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Osteoporosis occurs in every third individual after simultaneous pancreas kidney transplantation (SPKT).
Currently used bone measures insufficiently predict their fracture risk. Lumbar spine Trabecular bone score (TBS)
and distal radius areal and volumetric bone mineral density (BMD) were monitored for the first time in patients
Trabecular bone score with type 1 diabetes and chronic renal failure after SPKT with steroid-sparing protocol. In 33 subjects (mean age
DXA 43.4 + 9.8 years), dual-energy X-ray absorptiometry and peripheral quantitative computed tomography were
pQCT performed just after SPKT (baseline) and one and three years later. While TBS Z-scores increased (—1.1 + 1.2 and
—0.3 £ 1.0; p<0.001, at baseline and year three, respectively), trabecular volumetric BMD Z-scores at distal
radius metaphysis did not change during the study (—1.3 + 1.3 and —1.3 + 1.0; p = 0.38). Similarly, areal BMD
Z-scores increased at lumbar spine, total hip and femoral neck (all p < 0.01), but not at the distal radius. SPKT
induced bone measures’ improvement at lumbar spine and hip but not at distal radius. Before suggesting changes
in current clinical care, predictive value of individual bone measures or its combination for fracture risk

assessment remains to be elucidated.

1. Introduction

Simultaneous pancreas and kidney transplantation (SPKT) is the
treatment of choice for most patients with type 1 diabetes (T1D) and
renal failure due to diabetic nephropathy (Kukla et al., 2021). SPKT
successfully restores normoglycaemia and kidney function. However,
other metabolic as well as skeletal complications become prominent
with improved patient and graft survival (Lauria and Ribeiro-Oliveira
Jr., 2016). Post-transplant osteoporosis with increase fracture risk is
an acknowledged long-term complication after solid organ trans-
plantation (Anastasilakis et al., 2019). In SPKT, post-transplant bone
impairment occurs due to a combination of pre-transplant conditions
(diabetic osteopathy and chronic kidney disease-mineral and bone dis-
order (Hygum et al., 2019; Ebeling, 2009)) and post-transplant risk
factors (suboptimal graft function, the use of corticosteroids and calci-
neurin inhibitors or vitamin D deficiency (Lan et al., 2015)). In addition,
hyperparathyroidism may persist in post-transplant period despite
normalization of metabolic abnormalities (Malluche et al., 2010; Van-
gala et al., 2018). Active diagnostic approach is recommended since

symptoms like bone pain or accentuated height loss are not generally
present and fracture might be the first clinical sign of advanced
0steoporosis.

A clear association has been found between areal bone mineral
density (aBMD) assessed by Dual energy X-ray absorptiometry (DXA)
and fracture risk in females and males (Arlot et al., 1997; Kanis et al.,
2001). Based on the scientific evidence, the International Society for
Clinical Densitometry (ISCD) produced Official Positions, where anterio-
posterior scan of lumbar spine, total hip, femoral neck and, in specific
cases (such as hyperparathyroidism), 33 % radius, were established as
appropriate skeletal sites to diagnose osteoporosis (Binkley et al., 2006).
However, it is an acknowledged fact that DXA-assessed aBMD represents
only a minor contributor of fracture risk in an individual and that other
(more predictive) risk factors such as age, previous fracture, glucocor-
ticoid treatment, etc., needs to be accounted for (Kanis, 2002). There-
fore, other bone quality and strength surrogates have recently been
introduced aiming to improve fracture prediction in health and disease.
Among them, DXA-derived trabecular bone score (TBS) assessed from
the lumbar spine scan and bone-size independent trabecular volumetric
BMD (vBMD) assessed by peripheral quantitative computerized
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Abbreviations
BMD bone mineral density
aBMD  areal bone mineral density

vBMD  volumetric bone mineral density
BMI body mass index
CKD chronic kidney disease

DCCT Diabetes Control and Complications Trial
DR distal radius

DXA dual energy x-ray absorptiometry

FN femoral neck

GFR glomerular filtration rate

HbAlc glycated haemoglobin

HPLC high performance liquid chromatography
IFCC International Federation of Clinical Chemistry
LS lumbar spine

MA muscle area

MDRD  modification of diet in renal disease

PTH parathormone

pQCT peripheral quantitative computed tomography
SPKT simultaneous pancreas and kidney transplantation
SSI polar strength-strain index

TBS trabecular bone score

TH total hip

T1D diabetes mellitus type 1

tomography (pQCT) at the radius or tibia seems to be promising
(McCloskey et al., 2016; Krohn et al., 2019; Samelson et al., 2019).

Data pertaining to BMD after SPKT are scarce and contradictory.
While Smets et al. demonstrated BMD decline at both lumbar spine and
femoral neck during the first 6 months after SPKT (Smets et al., 2004),
more recent studies report no changes (Torregrosa et al., 2015) or even
improvements in BMD T-scores at the same sites (Rocha et al., 2016;
Pereira et al., 2010). So far, there have been no reports on development
of novel bone strength measures like TBS or development of BMD at the
peripheral skeleton (i.e., radius), in subjects after SPKT.

The aim of our three-year-observational study was to explore the
effect of SPKT on bone health in subjects with diabetic nephropathy by
prospectively capturing recently established measures of bone strength
(in particular: DXA-assessed TBS at lumbar spine and pQCT-assessed
trabecular vBMD at distal radius). Secondary outcomes were to com-
plement the findings with observations of the aBMD assessed by DXA at
the lumbar spine (LS), total hip (TH), femoral neck (FN) and 33 % radius
(DR), cortical vBMD, polar Strength-strain index and muscle area, as
assessed by pQCT, biochemical parameters of bone mineral metabolism
and organ transplant function, and incident fractures.

2. Materials and methods
2.1. Design

Three-year prospective observational single-centre study.

2.2. Subjects

Thirty-six individuals with T1D and advanced diabetic nephropathy
(CKD G 4-5) who underwent their first SPKT and agreed with the pro-
tocol entered the study. All SPKTs were performed between the end of
November 2011 and November 2014 at the only national trans-
plantation diabetes centre in the Czech Republic. Three participants
refused to continue after the baseline assessment. Thirty-three remain-
ing participants completed the study protocol and were analysed. Of
them, three and one patients missed pQCT densitometry at year 1 and 3,
respectively. The study was conducted according to the principles of the
Declaration of Helsinki and its later amendments and approved by the
Ethics Committee of the Institute for Clinical and Experimental Medicine
and Thomayer Hospital (approval number: G 11-06-06, July 1, 2011,
Prague, Czech Republic). Informed consent was obtained from all indi-
vidual participants included in the study.

2.3. Transplantation procedure
The SPKT procedure was performed using grafts from deceased do-

nors with portal venous drainage and enteric drainage of the pancreatic
duct. A standard immunosuppressive protocol was followed (Girman

et al., 2019). Induction immunosuppressive therapy included 2 doses of
methylprednisolone (500 and 250 mg) and 3 or 4 doses of anti-T-
lymphocyte globulin. Maintenance immunosuppression consisted of
tacrolimus in combination with either mycophenolate mofetil or siroli-
mus. Oral prednisone was gradually tapered from an initial dose of 20
mg per day and completely withdrawn within 4 weeks of trans-
plantation, unless reintroduced in selected cases due to graft rejection
or, temporarily, due to intolerance to maintenance immunosuppressive
agents. Episodes of acute rejection were treated with methylpredniso-
lone pulses or with polyclonal anti-T-cell antibodies. All patients ob-
tained the obligatory cumulative glucocorticoid dose of 750 mg of
methylprednisolone plus 330 mg of prednisone within the first 4 weeks
after SPKT. In 21 subjects, median dose 1250 mg (interquartile range
435-1733 mg) of methylprednisolone/prednisone was additionally
administered during the first post-transplant year, while in 10 subjects, a
median dose of 856 mg (interquartile range 491-2006 mg) was
administered in the second and third years of the study.

2.4. Study protocol

Routine clinical follow-up consisted of physical examination, body
mass index (BMI) calculation, laboratory assessment of graft function
(serum creatinine level, estimated glomerular filtration rate, fasting
glycaemia and glycated haemoglobin) and bone metabolism (serum
calcium, phosphate, intact parathyroid hormone and 25-OH vitamin D).
DXA and pQCT were performed within 2 month and then 1 and 3 years
after SPKT. The occurrence of symptomatic radiologically confirmed
fractures was documented.

2.5. Bone metabolism modulating therapy

In addition to routine laboratory follow-up, calcium, phosphorus,
PTH and vitamin D level is evaluated initially in all subjects after SPKT
and in those intended to treat with bone metabolism modification
therapy every 6-12 months later on. Markers of bone remodeling (P1NP
and beta cross-laps) are monitored every 6 months in subjects treated
with antiresorptive therapy. The aim of the follow-up is to maintain
calcium and phosphorus levels in normal range, PTH level adequate to
renal function and to reach vitamin D level at least 75 nmol/1. When GFR
declines below 0.6 ml/s, we switch from bisphosphonates to denosumab
(not a case of our study).

Oral calcium substitution (500-600 mg/day) was prescribed to
correct hypocalcaemia in altogether 21 subjects (64 %) during the study
period. Cholecalciferol was administered orally in subjects with a 25-OH
vitamin D (25-OHD) serum concentration < 75 nmol/l (< 30 ng/ml)
unless contraindicated by conditions such as hypercalcaemia or hyper-
phosphataemia. In total, 31 subjects (94 %) received cholecalciferol
substitution (5000-20,000 IU/week) during the study period. Calcitriol
(25 pg/day) was used to treat secondary hyperparathyroidism in cases
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where the effect of cholecalciferol administration was insufficient (7
subjects, 21 %). Cinacalcet (30-60 mg/day) was prescribed in three
subjects (9 %) with tertiary hyperparathyroidism and hypercalcaemia;
two of these patients later underwent parathyroidectomy. In subjects
with aBMD in the osteoporotic range (T-score at either site < —2.5 ac-
cording to the World Health Organization criteria (Assessment of frac-
ture risk and its application to screening for postmenopausal
osteoporosis, 1994)), bisphosphonates were prescribed after kidney
function stabilisation (GFR > 0.6 ml/s). This treatment was introduced
in 5 subjects during the first post-transplant year and in another 3
subjects during the second post-transplant year.

2.6. Laboratory measurements

Total serum calcium, phosphate and creatinine values were analysed
spectrophotometrically using automated analysers. Ionised calcium was
measured by direct potentiometry, intact PTH by using electro-
chemiluminescence immunoassay (Elecsys PTH, Roche diagnostics
GmbH Sandhoferstrasse 116, D-68305 Mannheim). Concentrations of
25-OHD were measured by RIA (using kits from DIAsource Immunoas-
says S.A., Louvain-la-Neuve, Belgium) and glycated haemoglobin
(HbAlc) by HPLC, as calibrated to the International Federation of
Clinical Chemistry (IFCC) reference procedure (International Federation
of Clinical C et al., 2007). Both IFCC and calculated Diabetes Control and
Complications Trial (DCCT) values are presented. The estimated
glomerular filtration rate (GFR) was calculated using the MDRD formula
(Levey et al., 2007).

2.7. Bone densitometry — dual energy X-ray absorptiometry (DXA)

All subjects underwent bone densitometry (DXA, Lunar Prodigy
Primo, GE Healthcare) of the L1-L4 lumbar spine (LS), total hip (TH),
femoral neck (FN) and 33 % radius (distal radius, DR). Values were
evaluated using enCORE software, version 13.60.033 (GE Healthcare)
including the USA combined NHANES/Lunar reference population.
Results were expressed in absolute values (g/cmz) and as Z-scores
(standard deviation score from the age- and sex-specific mean of a
healthy population), as the majority of study subjects was younger than
50 years. Instrument quality control on the DXA scanner was performed
daily using a standard spine phantom. Trabecular bone score (TBS) from
the LS scan was assessed with TBS iNsight software version 3.0.3.0 (GE
Healthcare). Due to the lack of both the device-incorporated and local
population-specific reference values, TBS Z-scores were calculated from
the published Australian reference values (Anderson et al., 2019).

2.8. Bone densitometry — peripheral quantitative computed tomography
(PQCD)

An XCT 2000 scanner (Stratec Medizintechnik, Pforzheim, Germany)
was used to obtain measurements at the non-dominant radius. Trabec-
ular vBMD was assessed at the distal radius (4 % site) while cortical
vBMD, polar Strength Strain Index were assessed at the proximal radius
(65 % site). Technical details and scanner setting were published pre-
viously from our group (Soucek et al., 2018). The muscle area (MA)
parameter, representing the cross-sectional area of the forearm muscles
at the 65 % site, was computed by subtracting areas of the radius, ulna
and subcutaneous fat tissue (Rauch and Schoenau, 2008). Precision er-
rors for pQCT measurements were very low at the radius (Soucek et al.,
2011). Raw values were transformed into age- and sex-specific Z-scores
based on published references (Rauch and Schoenau, 2008; Rauch and
Schoenau, 2005).

2.9. Statistical analysis

Statistical analysis was performed in statistical computing environ-
ment R (R Core Team, 2018). Two-sample comparisons were based on
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the two-sample t-test with Welch correction for degrees of freedom.
Post-transplant development of biochemical and bone parameters was
modelled using a mixed linear regression model, including fixed effects
for age, sex, and time (as factor) and assuming a normally distributed
subject-specific random intercept. This longitudinal model is used to
evaluate the effects of further predictors by testing the statistical sig-
nificance of additional explanatory variables (interaction between age
and time, BMI, bisphosphonate treatment history, mycophenolate vs.
sirolimus, cumulative glucocorticoid dosage). Maximum likelihood es-
timates were calculated in R library nlme (Pinheiro et al., 2018), while p-
values were obtained from corresponding likelihood ratio tests. Changes
in bone parameter Z-scores from baseline to year 3 were evaluated using
the paired t-test. The dependency of improvements in bone parameters
(from baseline to year 3) on enhanced biochemistry markers (from
baseline to year 3) was evaluated by testing the effect of the marker
changes using a linear regression model adjusted for sex and age.

3. Results
3.1. Baseline clinical characteristics

Baseline anthropometric and selected laboratory characteristics are
shown in Table 1. Men prevailed in our study and were significantly
older than women. T1D duration and control were comparable between
the sexes. Twenty-five subjects received dialysis treatment before
transplantation with a mean dialysis time of 20.2 (+14.4) months. The
remaining 8 subjects underwent pre-emptive transplantation.

3.2. Novel bone strengths surrogates

Mean TBS Z-score was decreased at the beginning of the study but
increased significantly and normalized during the first year of follow up
(Table 2, Fig. 1). No subsequent changes were observed between year 1
and year 3. Mean trabecular vBMD Z-score was low at study baseline and
remained unchanged during the follow-up period (Table 2, Fig. 2).

Table 1
Patient’s anthropometric and biochemistry characteristics at the time of
transplantation.

Participants N=33
Males Females P-
N =23 (69.7 N =10 (30.3 value”
%) %)
Age (years) 46.3 £ 9.8 36.8 + 6.1 0.002
(23.8; 62.5) (27.8; 48.2)
Height (cm) 179.0 £ 7.5 165.9 + 6.6 <0.001
(168; 195) (156; 178)
Weight (kg) 78.9 +10.8 60.0 +10.5 <0.001
(61;98) (43;74)
BMI (kg/m?) 24.6 + 3.0 21.8 +£3.5 0.042
(18.6; 29.8) (15.2; 26.1)
Diabetes duration (years) 26.5 +£10.3 21.8 £4.7 0.084
(14.7; 50.4) (15.8; 30.1)
IFCC HbAlc (mmol/mol) 65.7 +13.2 72.3 £15.3 0.256
(reference range: 20-42) (43; 95) (54; 99)
DCCT HbA1lc (%) 82+1.2 8.8+ 1.4
(reference range: 4-6) (6.1; 10.8) (7.1; 11.2)
Creatinine (pmol/1) 525.5 + 533.4 + 0.911
(reference range: men 64-104; 243.8 153.5
women 49-90) (214.7; (334.8;
1187.0) 807.3)
Glomerular filtration rate (ml/s/1.73 0.21 £ 0.10 0.15 + 0.05 0.011
m?) (0.21; 0.01) (0.08; 0.24)

Mean + SD and (min; max) values are shown. BMI, body mass index; IFCC, In-
ternational Federation of Clinical Chemistry; DCCT, Diabetes Control and
Complications Trial.

 t-Test with Welch correction was used to analyse differences between sexes.
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Table 2
Development of bone density and strength parameters during the post-transplant period.

Baseline Year 1 Year 3 Overall trend
P-value *
p-Value p-Value
(vs. baseline) (vs. year 1)

Lumbar spine aBMD g/cm? 1.063 + 0.154 1.122 + 0.140 <0.001 1.183 £+ 0.156 <0.001 <0.001
Z-score —1.1 £ 1.3** —0.6 + 1.2** <0.001 —-0.1+1.2 <0.001 <0.001

Total hip aBMD g/(:m2 0.830 £ 0.119 0.835 + 0.114 0.597 0.859 + 0.129 0.017 0.007
Z-score —1.5 £ 0.9%** —1.5 + 0.8%** 0.446 —1.3 £ 0.9%** 0.002 <0.001

Femoral neck aBMD g/cm? 0.806 + 0.112 0.813 +£0.118 0.462 0.832 + 0.129 0.061 0.025
Z-score —1.4 £ 0.9%** —1.4 £ 0.8%** 0.689 —1.2 £ 0.8%** 0.010 0.005

Distal radius aBMD g/cm? 0.891 + 0.087 0.882 + 0.086 0.198 0.873 + 0.100 0.199 0.034
Z-score —0.7 £ 0.8%** —0.8 £ 0.8*** 0.262 —0.9 £ 0.8*** 0.262 0.075

Trabecular bone score (LS scan) No unit 1.201 £+ 0.118 1.292 £+ 0.108 <0.001 1.275 £ 0.115 0.441 <0.001
Z-score —1.1 £ 1.2%** —-0.2+1.0 <0.001 —-0.3+1.0 0.830 <0.001

Trabecular vBMD mg/cm3 161.4 + 48.3 159.0 + 429 0.262 158.3 + 38.5 0.412 0.494
(distal radius, pQCT) Z-score —1.3 £ 1.3%%* —1.3 £ 1.2%** 0.513 —1.3 £ 1.0%** 0.177 0.379
Cortical vBMD mg/cm® 1119.0 £ 45.1 1107.0 + 46.0 0.021 1107.0 + 49.8 0.626 0.008
(prox. Radius, pQCT) Z-score -02+14 —0.6 £ 1.4* 0.022 -0.5+15 0.671 0.010
Strength-strain index mm?® 362.6 + 104.3 368.8 + 122.0 0.555 370.3 +£102.7 0.979 0.782
(prox. radius, pQCT) Z-score -02+12 —-0.2+1.3 0.807 -0.1+1.0 0.685 0.785
Muscle area mm? 3192.0 + 844.0 3458.0 + 820.1 <0.001 3499.0 £ 936.6 0.595 <0.001
(prox. radius, pQCT) Z-score —2.2 + 1.5%** —1.5+1.2% <0.001 —1.6 + 1.4%** 0.637 <0.001

Mean + SD values are shown. The one-sample t-test was used to test differences in mean Z-scores from zero: * p<0.05, **p<0.01, ***p<0.001.
aBMD areal bone mineral density; vBMD volumetric bone mineral density.
All measures were assessed in all time points except for pQCT parameters in three subjects at year 1 and one subject at year 3.

# A mixed linear regression model adjusted for age and sex was used to test the effect of time.
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Fig. 1. Post-transplant development of DXA bone measures at the weight-bearing skeleton sites.

Spaghetti plot showing development in individual patients. Boxplots summarizing the median (thick middle line), first and third quartile (lower and upper box
margin), minimum and maximum (whiskers) and outliers (>Q3 + 1.5 x IQR or <Q1 — 1.5 x IQR).

Mixed linear regression model adjusted for age and sex was used to test the effect of time.

aBMD, areal bone mineral density; Q1, first quartile; Q3, third quartile; IQR, interquartile range

TBS, trabecular bone score; LS, lumbar spine; TH, total hip; FN, femoral neck.
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Fig. 2. Post-transplant development of DXA and pQCT bone measures at non-weight-bearing radius.

Spaghetti plot showing development in individual patients. Boxplots summarizing the median (thick middle line), first and third quartile (lower and upper box
margin), minimum and maximum (whiskers) and outliers (>Q3 + 1.5 x IQR or <Q1 — 1.5 x IQR).

Mixed linear regression model adjusted for age and sex was used to test the effect of time.

aBMD, areal bone mineral density; vBMD, volumetric bone mineral density; Q1, first quartile; Q3, third quartile; IQR, interquartile range

SSI, polar strength-strain index.

3.3. Traditional and complementary bone strength measures

Even though all DXA-assessed aBMD Z-scores were low at baseline
and all except the DR significantly increased during follow-up, only
mean LS aBMD Z-score had normalized by the end of the study (Table 2,
Fig. 1). Mean LS aBMD Z-score increased continuously during the
follow-up period with maximal increment during the first post-
transplant year, whereas TH and FN aBMD Z-scores increased signifi-
cantly only between years 1 and 3 (Table 2, Fig. 1).

Mean cortical vBMD Z-score assessed at radial diaphysis by pQCT
was normal at baseline and remained normal throughout the follow up,
despite statistically significant decrease during the first post-transplant
year (Table 2, Fig. 2). Mean polar SSI Z-score remained normal for the
whole study period (Table 2, Fig. 2). The muscle area of the forearm
exhibited a significant increase over the follow-up period, despite the
score remaining low (p<0.001) at all time points (Table 2).

3.4. Calcium-phosphate metabolism development

While mean calcium and phosphate serum concentrations remained
normal during the follow-up period, the mean PTH serum concentration,
which was elevated at baseline, declined significantly during the first
post-transplant year (Table 3). However, PTH serum concentration was
above the upper reference limit for the assay (i.e., > 6.9 pmol/l) in 25
subjects (75.8 %) at year 1 and in 27 (81.8 %) subjects at year 3. At the
beginning of the study, 25-OHD serum concentration was within the
deficiency range (< 30 nmol/l) in 19 subjects (61.3 %) and within the
insufficiency range (30-50 nmol/1) in 11 subjects (35.5 %) according to
current guidelines (Giustina et al., 2019) (two patients had missing
values). The concentrations increased significantly (Table 3) so that only
3 (11.5 %) were deficient and 6 (23.1 %) were insufficient at study end
(seven patients with missing values).

3.5. Graft function

Kidney graft function was established in all subjects within the first
post-transplant month (Table 3). We recorded only one case of kidney
graft failure (due to chronic active antibody mediated rejection), which
occurred 30 months after transplantation. Mean glycated haemoglobin
improved significantly after SPKT (Table 3). In one recipient, the
pancreas graft was explanted one week after SPKT due to graft throm-
bosis. This patient underwent pancreas re-transplantation 9 months
after the first transplant. Apart from this case, full function of the
pancreas graft (not requiring antidiabetic therapy, HbAlc < 47 mmol/1)
was documented in 27 subjects across the entire study period. In 5
subjects, while still having the functioning pancreas graft with signifi-
cantly positive C peptide level, anti-diabetic therapy was required
(gliptins in 2 patients and small doses of insulin + gliptins in 3 patients).

3.6. Predictors of bone measures’ development

Age was a significant predictor of BMD. The younger the patient, the
larger the increase in LS, TH and FN aBMD Z-scores (by 0.03 + 0.01, p <
0.001; 0.01 + 0.01, p = 0.01; and 0.02 + 0.01, p = 0.035; respectively,
in the first year of follow-up). Contrarily, changes in bone parameters
were not associated with changes in creatinine, MDRD, HbAlc, PTH or
BMI.

As expected, at the start of the study subjects treated with
bisphosphonates had lower LS, FN and TH aBMD Z-scores as compared
to untreated subjects (by —2.3 + 0.4, —1.5 + 0.3 and —1.6 + 0.2,
respectively, all p < 0.001). However, mean Z-scores increased similarly
between the two groups (p-values 0.112, 0.537 and 0.391, respectively).
The only parameter to be considerably affected by bisphosphonate
treatment was TBS (Z-scores as well as crude values), which improved
more in the treated group than in the untreated group (the difference in
Z-scores was —0.9 + 0.4, p = 0.035 at study start and 0.2 + 0.4,p = 0.6



S. Kratochvilova et al.

Table 3
Development of selected biochemistry parameters during the post-transplant
period.

Time from transplantation

Week 1 Month 1 Year 1 Year 3 P-
value”
Calcium (mmol/1) 2.09 + 242 + 2.49 + 242 + <0.001
(reference range: 0.17 0.14 0.10 0.12
2.15-2.55) (1.79; (2.16; (2.22; (2.11;
2.57) 2.78) 2.72) 2.62)
Ionised calcium (mmol/ 1.21 + 1.28 + 1.26 + 1.25 + <0.001
D 0.08 0.06 0.05 0.05
(reference range: (1.07; (1.16; (1.19; (1.09;
1.15-1.29) 1.40) 1.50) 1.35) 1.35)
Phosphate (mmol/1) 1.10 £ 0.92 + 1.03 + 1.03 + 0.185
(reference range: 0.62 0.21 0.19 0.18
0.71-1.23) (0.47; (0.40; (0.74; (0.50;
2.81) 1.27) 1.51) 1.45)
Parathormone (pmol/1) 19.5 + 11.4 + 9.7 + 11.7 + <0.001
(reference range: 15.4 7.6 4.7 8.1
1.6-6.9) (7.2; 3.1; 3.7 (3.6;
73.5) 44.5) 21.6) 42.6)
25-Hydroxyvitamin D 11.4 + N/A 29.2 + 26.6 + <0.001
(ng/ml) 4.8 N/A 11.4 11.3
(reference range: (5.2; (10.7; (5.1;
9.2-45.2) 21.6) 57.7) 49.0)
25-Hydroxyvitamin D 28.5 + 73.0 + 66.5 +
(nmol/1) 12.0 28.5) 28.3
(reference range: (13.0; (26.8; 12.8;
23-113 nmol/1) 54.0) 144.3) 122.5)
Creatinine (pmol/1) 263.7 137.6 121.3 136.7 <0.001
(reference range: men + 240.2 + 39.2 + 32.7 + 68.9
64-104; women (51.6; (61.7; (75.4; (81.0;
49-90) 852.0) 238.5) 239.0) 477.6)
Glomerular filtration 0.69 + 0.83 + 0.92 + 0.86 + <0.001
rate (ml/s/1.73 m?) 0.48 0.29 0.22 0.28
(0.09; (0.32; (0.41; (0.14;
1.92) 1.56) 1.3) 1.32)
HbAlc (IFCC) (mmol/ N/A 45.2 + 38.9 + 38.8 + <0.001
mol) N/A 8.0 5.0 6.9
(reference range: (3.0; (26.0; (28.0;
20-42) 67.0) 53.0) 69.0)
HbAlc (DCCT) (%) 6.2 + 57+ 5.7 +
(reference range: 4-6) 0.7 0.5 0.6
(5.4; (4.5; 4.7;
8.3) 7.0) 8.5)
Fasting glycaemia N/A? 5.8 + 5.5+ 5.5+ 0.322
(mmol/1) 1.1 1.2 1.1
(reference range: (4.4; (3.7; (4.4;
3.6-5.59) 9.6) 10.2) 9.2)

Mean + SD and (min; max) values are shown; (a) fasting glycaemia was not
evaluated at week 1 because of parenteral nutrition with concomitant insulin
administration in several subjects.
IFCC, International Federation of Clinical Chemistry; DCCT, Diabetes Control
and Complications Trial.
All measures were assessed in all time points except for 25-hydroxyvitamin D
level in 2 subjects at year 1 and 7 subjects at year 3.

@ A mixed linear regression model adjusted for age and sex was used to test the
effect of time.

at study end, after adjusting for age and sex).

The (logarithmically transformed) cumulative glucocorticoid dose
was negatively associated with changes in cortical vBMD and MA Z-
scores (—0.4 + 0.2, p = 0.044 and —0.4 + 0.2, p = 0.032, respectively).
Immunosuppression type (mycophenolate vs. sirolimus) did not have a
significant effect on bone measures’ development after the
transplantation.

3.7. Fractures

Twelve subjects had a history of previous fracture, no other clinical
sign of any bone impairment was present. Across the entire study period,
there were three incident symptomatic fractures in two subjects. One
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patient suffered a distal radius fracture and another patient sustained
two unrelated fractures: of the distal radius and of the metatarsal in the
left foot due to osteomyelitis. The fracture rate was too low to permit any
other analysis.

4. Discussion

This is the first study to describe the development of TBS of the
lumbar spine and areal as well as volumetric BMD of the distal radius in
patients with T1D and diabetic nephropathy during the first three years
after SPKT. We found that: a) TBS as well as aBMD at lumbar spine, total
hip and femoral neck were low at the time of SPKT and increased during
the follow-up, b) improvements occurred earlier in the trabecular bone
(in the first post-transplant year, TBS and LS aBMD) than in the cortical
bone (between years 1 and 3, TH and FN aBMD), c) both areal and
trabecular volumetric BMD assessed at distal radius did not improve, d)
bone strength surrogates at the diaphysis of the radius (cortical vBMD
and SSI polar) were normal, and e) bone measures’ improvements at
lumbar spine, total hip and femoral neck were negatively related to age
of the patients.

4.1. TBS and aBMD at established osteoporotic skeletal sites

Despite that TBS was proved to improve fracture prediction
compared to aBMD alone (Silva et al., 2015), guidelines adept at dis-
tinguishing physiological and pathological TBS values have not been
established yet. By considering Z-scores >—2.0 and <2.0 to be “within
range” (i.e., similar approach as to BMD values), 21 % of our study
participants would have been below the expected range at baseline,
whereas all of them would have had normal TBS Z-scores by the end of
the study. Similarly to TBS, aBMD at LS, TH and FN was low at baseline
and improved significantly during the follow up. Low aBMD at the time
of transplantation is in accordance with previously published cross-
sectional and longitudinal studies in subjects before (Kratochvilova
et al., 2019) and after SPKT (Smets et al., 2004; Torregrosa et al., 2015;
Rocha et al., 2016; Pereira et al., 2010; Smets et al., 1998). However, the
favourable aBMD development observed in our study contrasts the
findings of several previously published papers. In individuals who un-
derwent SPKT between the years 1995 and 1997, rapid LS aBMD
reduction within the first six months after transplantation (—6.0 %) and
a failure to reach baseline values up to 2.5-4.0 years after SPKT were
documented (Smets et al., 2004). Contrarily, subjects transplanted be-
tween the years 1998 and 1999 presented with stable LS aBMD one and
10 years after SPKT (Torregrosa et al., 2015) and patients transplanted
between the years 2000 and 2009 showed increases in LS aBMD T-scores
by 0.8 three years after SPKT (Rocha et al., 2016). As currently used
immunosuppressive protocols consist of much lower doses of glucocor-
ticoids compared to protocols used in the ‘90s, and glucocorticoids are a
known deleterious bone agent, this protocol change could at least
partially explain the contradictory findings. Moreover, some reports
suggest that now widely used maintenance immunosuppressant tacro-
limus may have a less deteriorating effect on bone remodeling compared
to formerly administered cyclosporine (Anastasilakis et al., 2019; Lan
et al., 2015). In addition, we may speculate that enteric drainage of the
pancreatic duct (used in latter studies as well as in our study) may be
superior to bladder drainage (used in the mid-90s study (Smets et al.,
2004)), where exocrine pancreatic secretion into the urinary bladder
may lead to bicarbonate loss and metabolic acidosis, thus exacerbating
metabolic bone disease. Significant improvements in TBS and LS, TH
and FN aBMD, observed in our patients, may thus reflect bone-sparing
SPKT protocol changes that were introduced over the past decades.

4.2. The impact of cortical bone content

Whereas TBS and LS aBMD, both largely reflecting trabecular bone,
increased significantly already in the first post-transplant year, TH and
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FN aBMD, which both predominantly include cortical bone, did not
improve until the last two years of follow-up. Similarly to LS aBMD,
previous findings on FN aBMD in subjects after SPKT are inconsistent
and probably influenced by the different treatment protocols used
(Smets et al., 2004; Rocha et al., 2016; Pereira et al., 2010). Cortical
bone has substantially slower rate of metabolism compared to trabecular
bone (Hart et al., 2020), which may explain why TH and FN aBMD
improved later on during the follow up. In addition, as there were 76 %
of subjects at year 1 and 82 % of subjects at year 3 who had their PTH
values above the upper reference limit, hyperparathyroidism, which is
quite common in patients with a history of renal failure (Wolf et al.,
2016) and which predominantly affects cortical bone (Dempster et al.,
2007; Iyer et al., 2014; Nickolas et al., 2013), probably mitigated the
positive effect of SPKT on cortical bone sites. It is not known yet how
changes in cortical bone quality affect the fracture risk and how to
effectively manage persistent hyperparathyroidism after SPKT to reduce
fracture risk in these patients.

4.3. Bone strength at non-weight bearing peripheral skeleton

Forearm is among the most frequently fractured sites both in general
population (Collaborators, 2021) and in individuals after kidney trans-
plantation (Iseri et al., 2020). Still, this is the first study to explore bone
measures at the radius in patients after SPKT. In our patients, both distal
radius aBMD and trabecular vBMD at the distal metaphysis of the radius
were low at baseline and did not increase over the follow up. Osteopo-
rosis is a systemic disease that undoubtedly affects the whole skeleton.
However, the discrepancy between distal radius and LS (and TH and FN)
aBMD development suggest that distinct skeletal sites may react differ-
entially to altered metabolic conditions after SPKT, probably at least
partially due to hyperparathyroidism. Also kidney transplant recipients,
who were treated with similar immunosuppressive protocol with early
corticosteroid withdrawal, showed no change of LS and TH aBMD but
decrease of distal radius aBMD within the first post-transplant year (Iyer
et al., 2014). Moreover, cortical vBMD and polar SSI (resistance to tor-
sion and bending) at the diaphysis of the radius were normal at study
baseline and remained normal during the follow up in our patients after
SPKT. This was accompanied by a significant increase of muscle area at
the forearm, which presumably reflects enhanced physical activity and
wellbeing of patients. It remains to be elucidated whether the conse-
quent increased mechanical loading contributed to the finding that
weight-bearing sites exhibited more profound positive effects of SPKT
than non-weight-bearing sites.

4.4. Predictors of development of bone strength surrogates

Identifying predictors of skeletal outcomes aims to improve or
individualize patient care. Our study showed that younger patients
gained more LS, TH and FN aBMD after SPKT than older subjects. This
might be due to physiological age-related bone turnover rate suppres-
sion (Jorgensen et al., 2017) or other yet unknown factor. Nevertheless,
the clinical implication is that the sooner the transplantation the better
the bone outcome to be expected. Bisphosphonate treatment lead to
SPKT-independent TBS improvement, but the relevance for diminishing
the fracture risk is not clear yet. Further studies are needed to establish
the indication criteria and effectiveness of bisphosphonate treatment in
patients after SPKT.

4.5. Fractures

Fracture rate was low during the study and both subjects had a his-
tory of fracture before SPKT. Distal radius fractures occurred after the
fall from standing position during routine daily activities suggesting that
patients in risk should be advised to adopt intensive fall prevention
measures in addition to general lifestyle modification to reduce bone
loss.
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4.6. Study strengths and limitations

The strengths of our study were the prospective longitudinal design,
complex bone densitometry assessment including parallel evaluation of
multiple skeletal sites, utilizing volumetric BMD of the radius and
exploring recently established bone strength surrogates. The limitation
was a lack of control group. As young patients with T1D and CKD are
always considered for SPKT in our centre unless they have a living
kidney donor (thus first undergo kidney transplantation and then get
pancreas transplant during a second surgery) (Girman and Saudek,
2011), there were no subjects available that would stand as controls to
SPKT. Kidney transplant recipients with T2D are not appropriate due to
older age and different pathophysiology of bone impairment.

4.7. Conclusions

While patients with T1D and renal failure due to diabetic nephrop-
athy presented with low BMD at multiple skeletal sites, SPKT with
corticoid sparing protocol lead to rapid improvement in metabolic pa-
rameters and increase in TBS and aBMD at major osteoporotic sites (i.e.
LS, FN and TH). Trabecular bone measures (TBS and LS aBMD) showed
normalization already within the first post-transplant year, but pre-
dominantly cortical sites (FN and TH aBMD) increased to lesser extent
and significantly not until the second and third years of follow up, which
might be due to persistent hyperparathyroidism in majority of the pa-
tients. We are the first to demonstrate that systemic changes induced by
both the disease and treatment may be less pronounced at non-weight-
bearing skeletal sites like radius. By including both bone assessment at
the radius and rigorous record of incident fractures as a standard of care
in patients after SPKT we anticipate better understanding of the devel-
opment of skeletal health, which may direct our future diagnostic and
treatment approaches to osteoporosis in these patients. Studies
involving a larger population of subjects after SPKT are needed in order
to clarify which bone measures (or combination of measures) are pre-
dictive of subsequent fractures and warrant anti-osteoporotic treatment.
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