after
lactation. Obstet Gynecol. 1999;94(1):52—6.

26. More C, Bettembuk P, Bhattoa HP, Balogh A. &fiects of pregnancy and lactation on
bone mineral density. Osteoporos Int. 2001;12(2+73

27. Pearson D, Kaur M, San P, Lawson N, Baker BkiHg D. Recovery of pregnancy
mediated bone loss during lactation. Bone. 2003)3470-8.

28. Mgller UK, Vieth SS, Mosekilde L, Rejnmark Lh&hges in bone mineral density and body
composition during pregnancy and postpartum. Aratlietd cohort study. Osteoporos Int.
2012;23(4):1213-23.

29. Brembeck P, Lorentzon M, Ohlsson C, Winkvisiigustin H. Changes in cortical
volumetric bone mineral density and thickness, taalolecular thickness in lactating women
postpartum. J Clin Endocrinol Metab. 2015;100(2):583.

30. Bjgrnerem A, Ghasem-Zadeh A, Bui M, et al. Réeling markers are associated with larger
intracortical surface area but smaller trabeculaiase area: a twin study. Bone.
2011;49(6):1125-30.



31. Zebaze RM, Ghasem-Zadeh A, Bohte A, et alatairtical remodelling and porosity in the
distal radius and post-mortem femurs of womenpassectional study. Lancet.
2010;375(9727):1729-36.

32. Schaffler MB, Burr DB. Stiffness of compact boeffects of porosity and density. J
Biomech. 1988;21(1):13-6.

33. Laib A, Hauselmann HJ, Ruegsegger P. In vigh nesolution 3D-QCT of the human
forearm. Technol Health Care. 1998;6(5-6):329-37.

34. Zebaze R, Ghasem-Zadeh A, Mbala A, SeemanrtewAmethod of segmentation of
compact-appearing, transitional and trabecular @tnments and quantification of cortical
porosity from high resolution peripheral quantitatcomputed tomographic images. Bone.
2013;54(1):8-20.

35. van der Linden JC, Weinans H. Effects of micrh@ecture on bone strength. Curr
Osteoporos Rep. 2007;5(2):56—61.

36. Bala Y, Seeman E. Bone’s material constituantstheir contribution to bone strength in
health, disease, and treatment. Calcif Tissu015;97(3):308-26.

37. Qing H, Ardeshirpour L, Pajevic PD, et al. Dersimation of osteocytic
perilacunar/canalicular remodeling in mice duriagtation. J Bone Miner Res.
2012;27(5):1018-29.

38. Seeman E, Martin TJ. Co-administration of astirptive and anabolic agents: a missed
opportunity. J Bone Miner Res. 2015;30(5):753-64.



39. Yun BH, Chon SJ, Choi YS, Cho S, Lee BS, SedalB& effect of prolonged breast-feeding
on the development of postmenopausal osteoporogispulation with insufficient calcium
intake and vitamin D level. Osteoporos Int. 2016922745-53.

40. Bjgrnerem A, Ahmed LA, Jgrgensen L, Stermdpakimsen RM. Breastfeeding protects
against hip fracture in postmenopausal women: tben$g Study. J Bone Miner Res.
2011;26(12):2843-50.

Fig. 1. (A) Residual deficits or overall changes (95% confiéentervals) in distal tibia microarchitecture exgsed as standard deviation (SD)
units relative to beginning breastfeeding for aattiporosity, matrix mineralization density, trablee number, thickness, separation, and bone
volumef/tissue volume (BV/TV) (calculated as thdedi#nce between first and third measurement, divitiethe baseline SD)B) Annualized
mean (95% confidence intervals) rate of changeamen breastfeeding for distal tibia microarchiteetduring exclusive and intermittent
breastfeeding and overall (exclusive, intermittant] after cessation of breastfeeding) and in otstor cortical porosity (%), matrix
mineralization density (%), trabecular number (1jntmickness (mm x 100), separation (mm), and BV(J (calculated as the difference
between first and second, second and third, astddird third measurement of each trait, dividedggespective follow-up).

Table 1. Baseline Features, Duration of Lactation, anddvellip in 58 Women Who Breastfed and 48 Controls

Breastfed Controls

Age (years) 33.5(24.8-42.8) 33.4 (18.1-44.6)
Height (cm) 163.7 (146-178) 164.0 (150-184)
Weight (kg) 72.7 (48-102) 67.6 (45-117)
Parity (range) 1.9 (1-4) 0.8 (0-3§
White ethnicity,n (%) 50 (86.2) 39 (81.3)
Distal tibia n=58 n=48

Total cortical porosity (%) 56.9+£4.0 57.8+4.1

Compact cortex porosity (%) 38.4+3.7 38.0+3.7

Outer transitional zone porosity (%) 39.6 + 2.7 39.4+3.1




Inner transitional zone porosity (%) 83.5%+25 845+27
Matrix mineralization density (%) 66.1+1.0 65.5+1.3
Trabecular number (1/mm) 2.97 £0.49 2.63+0.55
Trabecular thickness (mm) 0.187 +£0.011 0.196 £0.012
Trabecular separation (mm) 1.24 £0.21 1.34 £0.27
Trabecular bone volumef/tissue volume (%) 4.67 £1.53 413 +1.53

Distal radius n=>52 n=43
Total cortical porosity (%) 51.8+5.0 51.7+x6.4
Compact cortex porosity (%) 34.7+3.5 35.1+4.7
Outer transitional zone porosity (%) 38.2+25 38.8+3.8
Inner transitional zone porosity (%) 84.4+3.0 84.9+28
Matrix mineralization density (%) 66.3+1.3 66.1+1.7
Trabecular number (1/mm) 2.40 £ 0.46 2.25+0.47
Trabecular thickness (mm) 0.187 +0.011  0.194 +0.013
Trabecular separation (mm) 1.35+£0.33 1.39+£0.34
Trabecular bone volume/tissue volume (%) 3.29 +£1.77 2.97 £1.58

Duration of exclusive lactation (months) 5.0 (2-6)

Duration of total (any) lactation (months) 13.0 (3-31)

Resumption of menses (months postpartum) 7.1 (1-14)

Follow-up after resumption of menses (years) 3.0 (1.5-5.1)

Follow-up after end of any lactation (years) 2.6 (1-4.8)

Total follow-up (years) 3.6(0.9-54) 2.1(1.1-5.3)

Mean (range), mean + standard deviationpmedian (range).
p < 0.05,°p < 0.01°p < 0.001 differences between groups.

Table 2. Mean (95% Confidence Intervals [CI]) Changes ist8li Tibial and Distal Radial Microarchitecture Asmted With Breastfeeding and in
Controls



Breastfeeding

Exclusive
2nd minus 1st
measurement

Intermittent
3rd minus 2nd
measurement

Overall
3rd minus 1st
measurement

Controls
2nd minus 1st
measurement

Distal tibia Mean (95% CI) Mean (95% CI) Mean (95% CI) Mean (95% CI)
Total cortical porosity (%) 0.6 (0.3, 0.9 1.8 (1.4,2.19 2.3(1.9,2.7 0.8(0.4,1.%'
Compact cortex porosity (%) 0.3 (0.01, 0.6) 0.8(0.5,1.9 1.2 (0.7, 1.6) 0.3 (-0.1, 0.7)
Outer transitional zone porosity (%) 0.2 (0.004, 0.5) 1.2 (0.9, 1.5) 1.4 (1.1, 1.8) 0.3 (-0.1,0.7)
Inner transitional zone porosity (%) 0.4 (0.2,0.5 0.9 (0.7,1.19 1.2 (1.0, 1.5) 0.4 (0.2, 0.6)f
Matrix mineralization density (%) -0.26 (-0.41,-0.12)  -0.97 (-1.14,-0.79)  -1.23 (-1.43, -1.03) -0.29 (_0}51’ -

0.07f"
Trabecular number (1/mm) -0.22 (-0.28,-0.15)  -0.43 (-0.51, -0.36)  —0.65 (-0.74, —0.56) -0.29 (—0%39, —
0.20}"

Trabecular thickness (mm)
Trabecular separation (mm)

0.004 (0.003, 0.005)
0.07 (0.05, 0.08)

0.014 (0.011, 0.016)
0.16 (0.13, 0.18)

0.017 (0.015, 0.020)
0.22 (0.19, 0.26)

0.008 (0.005,0.016)
0.10 (0.07, 0.14)

Trabecular bone volume/tissue volume -0.29 (-0.38,-0.20)  -0.78 (-0.90, —-0.66)  —1.07 (-1.21, -0.93) —-0.45 (-0.61, —
(%) 0.28f
Distal radius

Total cortical porosity (%) 0.6 (0.2, 1.0) 1.6 (1.3, 2.0) 2.2 (1.8, 2.6) 0.8(0.2, 1.4

Compact cortex porosity (%) 0.3 (-0.1, 0.6) 1.4(1.1,1.9 1.7 (1.3, 2.0) 0.4 (0.1, 1.0)

Outer transitional zone porosity (%) 0.04 (0.2, 0.3) 1.2 (0.9, 1.4) 1.2 (0.9, 1.5) 0.3 (-0.2, 0.8)

Inner transitional zone porosity (%) 0.02 (-0.1, 0.1) 0.4 (0.3, 0.6) 0.5(0.3, 0.6) 0.1 (-0.1, 0.3)

Matrix mineralization density (%) —-0.06 (-0.25, 0.13) -0.86 (-1.02, -0.69)  —0.92 (-1.13,-0.71) -0.28 (-0.56, 0.01)

Trabecular number (1/mm) —-0.04 (-0.12, 0.04) -0.35 (-0.42,-0.27)  -0.39 (-0.46, —0.31) -0.18 (-0.28, —
0.08f*®

Trabecular thickness (mm)

Trabecular separation (mm)
Trabecular bone volumef/tissue volume
(%)

0.002 (~0.0002, 0.004)

0.03 (0.001, 0.08)
—0.08 (-0.14, —0.02)

0.011 (0.008, 0.013)
0.10 (0.07, 0.13)
~0.52 (-0.63, —0.41)

0.013 (0.010, 0.015)
0.12 (0.09, 0.15)
~0.61 (=0.72, —0.49)

0.008 (0.005, 0.011)
0.07 (0.03, 0.16¥
-0.22 (-0.33, —
0.12f"

Changes in absolute terms during exclusive andnnitient breastfeeding, overall (exclusive, intdtart, and after cessation of breastfeeding), arwbintrols.
?p < 0.05,°p < 0.01,% < 0.001 for within-group changée® < 0.05,°p < 0.01,'p < 0.001 comparing overall changes in women whagifed versus controls.




