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Abstract

Purpose: Fractures are increased in patients with acromegaly, both before and after successful acromegaly treatment. Abnormalities of bone
microstructure, which may underlie this fragility, are present in active acromegaly but to what extent these improve with acromegaly treatment or
persist despite biochemical remission remains unclear. To examine these questions, we studied the effects of acromegaly treatment and
remission on bone quality.

Methods: Sixty-five women and men with acromegaly were studied. Subgroups underwent assessments of areal bone mineral density by dual
x-ray absorptiometry, trabecular bone score (TBS), and volumetric bone mineral density, microarchitecture, stiffness and failure load of the distal
radius and tibia by high-resolution peripheral quantitative tomography in a longitudinal study before and after acromegaly treatment and in a cross-
sectional study in which patients were compared to sex-, age-, and body mass index-matched healthy controls.

Results: Inthe longitudinal study, significant increases in total, cortical, and trabecular densities at the radius and tibia and increased stiffness and
failure load of the tibia occurred with acromegaly treatment. In the cross-sectional study, patients in biochemical remission after surgery had
larger bones, lower trabecular and cortical volumetric density, and disrupted trabecular microarchitecture compared to controls. TBS did not
change with acromegaly treatment but correlated with some microstructural parameters.

Conclusion: We show, for the first time, that volumetric bone mineral density and microarchitecture of the peripheral skeleton improve with
acromegaly treatment but remain abnormal in patients in remission after surgery compared to controls. These abnormalities, known to be

associated with fractures in other populations, may play a role in the pathogenesis of persistent fragility in treated acromegaly.
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GH and IGF-1 are important regulators of bone metabolism.
They are anabolic, regulate bone remodeling, and increase
bone strength [1]. In acromegaly, persistently high levels of
GH and IGF-1 increase bone remodeling and bone volume
[2] and result in appositional bone growth that is clinically
apparent in many patients. Until recently, the prevailing
view was that these anabolic effects on the skeleton would pre-
serve bone strength in acromegaly. This view stemmed largely
from many studies that, overall, have found dual x-ray ab-
sorptiometry (DXA)-measured areal bone mineral density
(aBMD) to be normal at the lumbar spine (LS) and increased
at the femoral neck (FN) [3, 4] in acromegaly. However, re-
cent studies have shown that vertebral fracture (VF) rate is in-
creased in acromegaly and that risk of fracture is not reliably
predicted by aBMD [5-8]. While high bone turnover and
hypogonadism may be major contributors to the poor bone
quality of active acromegaly [9], incident VF rate remains

high despite disease control and hypopituitarism treatment
[8, 10]. TBS, a predictor of fracture risk in other populations
[11, 12], has been found to be low [13] or unchanged [4],
overall, in acromegaly. The effects of treatment on TBS or
its relationship to bone microstructure in acromegaly remain
unclear [4, 13-16]. Further investigation of the effects of acro-
megaly treatment and disease control on bone quality was
needed.

Bone microarchitecture is an important determinant of its
strength and fracture risk, independent of aBMD [17-21].
Imaging of this by high-resolution peripheral quantitative
tomography (HRpQCT) permits separate, direct analyses
of trabecular and cortical microstructural changes that relate
to fragility in other populations [17, 21-24]. Recently,
HRpQCT was used to cross-sectionally assess bone quality
in patients with acromegaly, but it has not been used to assess
bone quality prospectively, before and after acromegaly

Received: 3 July 2023. Editorial Decision: 18 September 2023. Corrected and Typeset: 5 October 2023
© The Author(s) 2023. Published by Oxford University Press on behalf of the Endocrine Society.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs licence (https://creativecommons.
org/licenses/by-nc-nd/4.0/), which permits non-commercial reproduction and distribution of the work, in any medium, provided the original work is not altered
or transformed in any way, and that the work is properly cited. For commercial re-use, please contact journals.permissions@oup.com


https://orcid.org/0000-0003-4978-0717
https://orcid.org/0000-0002-6844-0286
https://orcid.org/0000-0002-1818-0762
mailto:puf1@cumc.columbia.edu
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

Journal of the Endocrine Society, 2023, Vol. 7, No. 10

Active (n=24)

HRpQCT Cross-sectional (n=49)

| Remission (n=25)

TBS
Longitudinal (n=13)

| Cross-sectional - active (n=25)

2

: '33'-:~-:f?:' \'BS
- SIosssechongl- eamilon
e

e

2
N,

Figure 1. Overview of the relationship between subsets of the study population tested with each method of skeletal assessment. All patients who
underwent longitudinal HRpQCT (HRpQCT Longitudinal box), DXA testing (DXA longitudinal box), or all TBS assessments (TBS boxes) were part of the
cross-sectional HRpQCT cohort (IHRpQCT Cross-sectional box) except for 15 patients who only participated in the longitudinal DXA study (left side of
DXA longitudinal box) and 1 who only underwent cross-sectional TBS assessment (lower edge TBS Cross-sectional active box).

Abbreviations: DXA, dual x-ray absorptiometry; HRpQCT, high-resolution peripheral quantitative tomography; TBS, trabecular bone score.

treatment, or to specifically compare patients in remission to
controls. Therefore, our primary objective was to determine
the effects of acromegaly treatment on bone quality. To do
this, we assessed aBMD by DXA, TBS of the LS, and true volu-
metric BMD (vBMD), microarchitecture, and stiffness of the
distal radius and tibia using HRpQCT in both a prospective,
longitudinal study of patients with acromegaly before and after
treatment and a cross-sectional study of patients in biochemical
remission after surgical treatment compared to controls. We
also aimed to examine how clinical and endocrine characteris-
tics relate to parameters of bone quality in treated acromegaly.

Methods
Subjects

Acromegaly patients

Overall cohort. We studied 65 patients with acromegaly
(34 women and 31 men) who were between the ages of 18.7
and 72 years (mean 50.2 yr) at baseline testing. All were
diagnosed with acromegaly based on an IGF-1 level above
the age-adjusted normal range, clinical characteristics of the dis-
ease, and eventual pathological confirmation of a GH-secreting
pituitary tumor. At baseline testing, they were either newly diag-
nosed and untreated (n=29) or had undergone prior surgery,
radiotherapy, and/or medical therapies (n = 36). Those with pri-
or therapy were studied >3 months after these procedures or the
last administration of acromegaly medication. At baseline, 40
had active disease (defined by persistently elevated IGF-1 level)
and 25 were in remission (defined as consistently normal IGF-1
level). Patients with hypopituitarism were on stable replacement
doses for >3 months prior to testing, with the exception that
some with hypogonadism were not replaced. DXA testing was
performed as part of a longitudinal study that assessed body
composition from 2006 to 2014, and HRpQCT was performed

as part of a cross-sectional and longitudinal HRpQCT study
conducted between 2010 and 2018 [25, 26]. We included all
patients in these studies who had skeletal assessment except
those who were on medical therapy within 3 months of baseline
(n=2) or had a history of osteoporosis treated with pharmaco-
therapy (n=4) or hyperparathyroidism (n=1). None had an
active malignancy, renal or liver disease, hyper- or hypocalce-
mia, current or prior pharmacotherapy for osteoporosis, recent
pregnancy or lactation, or use of supraphysiologic glucocorti-
coids at baseline or during the period of longitudinal follow-up.
Results of these skeletal assessments have not been reported
previously.

Acromegaly patient subgroups. Three subgroups of the over-
all cohort underwent skeletal assessments longitudinally (DXA,
HRpQCT, TBS) and two cross-sectionally (HRpQCT, TBS)
(Fig. 1). The subgroups overlapped except for 15 patients
who underwent longitudinal DXA only and 1 who had cross-
sectional TBS only. Characteristics of the subgroups are shown
in Table 1 (longitudinal DXA, n=33), Table 2 (longitudinal
HRpQCT, n=15and TBS, n = 13), and Table 3 (cross-sectional
HRpQCT, n =49 and TBS, n = 33). The longitudinally studied
cohorts were required to have active disease at baseline and only
differed from the overall group of active-disease patients by their
willingness to be studied longitudinally. For the longitudinal
DXA and TBS analysis subgroups, only patients planning sur-
gery participated. For the HRpQCT longitudinal subgroup, pa-
tients planning surgery or octreotide LAR therapy as part of
their clinical care were invited to participate; 11 who had only
surgery (out of 17 eligible) and 4 who received treatment with
octreotide LAR (out of 7 eligible) agreed to participate.

Controls

HRpQCT results were compared to those of the same testing
performed in healthy controls; 110 women and men who were
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Table 2. Clinical characteristics, endocrine, metabolic, and anthropometric parameters in the 15 acromegaly patients who were studied by

HRpQCT before and after surgery or octreotide LAR therapy

Baseline (n = 15)

Follow-up (n =15) P-value, (pre- vs

post-treatment)

Age (yr) (range) 46.6 +12.5 (24.9-69)

Sex (F/M) 7/8

Height (cm) 177.5+11.6
Weight (kg) 94.8+15.5
BMI (kg/m?) 30.1+£4.2
Duration of follow-up (median, range)

Newly diagnosed 13

Surgery 2

Surgery and on octreotide LAR

Gonadal function

HR (1), H (1)
Hormone replacements (#)
Hypertension (#) 6
Sleep apnea (#) 4
Diabetes (#) 0
Lipid-lowering therapy (#) 5
Smoking (#) 3
IGF-1 (ng/mL) 625 +197
IGF-1%ULN 242 + 56
GH fasting (pg/L) (median, range) 3.69 (.31-25)
Disease status (#) Active (15)
CTX (ng/mL) 1.3+0.8
PINP (ng/mL) 85+70
N-midOCN (ng/mL) 44.6 +42
TBS
TBS acromegaly (n=13) 1.327+0.133
TBS acromegaly: % normal/% partially 46/31/23

degraded/% degraded

TBS controls 1.427 £0.103*

Females: E (4), PM (3); Males: E (6),

49.4+13 (26.7-73) n/a
7/8 n/a
177 +11.2 .19
92.3+14.6 11
29.3+4 .07
2.04 (1-7 yr) ND
n/a
11 ND
4 n/a
Females: E (4), PM (3); Males: E  ND
(5), HR (3)
GC (1), T4 (1) ND
6 ND
3 ND
0 ND
S ND
3 ND
211+74 <.0001
84 +27 <.0001
0.56 (.05-5.5) .0001
Remission (13), active (2) ND
0.4+0.2 .014
41+29 .046
15+6.7 .004
1.351+0.142 .13
54/23/23 ns

1.427 +0.103**

Data are mean + SD unless otherwise indicated. Significant P-values (P < .05) are given in bold text. TBS: *P =.026, **P =.097 acromegaly vs controls. TBS
values were categorized as: TBS < 1.23 degraded and TBS 1.23-1.31 as partially degraded microarchitecture and TBS > 1.31 as normal (11).
Abbreviations: #, number of subjects; %ULN, percent upper limit of normal range; BMI, body mass index; CTX, C-telopeptide; E, eugonadal; GC, oral
glucocorticoid; H, hypogonadal (premenopausal women or men) without replacement therapy; HR, hypogonadal on replacement therapy; HRpQCT,
high-resolution peripheral quantitative tomography; LAR, octreotide LAR; n/a, not applicable; ND, not determined, ns, nonsignificant; N-midOCN, N-mid
osteocalciny PINP, procollagen 1 intact N-terminal propeptide; PM, postmenopausal on no replacement therapy; T4, levothyroxine; TBS, trabecular bone

score.

from 3 cohorts previously studied by Drs. Shane, Cohen,
Nickolas, and Stein [27-30]; and 11 men who were studied
concurrently as part of this study. Each acromegaly patient
was matched to 3 to 5 controls for sex, age + 5 years, and
body mass index (BMI) + 5 kg/m?. Male controls were age
50+ 12 years (mean=+SD; P=.45 vs acromegaly) with a
mean BMI 30.2 + 3.1 kg/m* (P = .36 vs acromegaly). Female
controls were age 53+ 11 years (P=.59. vs acromegaly)
with a BMI 29.8 + 3.2 kg/m* (P = .74 vs acromegaly).

The study was approved by the Institutional Review Board
of Columbia University Medical Center. All subjects gave
written informed consent before participation.

Design

Patients participated in 1 or more study visit at which they
underwent anthropometric measurements (body weight by a
digital scale to nearest 0.01 kg and height by a stadiometer

to nearest 0.5 cm), fasting (morning) blood sampling, comple-
tion of questionnaires about their medical history, and DXA
and/or HRpQCT testing. Blood samples from each visit
were frozen at —80 °C in multiple aliquots and later assayed
for measurements of IGF-1, GH, and markers of bone and
mineral metabolism. Patients studied longitudinally partici-
pated in 2 to § visits that were conducted before and at
1- to 2-year intervals after treatment. Patients studied cross-
sectionally participated in 1 visit.

Imaging Methods

aBMD of the total body, LS, total hip, FN, one-third (1/3R), and
ultradistal radius (UDR) of the nondominant forearm were
measured by DXA (software version 11.4; GE Lunar Prodigy
Advance, Madison WI, USA) in the Metabolic Bone Disease
Unit. The same densitometer with the same software and scan
speed was used for all visits, and scanning was conducted by
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Hormone Assays

GH was measured by a 2-site, 22 kD GH specific chemilu-
minescence immunoassay (IDS-iSYS, Immunodiagnostic
Systems, Tyne & Ware, UK; RRID:AB_2811291) calibrated
to IRS 98/574 [47] that has intra- and inter-assay CVs of 2%
to 4% and 5% to 7%, respectively, at GH concentrations of
1.7 to 27.5 pg/L. Assay sensitivity in our laboratory is 0.05
pg/L. IGF-1 was measured by a chemiluminescent immuno-
assay (IDS-iSYS; RRID:AB_2756880) calibrated to recom-
binant standard 02/254 [48] and has intra- and inter-assay
CVs of 1.3% to 3.7% and 3.4% to 8.7%, respectively.
IGF-1 levels were compared to the manufacturer’s age-
and sex-specific normative ranges [48]. Regarding mineral
metabolism and bone turnover, intact procollagen type 1
N-terminal propeptide, C-telopeptide (CTX), and N-mid
osteocalcin were measured by chemiluminescence assays
(IDS-iSYS) on morning, fasting samples. Available data
from clinical records on calcium and vitamin D levels were
collected.

Statistical Analysis

Continuous variables were summarized by mean +SD for
normally distributed and as median and range for nonnor-
mally distributed variables. Categorical variables were summar-
ized by counts and percentages. For the cross-sectional analyses,
HRpQCT parameters were compared in acromegaly patients to
matched controls and in active vs remission groups by independ-
ent -test. For the longitudinal study analyses, baseline to follow-
up aBMD, TBS, and HRpQCT data were compared by paired
t-test. Clinical and endocrine data were compared for the cross-
sectional analyses by independent #-test or Mann-Whitney test
as appropriate. Longitudinal clinical and endocrine data were
compared by paired #test or Wilcoxon signed-rank test.
Fisher’s exact test was used to compare proportions of patients
with osteoporosis or osteopenia across groups. Spearman correl-
ation was performed to examine the relationships between
changes, percent and absolute, in HRpQCT parameters and
those of TBS and bone markers and length of follow-up in the
longitudinal study and between values of TBS, bone markers,
HRpQCT parameters, and aBMD in the cross-sectional study.
Using the cross-sectional data, simple linear and logistic regres-
sion models were constructed to examine potential predictors
of HRpQCT parameters including presence of hypogonadism
(defined as unreplaced low testosterone levels in men or second-
ary amenorrhea in premenopausal and postmenopausal state in
women), newly diagnosed vs postoperative status, bone marker
levels, and TBS score. P-values < .05 were considered significant.
Statistical analyses were performed using GraphPad Prism ver-
sion 9 for Mac.

Results
Longitudinal Testing

aBMD

Longitudinal assessment of aBMD was performed from before
to after surgical treatment in 33 patients. Duration of follow up
was ~3 years in the 19 women and ~ 2.5 years in the 14 men
(Table 1). Eighty-two percent were in remission after surgery.
In women, UDR aBMD (P =.02) and Z-score (P=.01) in-
creased, but LS aBMD (P =.03) decreased. One woman, who
became menopausal during the follow-up, transitioned from
a LS T-score in the normal to osteopenic range. Two others
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transitioned from a UDR T-score in the osteoporotic to osteo-
penic range. Osteoporosis was present at 1 or more sites in 21%
of women at baseline and 10.5% at follow-up (P = .66), and os-
teopenia was present in 47% at baseline and 42% at follow-up
(P=.99).

Men had increases in total body aBMD (P =.006), LS
Z-score (P=.03) and T-score (P=.01), 1/3R T-score
(P=.04), and UDR Z-score (P=.007), T-score (P=.01),
and aBMD (P =.0008). T-score at the 1/3R transitioned
from the osteoporotic to osteopenic range in 1 man and
from the osteopenic to normal range in another. UDR
T-score transitioned from the osteopenic to normal range in
1 man and from the osteoporotic to osteopenic range in an-
other. In 1 man, LS T-score transitioned from the normal to
osteopenic range. Osteoporosis was present at 1 or more sites
in 14.2% of men at baseline and 7% at follow-up (P =.99),
and osteopenia was present in 64% at baseline as well as
at follow-up (P =.99). The percentages of women, men, or
patients overall with osteoporosis or osteopenia at each site
before and after surgery did not differ.

TBS

TBS was analyzed on longitudinally acquired LS DXA images
from 13 consecutive patients. TBS was lower than controls at
baseline and showed a trend to be lower than controls after ac-
romegaly surgery (Table 2). Neither TBS values nor the pro-
portions that were normal, partially degraded, or degraded
changed with acromegaly treatment.

HRpQCT

Fifteen patients underwent HRpQCT longitudinally, from be-
fore to ~ 2 years (median, range 1-7 yr) after surgical (n=11),
or long-acting somatostatin analog (n =4) therapy (Table 2).
Before and after treatment HRpQCT data are shown in
Table 4, and Fig. 2 shows the posttreatment HRpQCT data
expressed as a percentage of the baseline, pretreatment values.
At the radius, treatment resulted in significant increases in
total volumetric BMD (Tot.vBMD) (P =.017), cortical volu-
metric BMD (Ct.vBMD) (P =.023), and trabecular volumet-
ric BMD (Tb.vBMD) (P=.04); an increase in trabecular
number (Tb.N) (P =.023); and a lowering of trabecular separ-
ation (Tb.Sp) (P=.016). At the tibia, significant increases
in Tot.vBMD (P =.002), Ct.vBMD (P <.0001), Th.vBMD
(P=.009), trabecular bone volume fraction (Tb.BV/TV)
(P =.008), stiffness (P =.0008), and F.load (P=.0008) oc-
curred with acromegaly treatment. Patterns of change for all
HRpQCT parameters were similar in the surgically and oc-
treotide LAR- treated patients.

Bone markers

Markers of bone formation (procollagen 1 intact N-terminal
propeptide, N-mid osteocalcin) and resorption (CTX) fell sig-
nificantly with treatment of acromegaly (Tables 1 and 2). The
markers did not differ in their percentage of change with ther-
apy (P =.23, ANOVA).

Associations between longitudinal changes

Changes in TBS, HRpQCT parameters, and bone markers
with acromegaly treatment did not correlate with one an-
other. Length of follow-up did not correlate with changes in
HRpQCT parameters.
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Table 4. HRpQCT parameters in 15 acromegaly patients studied longitudinally before, in active acromegaly, and after treatment with surgery or

octreotide LAR therapy

Baseline, pre-treatment

active acromegaly (n = 15)

Follow-up, post-treatment
acromegaly (n=15)

Percent difference, baseline

vs follow-up acromegaly

P-value, pre- vs
post- treatment

Radius
Total area (mm2) 333+109 332+109 -0.08 49
Ct.area (mm2) 71+18 72+19 1.5 .069
Tb.area (mm?2) 261 +99 259+99 -0.6 .06
Ct.perimeter (mm) 82 +14 68 + 34 0.2 17

Tot.vBMD (mgHA/cm3) 311+72 319+74 2.4 .017
Ct.vBMD (mgHA/cm3) 834+79 855+78 2.6 .023
Tb.vBMD (mgHA/cm3) 139+ 46 149 £ 10 2.1 .04
Tb.BV/TV (%) 12+3 13+3 1.9 .09
Ct.thickness (um) 1.08 +0.25 1.05+0.24 3.2 .19
Tb.number (1/mm) 1.87+0.34 2.09+0.35 13.2 .023
Tb.thickness (um) 0.066 +0.01 0.061 +0.01 -4.9 .16
Tb.separation (um) 0.49 +0.09 0.44 +0.10 -9.8 .016
Thb.separation SD (um) 0.21 +£0.05 0.14 +£0.08 -5.7 .04
Ct.porosity (%) 2.1+1 22+1 23.8 .82
Stiffness (n/mm) 65682+ 18569 66346 +20415 0.8 71
F.load (n) 2770+ 673 2812 +736 1.4 49

Tibia
Total area (mm2) 906 + 182 906 +182 0.03 .66
Ct.area (mm2) 136 +18 136 +19 0.4 .66
Tb.area (mm?2) 770+ 178 769 + 180 -0.2 .65
Ct.perimeter (mm) 118+ 13 114 +37 1.9 49
Tot.vBMD (mgHA/cm3) 267 +48 274 + 50 2.7 .002
Ct.vBMD (mgHA/cm3) 825+ 56 848 + 54 2.9 <.0001
Tb.vBMD (mgHA/cm3) 156 +44 159 +46 2.6 .009
Tb.BV/TV (%) 12+4 13+4 2.6 .008
Ct.thickness (um) 1.32+0.24 1.33+0.26 0.07 .79
Tb.number (1/mm) 1.93+0.57 1.98 +£0.49 6.3 21
Tb.thickness (um) 0.068 +0.01 0.067 +0.01 -0.01 77
Tb.separation (um) 0.57 £0.52 0.49+0.27 -3.9 .28
Tb.separation SD (um) 0.20+0.08 0.13+0.09 2.6 .09
Ct.porosity (%) 4.7+2 4.7x2 1.4 .85
Stiffness (n/mm) 170356 +43 104 177 845 +44 898 4.4 .0008
F.load (n) 7450 + 1368 7726 +1439 3.7 .0008

Significant P-values (P <.05) are given in bold text.

Abbreviations: Ct.area, cortical area; Ct.perimeter, cortical perimeter; Ct.porosity, cortical porosity; Ct.thickness, cortical thickness; Ct.vBMD, cortical
volumetric bone mineral density; F.load, estimated failure load; HA, hydroxyapatite; HRpQCT, high-resolution peripheral quantitative tomography; LAR,
octreotide LAR; Tb.area, trabecular area; Tb.separation, trabecular separation; Tb.BV/TV, trabecular bone volume/total volume; Tb.number, number of
trabeculae; Th.separation SD, trabecular separation heterogeneity; Tb.thickness, trabecular thickness; Tb.vBMD, trabecular volumetric bone mineral density;

Tot.vBMD, total volumetric bone mineral density.

Cross-sectional Testing

HRpQCT

Characteristics of the cross-sectional HRpQCT study group
are shown in Table 3. Acromegaly patients’ HRpQCT param-
eters compared to those in matched healthy controls are
shown in Table 5 and expressed as a percentage of those of
controls in Fig. 3.

For acromegaly in remission see Fig. 3, left, and Table 5,
left. Acromegaly patients in remission had significant differen-
ces in bone size, volumetric density, and trabecular microarch-
itecture compared to controls.

Men with acromegaly in remission had significantly larger
bones with greater total area (Tot.A) (P =.03) and cortical per-
imeter (Ct.Pm) (P =.004) at the radius (Fig. 3A). Acromegaly
men in remission had lower Tot.vBMD (P=.011) and ~
20% lower Tb.vBMD (P =.004) and Tb.BV/TV (P =.0005)
than controls (Fig. 3B). Tb.N (P =.03) and thickness (Tb.Th)
(P =.02) were lower and Tb.Sp (P =.03) was higher than con-
trols (Fig. 3C). At the tibia men in remission had greater Tot.A
(P=.003), trabecular area (Tb.A) (P=.002), and Ct.Pm
(P=.0006) (Fig. 3A) but lower Tot.vBMD(P=.006) and
Ct.vBMD(P = .008)(Fig. 3B) than controls.
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Figure 2. Longitudinal HRpQCT testing results. Percentage change from baseline to after surgical or medical therapy of parameters of bone area (A),
volumetric density (B), microarchitecture (C), and finite element analysis of the radius (red) and tibia (teal) (D).

Abbreviations: Ct.A. cortical area; Ct.Pm, cortical perimeter; Ct.Po, cortical porosity, Ct.Th, cortical thickness; Ct.vBMD, cortical volumetric bone mineral
density; F.load, estimated failure load; HRpQCT, high-resolution peripheral quantitative tomography; Th.A, trabecular area; Tb.BV/TV, trabecular bone
volume/total volume; Th.N, number of trabeculae; Tb.Sp, trabecular separation; Tb.SpSD, trabecular separation heterogeneity; Tb.Th, trabecular
thickness; Th.vBMD, trabecular volumetric bone mineral density; Tot.A, total area; Tot.vBMD, total volumetric bone mineral density.

Women with acromegaly in remission had larger bones
with greater cortical area (Ct.A) (P=.009) at the radius
(Fig. 3A). At the radius, they had ~ 18% lower Tb.vBMD
(P=.039) and Tb.BV/TV (P =.038) (Fig. 3B), higher cortical
thickness (Ct.Th) (P=.002), and lower Tb.Th (P =.0005)
than controls (Fig. 3C). In the tibia, women with acromegaly
in remission had ~18% lower Tb.vBMD (P=.026) and
Tb.BV/TV (P =.026) (Fig. 3B) and higher Ct.Th (P=.021)
but lower Tb.Th (P =.006) than controls (Fig. 3C).

For active acromegaly, see Fig. 3, right, and Table 3, right.
Patients with active acromegaly had significant differences in
bone size, volumetric density, and trabecular microarchitec-
ture compared to controls, and these differences tended to
be greater than those in patients in remission. Men with active
acromegaly had, at the radius, greater Ct.A (P =.004) and
Ct.Pm (P=.008), ~25% lower Tb.vBMD (P =.0003) and
Tb.BV/TV (P=.0003), ~6% lower Ct.vBMD (P=.019),
higher Ct.Th (P=.03), lower Tb.N (P =.004), and greater
Tb.Sp. (P=.006) than controls. At the tibia, men with
active acromegaly had greater Tb.A (P=.036) and Ct.Pm

(P=.012), ~11% lower Tot.vBMD (P =.005), and ~6% low-
er Ct.vBMD(P = .0006) than controls. Women with active ac-
romegaly had, at the radius, greater Ct.A (P=.009) and
Ct.Pm (P=.016), ~ 27% lower Tb.vBMD (P =.003) and
Tb.BV/TV (P=.003), higher Ct.Th (P=.005), and lower
Tb.N (P =.006) than controls. In the tibia, women with active
acromegaly had ~ 28% lower Tb.vBMD (P=.003) and
Tb.BV/TV (P=.003), higher Ct.Th (P=.011), and lower
Tb.Th (P =.033) than controls.

In a post hoc analysis, HRpQCT parameters were com-
pared in active vs remission groups. Ct.Pm (P =.002) was
greater in the active group, but we found no other significant
differences, including none in cortical porosity or FEA results.

Associations between HRpQCT parameters, TBS, bone
markers, gonadal function, and disease status were tested in
the cross-sectional data. TBS correlated positively with LS T
score (r=0.7, P<.0001), LS BMD(r=0.7, P<.0001), FN
T-score (r=0.405, P=.014), FN BMD (r=0.409, P=.014),
Tb.vBMD (r=0.319, P=.048), and BV/TV (r=0.319,
P =.048) of the radius and Tot.vBMD (r=0.403, P=.011),
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ACROMEGALY IN REMISSION
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Figure 3. Cross-sectional HRpQCT testing results: Percentage difference in parameters of bone area (A), density (B), and microarchitecture of the radius
(red) and tibia (teal) (C) in patients with acromegaly in remission (left) or active acromegaly (right) compared to controls.

Abbreviations: Ct.A, cortical area; Ct.Pm, cortical perimeter; Ct.Po, cortical porosity, Ct.Th, cortical thickness; Ct.vBMD, cortical volumetric bone mineral
density; F.load, estimated failure load; HRpQCT, high-resolution peripheral quantitative tomography; Tbh.A, trabecular area; Tb.BV/TV, trabecular bone
volume/total volume; Tb.N, number of trabeculae; Tb.Sp, trabecular separation; Th.SpSD, trabecular separation heterogeneity; Th.Th, trabecular
thickness; Tb.vBMD, trabecular volumetric bone mineral density; Tot.A, total area; Tot.vBMD, total volumetric bone mineral density.

Tb.vBMD (r=0.462, P=.003), BV/TV (r=0.462, P=.003),
and Tb.N (r = 0.404, P = .011) of the tibia. TBS correlated nega-
tively with Tb.Sp (r=-0.405, P =.009) of the tibia and CTX
(r=-.338, P=.038). In regression analysis, neither disease sta-
tus (active vs remission or newly diagnosed vs postoperative) nor
time from surgical treatment to bone assessment or bone marker
values were predictors of HRpQCT parameters. Hypogonadism
was a negative predictor of some HRpQCT parameters includ-
ing density, area, stiffness, and F.load of the radius and tibia
(Table 6) and of TBS (B=—12 (SE 3.98), P=.0025).

Vertebral fractures

Of the 20 patients in the cross-sectional analysis who were as-
sessed for VF, 4 patients with active disease had fractures: 1

hypogonadal, premenopausal woman had a grade 1 fracture
and 2 men, 1 eugonadal and 1 on testosterone replacement,
each had 1 grade 1 fracture. One eugonadal man had 2 frac-
tures, 1 grade 1 and 1 grade 2. Of the 6 patients who were fol-
lowed longitudinally from before to after surgery, none had a
VF at baseline or in follow up. X-rays were not done to con-
firm VFs.

Discussion

In this study, the first to longitudinally assess bone quality us-
ing HRpQCT in patients with acromegaly, we found improve-
ments in volumetric BMD, microarchitecture, biomechanical
stiffness (strength), and F.load of the peripheral skeleton
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Table 6. Associations between hypogonadism and microstructural parameters measured by HRpQCT in the cross-sectional HRpQCT cohort

(n=49)

Radius Tibia

P coefficient (SE) P-value B coefficient (SE) P-value
Total area (mm2) —.013 (.004) .001 —.004(.002) .03
Ct. area (mm2) -.051 (.02) .004 ns
Tb.area (mm2) —.012 (.005) .004 —.004(.002) .032
Ct.perimeter (mm) —.099 (.034) <.001 —.047 (.02) .026
Tot.vBMD (mgHA/cm3) —.0037 (.007) 001 ns
Tb.vBMD (mgHA/cm3) —.0167 (.008) 04 —.019 (.008) 017
Th.BV/TV (%) ~.0137 (.0087) 04 ~23(9) 017
Tb.number (1/mm) ns -1.15 (.59) .04
Tb.thickness (um) ns ns
Tb.separation (um) ns 2.96 (1.5) .013
Stiffness (n/mm) —.00007 (.00002) <.001 —.00003(.00019) 003

Significant P-values (P <.05) are given in bold text.

Abbreviations: Ct.area, cortical area; Ct.perimeter, cortical perimeter; HA, hydroxyapatite; HRpQCT, high-resolution peripheral quantitative tomography;
ns, nonsignificant; Tb.area, trabecular area; Tb.vBMD, trabecular volumetric bone mineral density; Tb.BV/TV, trabecular bone volume/total volume;
Tb.number, number of trabeculae; Th.separation, trabecular separation; Tb.thickness, trabecular thickness; Tot.vBMD, total volumetric bone mineral density.

with acromegaly treatment. We also found increases in aBMD
(by DXA) at some sites and a trend for TBS to improve after
surgical treatment. However, we also newly show that pa-
tients in remission after surgery have lower volumetric BMD
and disrupted microarchitecture compared to controls.
Similar deficits were present, most to a greater degree, in pa-
tients with active disease. These data suggest that despite im-
provements in acromegaly treatment, deficits in bone quality
persist. Since these associate with skeletal fragility and VF in
other populations, they may play a role in promoting VF in
acromegaly.

We longitudinally assessed the effects of acromegaly treat-
ment on aBMD by DXA, TBS, and vBMD and microarchitec-
ture of the distal radius and tibia by HRpQCT. With surgical
treatment alone, aBMD improved at the radius but deterio-
rated at the spine in women and improved at the total body,
spine, and radius sites in men. Very few other longitudinal
studies have reported the effects of surgical/medical therapy
on aBMD. In 1 study, aBMD did not change [49], and in an-
other increases in aBMD of the LS and UDR and trends for in-
creases in aBMD of the 1/3R and hip were observed [50].
aBMD seemed to improve more in men in our study, possibly
because of the relatedly lower rate of hypogonadism among
them in our cohort. Others have reported greater increases
in aBMD in eugonadal patients [50]. We found no change in
TBS after acromegaly surgery, but scores were closer to con-
trols at follow-up suggesting an improvement. The small sizes
of our TBS analysis groups could have led to underestimation
of its change with treatment. However, prior studies conflict
with regard to the effect of acromegaly treatment on TBS;
TBS rose [15], was unchanged [51, 52], or decreased [50].

On longitudinal HRpQCT testing we found increases in
volumetric density and estimates of strength and improve-
ments in microarchitecture with acromegaly treatment.
Specifically, at the radius, Tot.vBMD, Ct.vBMD, Tb.vBMD,
and Tb.N increased and Tb.Sp was lowered and at the tibia,
Tot.vBMD, Ct.vBMD, Tb.vBMD, and Tb.BV/TV increased
with acromegaly treatment. FEA also demonstrated improve-
ments in stiffness and F.load of the tibia. These surrogate

measures of strength relate to fragility fractures, independent
of DXA, in other populations [17, 35, 53, 54] and could be
markers of fracture risk in acromegaly. Most of the patients
in the prospective HRpQCT study were surgically treated,
but 4 were tested before and after octreotide LAR therapy.
HRpQCT parameters changed similarly with both treat-
ments. Although octreotide suppressed osteoblasts in 1 vitro
study [55], prior cross-sectional HRpQCT studies, which in-
cluded 57% [56], 67% [57], or unspecified [58, 59] percen-
tages of somatostatin receptor ligand-treated patients did
not report differential effects of surgical vs somatostatin re-
ceptor ligand treatment, and a recent study found VF rate to
be independent of type of acromegaly medical therapy [60].
These data do not suggest that inclusion of octreotide
LAR-treated patients biased our longitudinal studies’ results.
However, the potential differential effects of acromegaly ther-
apies on bone quality warrants further study.

Given prior reports of an increased rate of incident VF
among treated acromegaly patients, we aimed to determine
the extent to which microstructural abnormalities persist in
patients in remission after surgery. We found that men and
women in remission had larger bone size, lower trabecular
density, and disrupted microarchitecture at the radius and
lower trabecular density at the tibia compared to controls.
Men also had larger bone size and lower cortical volumetric
density and women disrupted microarchitecture at the tibia.
Since no prior HRpQCT study specifically compared patients
in remission to controls, ours is novel evidence of these deficits
in successfully surgically treated patients. In this study, we
also cross-sectionally evaluated patients with active disease
compared to controls using HRpQCT as did 2 prior studies
[56, 58], but 2 others reported data from combined active
and controlled disease cohorts [57, 59]. Overall, ours and pri-
or studies found that bone size is increased [56-58], volumet-
ric density is reduced, and bone microarchitecture is disrupted
[56-59] in active acromegaly. We, as did others, found similar
microstructural parameters in active and remission/controlled
acromegaly groups [56, 57, 59, 61], and disease activity did
not predict these parameters in our regression analysis.
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However, since we separately compared active and remission
groups to controls in the same study, we were able to appreci-
ate that the degree of deviation from controls seemed greater
in the active compared to remission groups. This is consistent
with the improvements that we observed in our longitudinal
study.

We also explored the potential relationships of abnormal
microarchitecture in acromegaly to treatment stage and go-
nadal function. Of our active disease patients, 62% were
newly diagnosed and untreated whereas this percentage was
only 3% [56], 1.5% [57] or unspecified [58, 59] in other stud-
ies. Newly diagnosed vs prior treatment status was not a
predictor of microstructural parameters in our regression ana-
lysis. However, hypogonadism was a negative predictor of a
number of these parameters. This finding is consistent with
prior studies in which, using a variety of techniques, hypo-
gonadal patients had lower vBMD and more disrupted micro-
architecture in the peripheral skeleton [59, 61] as well as
reduced spinal volumetric trabecular bone mass [62].
Importantly, however, microarchitectural abnormalities per-
sisted in eugonadal patients in prior studies [58, 59], and the
men in remission in our HRpQCT cross-sectional study
group, who were all eugonadal, had significantly reduced
vBMD and disrupted microarchitecture. Thus, although
hypogonadism accentuates the abnormalities of bone struc-
ture in acromegaly, it does not appear to be the only etiology
of this. A strength of our study is our sex-specific analyses of
HRpQCT data; normal values for these are sex specific [11].
Prior HRpQCT studies examined just men [58], women
[56] or both sexes combined [57, 59], but we could appreciate
sex differences in microstructural abnormalities. For example,
in men the tibia appeared less affected than the radius and
than the tibia in women, suggesting less protection from
weight bearing in the tibia of women. VF risk is higher in
men than women with acromegaly, and characterizing sex-
specific abnormalities is relevant to understanding this differ-
ence in risk.

TBS has been found to be overall lower in acromegaly re-
gardless of disease activity and gonadal function [13] or to
not differ [4] from nonacromegaly populations. In our study,
TBS was lower than controls at baseline in our longitudinal
group and in women tested cross-sectionally in remission,
who were mostly postmenopausal and, overall, had lower
LS aBMD than other groups. We found positive relationships
of TBS to aBMD of the LS and FN, as expected from data in
other populations [11, 63]. Interestingly, TBS correlated posi-
tively with some volumetric density and microarchitectural
parameters of the radius and tibia. Since in other data lower
TBS signifies worse microarchitecture that relates to fragility
fractures [64, 65], low TBS is likely to be evidence of disrupted
vertebral trabecular microarchitecture in acromegaly. This
may relate to higher bone remodeling, which negatively im-
pacts microstructure, leading to trabecular perforation and
dropout. TBS and bone marker values did not correlate in
our study, but we found, as expected, higher bone marker lev-
els in active disease than remission and a lowering of them
with acromegaly treatment [4].

A limitation of our study is that it was not designed to
evaluate VF rate. We assessed for VF in only a third of our
cohort and did this by vertebral fracture analysis, which
has a lower sensitivity for grade 1 than grade 2 and 3 frac-
tures [66]. This limitation needs to be considered in the
interpretation of our findings of no incident VF in the 6
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longitudinally followed patients and a low VF rate among
patients assessed cross-sectionally. In prior studies, rates
of prevalent and incident VF remained increased in treated
acromegaly patients [5-8, 10] and some of the peripheral
microstructural abnormalities we found in patients in remis-
sion were associated with VF in 1 [61], but not another [56]
study. However, the improvements in density, microstruc-
ture, and strength estimates we detected could have miti-
gated VF risk. Also, our cohort seemed to differ from
those of prior VF studies with regard to factors that increase
fracture risk in that ours had a lower proportion of patients
with hypogonadism and receiving glucocorticoid replace-
ment [10]. Less hypopituitarism in our cohort may partially
explain why we detected improvements in bone quality with
acromegaly treatment. With our study size, we could not test
for an association of VF with microstructural abnormalities,
and additional studies are needed to examine whether
HRpQCT findings predict VF in acromegaly.

Other limitations of our study should be considered.
Interpretation of our results should consider that our longi-
tudinal studies were small in size and patients varied in their
length of follow-up. Some of our patients had vitamin D de-
ficiency, and in some this was corrected at the time of longi-
tudinal follow-up, which could have been a factor in our
findings. However, other studies have reported similar mi-
croarchitectural changes in patients who appeared to be
vitamin D replete [56, 58]. Prior studies found more dis-
rupted microarchitecture in acromegaly patients with than
without type 2 diabetes, but our study included only a small
number of patients with diabetes. The fact that some of our
subgroups included very few hypogonadal patients limited
our ability consider gonadal function in all analyses. Also,
acromegaly is a heterogeneous disease, so factors that we
could not adjust for may have contributed to our results.

In conclusion, we show, for the first time in a longitudinal
study of bone structure assessed by HRpQCT, that acromeg-
aly treatment is associated with improvements in vBMD and
microarchitecture, stiffness, and F.load. However, patients
in remission after surgery have persistently reduced vBMD
and microarchitectural abnormalities. We did not assess
VF in the majority of our patients, but the abnormalities
we found are associated with lower bone strength and preva-
lent fractures in other populations. TBS did not clearly
change with acromegaly treatment but did relate to a number
of microstructural abnormalities in these patients. Further
studies are warranted to understand how to identify, poten-
tially by HRpQCT abnormalities, those patients with con-
tinued poor bone quality despite successful acromegaly
treatment.
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