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Bone microarchitecture is an important component of bone quality and disturbances may reduce bone strength
and resistance to trauma. Kidney transplant recipients have an excess risk of fractures, and bone loss affecting
both trabecular and cortical bone compartments have been demonstrated after kidney transplantation. The
primary aim of this study was to investigate the impact of kidney transplantation on trabecular and cortical bone
microarchitecture, assessed by histomorphometry and micro computed tomography (pCT). Iliac crest bone bi-
opsies, analyzed by bone histomorphometry and puCT, were performed at time of kidney transplantation and 12
months post-transplantation in an unselected cohort of 30 patients. Biochemical markers of mineral metabolism
and bone turnover were measured at both time-points. At 12 months post-transplantation, bone turnover was low
in 5 (17%) and normal in 25 (83%) patients. By histomorphometry, bone remodeling normalized, with decreases
in eroded perimeters (4.0 to 2.1%, p = 0.02) and number of patients with marrow fibrosis (41 to 0%, p < 0.001).
By uCT, trabecular thickness (134 to 125 uM, p = 0.003) decreased slightly. Other parameters of bone volume
and microarchitecture, including cortical thickness (729 to 713 pm, p = 0.73) and porosity (10.2 to 9.5%, p =
0.15), remained stable. We conclude that kidney transplantation with current immunosuppressive protocols has
a limited impact on bone microarchitecture.

absorptiometry (DXA) is the most common assessment when monitoring
bone quantity. Historical cohort studies reported BMD losses exceeding

1. Introduction

Kidney transplant recipients experience an excessively high fracture
risk, especially during the first year after transplantation, with risks
exceeding what is seen in the dialysis population by 30% (Ball et al.
2002). Immunosuppressive drugs, particularly steroids, and persistent
hyperparathyroidism play a role in post-transplantation bone disease,
along with de novo abnormalities related to poor kidney graft function
and age-related changes (Bouquegneau et al., 2016).

Areal bone mineral density (BMD) by dual-energy x-ray

10% during the first year after kidney transplantation (Julian et al.,
1991; Heaf, 2003). More recent studies show less pronounced bone loss,
perhaps paralleling the increased use of steroid minimization protocols
(Iyer et al., 2014; Evenepoel et al., 2020; Evenepoel et al., 2017). While
predicting fractures in de novo kidney transplant recipients (Evenepoel
et al.,, 2019) a low BMD does not fully explain the risk. This is not
remarkable, as DXA cannot inform on bone quality; bone mineralization,
turnover, and microarchitecture are all characteristics affecting bone

Abbreviations: 2D, two-dimensional; 3D, three-dimensional; BMD, bone mineral density; BALP, bone-specific alkaline phosphatase; CKD, chronic kidney disease;
DXA, dual-energy x-ray absorptiometry; eGFR, estimated glomerular filtration rate; HRpQCT, high-resolution peripheral quantitative computed tomography; PTH,
parathyroid hormone; PINP, intact pro-collagen type I N-terminal pro-peptide; TMV, Turnover, mineralization, and volume; TRAP5b, tartrate resistant acid phos-

phatase type 5b; pCT, micro computed tomography.
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strength, which are not captured by DXA (Ketteler et al., 2018). Further,
DXA does not allow for a distinction between cortical and trabecular
bone compartments. Glucocorticoids, still a mainstay in most immuno-
suppressive protocols, predominantly cause trabecular bone loss (Cho-
tiyarnwong and MecCloskey, 2020), while excessive PTH signaling
triggers loss of cortical bone (Malluche et al., 2018), resulting in
decreased cortical density and increased cortical porosity and thinning
(Nickolas et al., 2013). This differential effect on bone compartments
may explain why patients with chronic kidney disease (CKD) mainly
sustain fractures at the peripheral, cortical-rich bone sites (Bjgrnerem,
2016; Naylor et al., 2013).

Bone micro-architecture can be assessed in vivo by imaging tech-
niques (high-resolution peripheral quantitative computed tomographys;
HRpQCT) (Nishiyama et al., 2015) or ex vivo by quantitative histo-
morphometry (Carvalho et al., 2016) or micro computed tomography
(RCT) (Sharma et al., 2018) of bone biopsies. The maximum resolution
of HRpQCT is 80 pm, limiting the evaluation of cortical porosity. pCT, on
the other hand, achieves resolutions down to 5 pm, which allows
quantification of cortical three-dimensional (3D) parameters in ex vivo
samples (Akhter and Recker, 2020).

The primary aim of the present study was to investigate the impact of
kidney transplantation on bone microarchitecture. Secondary aims
included identifying determinants of cortical bone microarchitecture at
12 months post kidney transplantation.

2. Materials and methods
2.1. Study population

This is a subgroup-analysis of a prospective, observational study on
the evolution of mineral and bone disorders after kidney transplantation
(clinical trial identifier: NCT01886950). Patients referred for a single
kidney transplantation at the University Hospitals Leuven between
October 2010 and March 2016 were included. For the current study,
patients with paired, research-protocolled iliac crest bone biopsies at the
time of transplantation and 1 year later were included (n = 30). De-
mographic variables, including details of medical therapy, were
retrieved from electronic files.

2.2. Biochemical analysis

Non-fasting blood samples were collected at both time-points.
Creatinine, hemoglobin, total calcium, phosphate, and total alkaline
phosphatase (total ALP) were measured by standard laboratory tech-
niques. Albumin was measured by the bromocresol green method.
Serum 1.25-OH: vitamin D (calcitriol) and 25-OH vitamin D (calcidiol)
levels (Bouillon et al., 1984; Bouillon et al., 1980), as well as full-length
(biointact) PTH (Bouillon et al., 1990) were determined by immunor-
adiometric assays. The estimated glomerular filtration rate (eGFR) was
calculated using the Chronic Kidney Disease Epidemiology Collabora-
tion (CKD-EPI) equation (Inker et al., 2012). Bone-specific alkaline
phosphatase (BALP), whole (intact) pro-collagen type I N-terminal pro-
peptide (PINP) and tartrate resistant acid phosphatase type 5b (TRAP5b)
were measured with the IDS iSYS instrument (Immunodiagnostic Sys-
tems, Boldon, UK). Normal values are 6.1-23.9 pg/L for BALP,
12.8-82.6 ng/mL for PINP, and 1.1-6.9 U/L for TRAP5D, as given by the
manufacturer. For all assays, the coefficients of variation were below
10%.

2.3. Immunosuppressive therapy

Standard triple immunosuppressive therapy with glucocorticoids,
mycophenolate mofetil, and a calcineurin inhibitor (tacrolimus or
cyclosporine) were initiated at time of transplantation. Intravenous
methylprednisolone was given on the day of transplantation (500 mg),
with an additional dose on the first post-operative day (40 mg). Oral
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prednisolone was then initiated at 16 mg/day, and tapered to 8 mg/day
during the second, and 4 mg/day during the third month. Clinical pa-
rameters and results of a protocolled kidney graft biopsy decided
whether steroids were halted or continued at a low dose from three
months post-transplantation. Tacrolimus-dosing was controlled based
on trough-levels, and mycophenolate mofetil was adjusted in cases of
intolerance.

2.4. Bone sample retrieval and processing

Iliac crest bone biopsies were performed under general anesthesia in
the operating room (baseline) or under light sedation with midazolam as
an outpatient procedure (follow-up). Samples were extracted from a
point 2 cm posterior and 2 cm inferior to the anterior iliac spine, by a
horizontal approach, using a trephine with a 4.50/3.55 mm outer/inner
diameter (Biopsybell 8G, Mirandola, Italy). Prior to follow-up at 12
months post-transplantation, patients received oral tetracycline twice
(2 x 500 mg/day for 2 days), separated by an 11-day tetracycline-free
interval. Bone biopsies were performed four days after the last intake
of tetracycline. Due to the unpredictable timing of deceased donor
transplantation, no tetracycline labeling was performed prior to baseline
samples.

For each patient, two bone samples were retrieved; one sample for
molecular diagnostics, collected in AllProtect Tissue Reagent (Qiagen,
Hilden, Germany) and a separate sample for bone histomorphometry,
which was fixed in 70% ethanol and embedded in a methylmethacrylate
(MMA)-based resin. Un-decalcified 5 pm thick sections were stained by
the Goldner method for determination of static bone parameters, while
10 pm thick unstained sections were mounted in 100% glycerol for
fluorescence microscopy to visualize tetracycline labels and determine
the dynamic parameters. All bone histomorphometric parameters are
reported in two dimensions (2D) using standardized nomenclature
(Dempster et al., 2013).

2.5. Bone histomorphometric analysis

The turnover, mineralization, and volume (TMV) classification was
based on a semi-quantitative analysis by an experienced bone patholo-
gist, taking into account key dynamic and static parameters using
reference ranges as previously published (Salusky et al., 1988; Behets
et al., 2015). Bone turnover was evaluated by the bone formation rate
per total tissue area (normal range 97-613 um?/mm?/day). In the
absence of tetracycline labeling, cutoffs of static histomorphometry
previously published (Jgrgensen et al., 2021a) was used to evaluate
bone turnover, based on the following cutoffs: osteoblast perimeter per
bone perimeter (1.88-5.37%), osteclast perimeter per bone perimeter
(0.89-1.46%), osteoid area per bone area (1.63-2.44%) - and the
presence or absence of fibrosis. Bone mineralization was considered
delayed if osteoid area per bone area was >5% with prolonger miner-
alization lag time (>50 days), or, in cases without tetracycline labeling,
if osteoid area per bone area >5% without high bone turnover. Bone
volume was considered low when bone area per total tissue area (%) was
<16.8%. Cortical bone analysis was performed using an image analysis
program (AxioVision version 4.51, Zeiss Microscopy, Zeiss, Germany)
running a custom program to calculate porosity values.

2.6. Micro-CT analysis

Paired bone biopsy samples stored in AllProtect at baseline and
follow-up were scanned to evaluate longitudinal changes in bone
microarchitecture. In addition, MMA embedded bone cores at follow-up
were scanned to enable between-method comparison of pCT vs histo-
morphometric parameters. Whole biopsy cores were scanned using
Skyscan Model 1172 pCT scanner (Bruker, Aartselaar, Belgium) at 50
kV, 200 mA with a 0.5-mm aluminum filter using an isotropic voxel size
of 11 pm. Average exposure time was 1180 milliseconds. Images were
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captured every 0.4° through 180° and then reconstructed using NRecon
software (version 1.7.1.0, Bruker, Belgium). The average scan time was
60 min per sample. Analysis of bone samples was performed with CTAn
software (version 1.16.4.1, Bruker, Belgium). The cortical region of in-
terest (ROI) was independently defined in baseline and follow-up scans.
Segmentation of the external cortical envelope was done by manual
contouring every 25 slices, with interpolated ROIs for the in-between
slices, and trabecular bone was defined beginning 5 mm after the
border of cortical bone, to avoid including the transitional region. This
was followed by application a global threshold interval of 85-255
Hounsfield units to isolate mineralized bone from un-mineralized sec-
tions based on histogram analysis. This dataset was further processed
with a de-speckle operation to remove small isolated noise elements of 5
voxels or less, followed by 3D analysis to assess bone volume by tissue
volume (BV/TV, %), microarchitecture parameters such as trabecular
thickness (pm), number (mm 1) and separation (pm), cortical thickness
(pm) and porosity (%). Cortical porosity was defined as the sum of open
and closed pores, and cortical thickness was measured as the width of
the region of interest located at the mid-length of the external cortical
section.

2.7. Statistical analysis

Descriptive statistics are reported as mean + standard deviation (SD)
or median [interquartile range, IQR] according to variable distribution.
Paired Student's t-test or Wilcoxon matched-pairs signed-rank test were
used to evaluate differences between baseline and follow-up parameters.
Associations between continuous variables were evaluated by Spear-
man's rank correlation. XY- and Bland-Altman plots were drawn to
compare data from pCT vs histomorphometry and visualize any sys-
tematic bias. For all analyses, a two-sided p < 0.05 was considered
statistically significant.

3. Results
3.1. Characteristics of the study population

Mean age at time of transplantation was 57 + 10 years, 73% (n = 22)
were men, and 20% (n = 6) had diabetes. Twenty (67%) patients
received chronic intermittent hemodialysis prior to transplantation,
nine (30%) received continuous peritoneal dialysis, and a single patient
was transplanted pre-emptively. Median dialysis vintage was 19 [IQR 9
to 29] months. The cause of CKD was glomerulonephritis/vasculitis in 7
(23%), cystic/hereditary/congenital in 6 (20%), hypertension/large
vessel disease in 5 (17%), diabetic nephropathy in 4 (13%), other in 2
(7%), and unknown in 6 (20%). Two patients (6%) had previously un-
dergone a parathyroidectomy.

At 1-year post-transplantation, mean eGFR was 48 + 19 mL/min/
1.73 mz, with a range from 19 to 106 mL/min/1.73 m?. Three patients
(10%) had an eGFR <30 and none <15 mL/min/1.73 m> Seventeen
patients (57%) received cholecalciferol, 5 (17%) received active vitamin
D, and 10 (33%) received calcium-supplements; none received calci-
mimetics or bisphosphonates. Six patients (20%) suffered at least one
episode of acute rejection in the first post-transplantation year. Four
patients (13%) had halted prednisolone by 12 months post-
transplantation, and the median cumulative dose of steroid for all pa-
tients was 2.6 [IQR 1.9 to 2.9] g.

3.2. Longitudinal changes in kidney function and biochemistry

Biochemical measurements at time of and 12 months after kidney
transplantation are shown in Table 1. As expected, levels of biointact
PTH and phosphate decreased significantly, while total calcium levels
increased slightly. Of the biochemical bone turnover markers, intact
PINP decreased by 67%, TRAP5b by 52%, and total ALP by 29%, with a
smaller, non-significant decrease for BALP (17%). At 1l-year post-
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Table 1
Biochemical variables at time of and 12 months after kidney transplantation.
Transplantation (n 12 months post- P
=30) transplantation (n = 30)

Albumin, g/L 43.2 £ 3.6 43.3 £ 4.0 0.98

Urea, mg/dL 106.3 £+ 38.1 70.8 £ 29.6 <0.001

Creatinine, mg/dL 7.69 £+ 2.54 1.64 + 0.47 <0.001

Total calcium, mg/ 9.60 £+ 0.54 9.86 £ 0.73 0.04
dL

Phosphate, mg/dL 4.85 +£1.26 3.04 £ 0.75 <0.001

25-OH-vitamin D, 47 + 20 38 +12 0.04
pg/mL

Magnesium, mg/ 2.25 +0.37 1.70 £ 0.21 <0.001
dL

Biointact PTH, pg/ 273 [132; 441] 85 [47; 134] <0.001
mL

Biointact PTH, 6.8 [3.3; 11.0] 2.1 [1.2;3.3]
xUNL

Alkaline 94 [78; 139] 82 [67; 96] 0.02
phosphatase, U/
L

BALP, pg/mL 29.6 [15.1; 44.2] 24.3 [17.8; 32.9] 0.31

Intact PINP, pg/mL 109 [61; 196] 60 [35; 106] 0.04

TRAP5b, U/L 6.21 [3.94; 9.13] 3.88 [3.12; 5.01] 0.003

Data are mean + SD or median [IQR], with p by paired Student's t-test; skewed
variables converted to their natural logarithm for parametric testing.

Abbr.: BALP = bone-specific alkaline phosphatase, PINP = pro-collagen type I N-
terminal pro-peptide, PTH = parathyroid hormone, xXUNL = times upper normal
limit, TRAPSb = tartrate resistant acid phosphatase type 5b.

transplantation, 20 patients (67%) had persistent hyperparathyroidism
(arbitrarily defined as biointact PTH >1.5 UNL), 7 (23%) had hyper-
calcemia (total calcium >10.3 mg/dL), 6 patients (20%) had hypo-
phosphatemia (phosphate <2.3 mg/dL), and 2 patients (7%) had
calcidiol levels <15 ng/mL.

3.3. Longitudinal changes in bone turnover, mineralization, volume, and
microarchitecture

Bone histomorphometry showed significant reductions in eroded
perimeters and the presence of marrow fibrosis (Table 2). The number of
patients with high turnover bone disease decreased from 19 to 0% (p <
0.001). At 12-months post-transplantation, bone turnover was low in 5
(17%) and normal in 25 (83%) patients — delayed mineralization was
seen in 5 (17%) and low bone volume in 8 (27%) patients. By pCT, there
was a small, significant decrease in trabecular thickness after kidney
transplantation, with a non-significant reduction in trabecular bone
volume (Table 2). The remaining parameters of cortical and trabecular
bone microarchitecture were overall unchanged 12 months after kidney
transplantation, albeit with substantial inter-individual variation
(Fig. 1A and B).

Similarly, no overall changes were seen for DXA-derived BMD at
spine and hip, but the range of variation in the percentage change per
year was substantial (Fig. 2).

Table 3 shows bone microarchitecture for different categories of the
TMV classification at 1-year post-transplantation. Patients with low
bone turnover had lower trabecular bone volume, with lower trabecular
number and higher trabecular separation by pCT compared to patients
with normal bone turnover.

3.4. Predictors of post-transplantation uCT bone volume and
microarchitecture

Older age was associated with lower trabecular bone volume (rho —
0.56, p = 0.002), lower trabecular number (rho — 0.65, p < 0.001), and
higher trabecular separation (rho = 0.48, p = 0.01). Gender, body mass
index, diabetes, and dialysis vintage were not associated with pCT bone
volume or microarchitecture at 12 months.

No significant correlations were found between biointact PTH-levels
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Table 2
Changes in bone by micro computed tomography, histomorphometry, and dual-
energy x-ray absorptiometry from baseline to 12 months post-transplantation.

Baseline (n 12 months (n p

= 30) =30)
Micro CT
Trabecular bone volume/tissue 17.3+5.1 15.3 £ 5.5 0.08
volume, %
Trabecular thickness, pm 1342 +18.7 1249 +12.7 0.003

Trabecular separation, pm 659 + 132 674 + 133 0.59
Trabecular number, mm ™! 1.30 + 0.42 1.23 + 0.46 0.48
Cortical porosity, % 10.2 [7.9; 9.5[7.3; 0.15
16.3] 14.6]
Cortical thickness, pm 729.3 £ 712.5+268.6  0.73
247.8
Histomorphometry
Turnover
Low/normal/high, % 22/59/19% 17/83/0% 0.001
Bone formation rate/total tissue N/A 153 [76, 285] -
area, pm?/mm?/day.
Osteoblast perimeter/bone 3.8 [0.0; 9.5] 5.7 [2.5; 0.17

perimeter, % 10.8]

Osteoclast perimeter/bone 0.6 [0.0; 1.5] 0.5 [0.3; 1.2] 0.99
perimeter, %
Eroded perimeter/bone perimeter, 4.0 [2.4; 5.1] 2.1 [1.2; 3.5] 0.01
%
Fibrosis, yes 41% 0% <0.001
Mineralization
Delayed/normal, % 0/100% 17/83% 0.03
Mineralization lag time, days N/A 35 [20, 65] -
Osteoid area/bone area, % 2.0 [1.3; 3.9] 3.3[1.2;5.4] 0.32
Osteoid perimeter/bone perimeter, 18.9 [14.3; 24.8 [13.1; 0.15
% 26.7] 38.4]
Volume
Low/normal, % 37/63% 27/73% 0.87
Bone area/total tissue area, % 19.3+7.0 19.7 + 5.6 0.52
Trabecular thickness, pm 1321 £353  128.8 +30.3 0.82
Trabecular separation, pm 446 + 181 406 + 120 0.10
Trabecular number, mm ! 1.87 + 0.50 1.96 + 0.46 0.20
Cortical porosity, % 7.4 [5.2; 9.5] 8.2 [4.7; 0.41
14.7]

Dual energy x-ray absorptiometry (n = 16)

Lumbar spine BMD, g/cm? 0.873 + 0.894£0.113  0.48
0.118

Lumbar spine T-score —2.37+£0.97 —-2.30 £ 0.71 0.40

Lumbar spine Z-score -1.77+£0.99 -1.75+£0.76 0.53

Femoral neck BMD, g/cm? 0.615 + 0.606 +£0.107  0.43
0.103

Femoral neck T-score —2.42+0.80 —2.50 £+ 0.89 0.59

Femoral neck Z-score -1.50+0.75 -1.64 £0.75 0.71

Data are mean(SD), median[IQI], or %, with p by paired Student's t-test, Wil-
coxon matched-pairs signed-rank test, or Pearson's X* test, respectively.

at 12 months post-transplantation and bone microarchitecture. Total
ALP was directly correlated to higher cortical porosity (rho 0.45, p =
0.01) as was BALP (rho 0.44, p = 0.02), while this was not the case for
intact PINP (rho 0.20, p = 0.29), or TRAP5b (rho 0.20, p = 0.29). Total
ALP was also inversely correlated to cortical thickness (rho — 0.45, p =
0.01).

3.5. Predictors of changes in uCT bone volume and microarchitecture

There was a trend towards greater increase in cortical porosity for
women (2.4% vs. —2.5%, p = 0.05), and patients with diabetes (3.0% vs.
—2.2%, p = 0.07) during the first post-transplantation year. Age, dialysis
vintage, and cumulative steroid dose were unrelated to changes in bone
microarchitecture by pCT (data not shown). Changes in biointact PTH
and bone turnover markers (BALP, intact PINP, TRAP5b) were also
unrelated to changes in pCT parameters of cortical and trabecular bone
microarchitecture (Supplementary Table 1).
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3.6. Agreement between uCT and histomorphometry

To evaluate the agreement between pCT and histomorphometry, we
compared bone volume and microarchitecture parameters at baseline,
using pCT scans of the MMA-embedded bone-cores at follow-up (n =
27). Spearman's correlation coefficients were as follows: cortical
porosity (rho 0.509, p = 0.007), bone volume/tissue volume (rho 0.593,
p = 0.001), trabecular thickness (rho 0.545, p = 0.005), trabecular
separation (rho 0.336, p = 0.10), and trabecular number (rho 0.379,p =
0.06). XY- and Bland-Altman plots are shown in Fig. 3. No obvious bias
could be detected for trabecular parameters, while for cortical porosity,
pCT-measurements  were  systematically  higher than by
histomorphometry.

4. Discussion

The main finding of this study is that contemporary kidney trans-
plantation has a minimal impact on trabecular and cortical bone
microarchitecture. Further, the assessment of bone microarchitecture by
histomorphometry and pCT show only moderate agreement.

By the bone histomorphometric analysis, modest changes were seen
12 months following kidney transplantation, with reduced bone
resorption and the disappearance of disordered bone formation
(fibrosis). These findings are in concordance with other contemporary
studies evaluating post-transplantation bone disease using bone histo-
morphometry as the standard (Marques et al., 2017; Keronen et al.,
2019).

By pCT, a small reduction in trabecular thickness was detected, but
trabecular bone volume was overall unchanged at 12 months. While
earlier studies reported substantial bone loss in the first year post-
transplantation (Julian et al., 1991; Heaf, 2003), stability of trabecular
bone mass is a consistent finding in contemporary kidney transplant
recipients (Iyer et al., 2014; Evenepoel et al., 2020; Evenepoel et al.,
2017; Marques et al., 2019). As several studies demonstrated a rela-
tionship between cumulative steroid dose and post-transplantation bone
loss (Evenepoel et al., 2017; Monier-Faugere et al., 2000; Parker et al.,
1999; Rojas et al., 2003), the introduction of steroid minimization
protocols has been proposed as an explanation for this beneficial trend
(Iyer et al., 2014; Kidney Disease: Improving Global Outcomes (KDIGO)
CKD-MBD Update Work Group, 2017).

The cortical parameters of porosity and thickness were overall un-
changed 1-year after kidney transplantation. Both improvement and
deterioration of bone microarchitecture has previously been reported in
the early post-transplant period (Iyer et al., 2014; Marques et al., 2019).
Iyer et al. described significant cortical bone loss, with reductions in
cortical area, thickness, and density at the distal radius and tibia as
evaluated by HRpQCT in a cohort of kidney transplant recipients (Iyer
et al., 2014). In contrast, improved cortical parameters were reported by
Marques et al. by bone histomorphometry performed at time of and 1-
year post kidney transplantation (Marques et al., 2019). It is worth
noting that in the study by Iyer et al., bone turnover markers increased
post-transplantation, indicating an overall increase in skeletal remod-
eling rate, and the detriments in cortical micro-architecture paralleled
the severity of hyperparathyroidism (Iyer et al., 2014). We speculate
that withdrawal of bone modulating therapy, such as calcimimetics, at
time of transplantation might have contributed to increased bone
turnover post-transplantation (Evenepoel et al., 2012). In the study by
Marquest et al., PTH and bone turnover markers decreased during the
first post-transplant year (Marques et al., 2019), similar to what we find
in the present cohort. In our study, we did not find the expected rela-
tionship between cortical parameters and biointact PTH levels; neither
were there any clear association between the changes in biointact PTH
and the changes in bone microarchitecture. Higher levels of BALP
associated with greater cortical porosity at 12-months post-
transplantation, which could indicate a detrimental effect of high
turnover bone disease. Thus, we hypothesize that a tighter control of
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Fig. 1. A Changes in bone volume and micro-architecture by pCT from time of to 1-year post kidney transplantation.
B Changes in bone area and micro-architecture by histomorphometry from time of to 1-year post kidney transplantation.

hyperparathyroidism pre-transplantation, and normalization of bone
turnover post-transplantation, may explain the limited changes in
cortical bone microarchitecture seen in the current cohort.

Comparing complementary variables of pCT and histomorphometry,
correlations were moderately good for bone volume and cortical
porosity, but rather poor for trabecular microarchitecture. These find-
ings are in line with what was demonstrated in two previous studies, one
including healthy adults, postmenopausal women, and patients with
renal osteodystrophy (Tamminen et al., 2011), and the other investi-
gating bone health in children with CKD (Pereira et al., 2016). Both of

these studies reported moderate correlation coefficients in the range of
0.39-0.71. Notably higher correlation coefficients were demonstrated
by Recker et al. in healthy, elderly men (0.76-0.86) (Recker et al.,
2018). Such a discrepancy could be related to the mineralization defects
seen in CKD, as osteoid is not visualized in the pCT images. The first post-
transplant year is a highly dynamic time-period, with marked changes in
skeletal remodeling rate following the resolution of secondary hyper-
parathyroidism. Increased amounts of osteoid, interpreted as delayed
bone mineralization, has been demonstrated at 1 year post-transplant
(Jorgensen et al., 2021b), which could contribute to weakening the
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Fig. 2. Change in bone mineral density (BMD, %/year) at lumbar spine, total
hip, and femoral neck by dual-energy x-ray absorptiometry from time of to 1-
year post kidney transplantation.

correlations between pCT and histomorphometric measurements. Dis-
parities between the 2D and 3D versions of the same pCT-variables has
also been demonstrated (Chappard et al., 2005), highlighting the chal-
lenge of comparing the 2D structures of bone biopsy sections to 3D
structural models and imaging.

Other potential sources of variability include inter- and intra-
observer, as well as between- and within-sample variability. In the
present study, pCT and bone histomorphometric analyses were both
performed by a single observer, thereby eliminating inter-observer
variability. Intra-observer variability is substantial for bone histo-
morphometry (5-15%) (Pgdenphant et al., 1986), but has been shown to
be considerably lower (1.3-3.2%) for repeated pCT analyses (Chappard
et al., 2008). For the correlation analyses between histomorphometry
and pCT, we used pCT scans of the MMA-embedded bone-cores to
eliminate sample site variability, which was previously shown to be as
high as 30%, when comparing bone histomorphometry of samples from
the left and right hip (Parisien et al., 1988). Within-sample variability
has been evaluated for pCT by comparing scans of different sections
from the same bone core, with CVs for the different parameters ranging
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from 1.8 to 7.1% (Chappard et al., 2008). All these sources of variability
may have contributed to the moderate correlations reported here.
Lastly, image analysis settings, such as ROI selection and the thresholds
applied might contribute to differences between the two analytical
techniques.

4.1. Strengths and limitations

Strengths of this study include the longitudinal design and the
completeness of data available for bone phenotyping. Bone biopsies
were part of a research protocol, and thus, results should not be biased
by indication. Limitations include the small sample size, which, together
with the inherent measurement variability discussed above, may have
limited our ability to detect discrete changes in bone microarchitecture.
The duration of follow-up was also relatively short, considering the slow
metabolism of skeletal tissue. Despite these limitations, this is one of the
few studies evaluating bone microarchitecture longitudinally using both
HCT and histomorphometry, and the largest cohort so far to investigate
micro-architectural changes in kidney transplant recipients.

4.2. Conclusions

In conclusion, contemporary kidney transplantation has a limited
impact on bone microarchitecture. This beneficial outcome may be a
reflection of normalization of skeletal remodeling due to the resolution
of secondary hyperparathyroidism post-transplantation.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.bonr.2022.101172.
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Table 3
Bone volume, microarchitecture and density in categories of bone turnover, mineralization, and volume at 12 months after kidney transplantation.
Turnover Mineralization Volume
Low (n=5) Normal (n = 25) Delayed (n = 5) Normal (n = 25) Low (n = 8) Normal (n = 22)

Micro computed tomography
Bone volume/tissue volume, % 10.1 +4.3 16.3+5.1t 15.8 +5.7 15.2 £ 5.6 12.8 £ 2.6 16.2 £ 6.1
Trabecular thickness, pm 127.10 + 18.69 124.39 £+ 11.59 123.63 + 7.50 125.06 + 13.45 136.24 + 14.17 120.16 + 8.90 t
Trabecular separation, pm 778.8 + 152.5 651.8 +120.3 % 674.5 +123.9 673.6 + 136.4 713.5 + 60.1 652.8 + 145.8
Trabecular number, mm ' 0.77 £ 0.25 1.33+0.44 1 1.28 + 0.42 1.22 +£0.48 0.94 +£0.17 1.34 £ 049t
Cortical thickness, pm 842 + 269 687 + 266 658 + 219 723 + 280 563 + 71 763 + 300*
Cortical porosity, % 7.4 [5.5; 14.8] 10.1 [7.8; 14.7] 17.5 [9.2; 24.0] 8.5[7.1;13.7]1t 8.3 [7.5; 13.4] 10.6 [7.4; 14.9]
Histomorphometry
Bone area/Tissue area, % 18.18 + 6.14 19.99 + 5.54 20.46 + 6.85 19.51 + 5.43 13.14 +£1.13 2217 + 441t
Trabecular thickness, pm 133.40 + 15.03 127.78 + 32.72 119.80 + 20.23 130.61 + 31.99 110.02 + 15.34 135.88 + 31.72 t
Trabecular separation, pm 486.0 + 171.8 389.7 £104.3 367.9 +£123.3 414.3 £121.0 549.1 £ 77.8 351.8 +83.2t
Trabecular number, mm™! 1.71 + 0.46 2.02 £ 0.45 2.14 £ 0.50 1.93 + 0.45 1.54 £ 0.20 213+ 042t
Cortical porosity, % 8.0 [3.0; 14.3] 8.3 [4.8;14.8] 8.1 [4.6; 15.1] 8.4 [6.1;11.2] 8.2 [4.7;14.7] 8.4 [4.4; 15.0]
Dual energy x-ray absorptiometry (n = 16)
Lumbar spine BMD, g/crn2 0.856 + 0.129 0.900 + 0.113 0.904 + 0.077 0.892 + 0.119 0.850 + 0.064 0.914 £ 0.126
Lumbar spine T-score —2.37 + 1.66 —2.29 + 0.60 —-1.92 + 0.70 —2.40 +£ 0.71 —2.41 £ 0.58 —2.22 + 0.84
Lumbar spine Z-score -1.74 £ 1.51 —-1.75 +£ 0.70 —1.28 + 0.59 —-1.87 £ 0.77 —-1.76 £ 0.59 —-1.74 +£ 0.93
Femoral neck BMD, g/cm2 0.596 + 0.141 0.608 + 0.106 0.621 + 0.071 0.604 + 0.113 0.574 £ 0.153 0.622 + 0.080
Femoral neck T-score —2.66 + 1.38 —2.48 +0.88 —2.27 £ 0.52 —2.56 + 0.97 —2.62 +£1.13 —2.40 £ 0.70
Femoral neck Z-score —-1.71 +£ 1.24 —1.63 £ 0.72 —1.33 £ 0.43 —-1.72 +£ 0.80 —1.66 £+ 0.92 —1.63 + 0.63

Data are mean + SD or median [IQR], with t = p < 0.05 and * = p < 0.10 by Student's t-test or Wilcoxon rank-sum test, respectively.
Abbr.: BMD = bone mineral density.
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Fig. 3. XY- and Bland-Altman plots for the agreement between parameters of bone volume and micro-architecture by micro CT (uCT) versus histomorphometry (HM),
BV/TV = bone volume/tissue volume, TbTh = trabecular thickness, CoPo = cortical porosity, rho = Spearman's correlation coefficient.
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