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Assessment of bone density is an important part of liver transplantation (LT) evaluation for early identification and treatment 
of osteoporosis. Dual-energy X-ray absorptiometry (DXA) is currently the standard clinical test for osteoporosis; however, it 
may contribute to the appointment burden on LT candidates during the cumbersome evaluation process, and there are limita-
tions affecting its accuracy. In this study, we evaluate the utility of biomechanical analysis of vertebral images obtained during 
dual-energy abdominal triple-phase computed tomography (TPCT) in diagnosing osteoporosis among LT candidates. We 
retrospectively reviewed cases evaluated for LT between January 2017 and March 2018. All patients who underwent TPCT 
within 3 months of DXA were included. The biomechanical computed tomography (BCT) analysis was performed at a cen-
tralized laboratory (O.N. Diagnostics, Berkeley, CA) by 2 trained analysts blinded to the DXA data. DXA-based osteoporosis 
was defined as a T score ≤−2.5 at the hip or spine. BCT-based osteoporosis was defined as vertebral strength ≤4500 N for 
women or ≤6500 N for men or trabecular volumetric bone mineral density ≤80 mg/cm3. Comparative data were available for 
91 patients who had complete data for both DXA and BCT: 31 women and 60 men, age 54 ± 11 years (mean ± standard de-
viation), mean body mass index 28 ± 6 kg/m2. Using DXA as the clinical reference, sensitivity of BCT to detect DXA-defined 
osteoporosis was 83.3% (20/24 patients) and negative predictive value was 91.7%; specificity and positive predictive value were 
65.7% and 46.5%, respectively. BCT analysis of vertebral images on triple-phase computed tomography, routinely obtained 
during transplant evaluation, can reliably rule out osteoporosis in LT candidates. Patients with suspicion of osteoporosis on 
TPCT may need further evaluation by DXA.

Liver Transplantation 27 341‒348 2021 AASLD.
Received June 27, 2020; accepted October 2, 2020.

Osteoporosis is a common complication of chronic 
liver disease, particularly in patients with cirrhosis and 
cholestatic liver diseases.(1) The pathophysiology of 

osteoporosis in the setting of chronic liver disease is 
multifactorial, including but not limited to low serum 
levels of insulin-like growth factor 1,(2) vitamin D defi-
ciency,(3) negative impact of bilirubin on osteoblast 
function,(4) and uncoupling of bone resorption and 
bone formation.(5) Therefore, among patients with 
cirrhotic-stage liver disease, the prevalence of osteopo-
rosis can exceed 50%.(5) In contrast to other compli-
cations of liver disease, osteoporosis is not cured with 
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transplantation, and prior studies have identified accel-
eration of bone loss within the first few months of liver 
transplantation (LT), possibly owing to corticosteroid 
use during this timeframe.(6,7) As a result, osteoporotic 
fractures can occur early after transplantation.(8)

The American Association for the Study of Liver 
Diseases and the American Society of Transplantation 
recommend testing for and treatment of osteoporo-
sis prior to transplantation to prevent posttransplant 
decline of bone mineral density (BMD) and fractures.(9) 
Dual-energy X-ray absorptiometry (DXA) is currently 
the standard test used to diagnose osteoporosis.(10) 
Despite its widespread use, there are several limita-
tions to DXA, including only modest sensitivity in pre-
dicting fracture risk.(11-14) In addition, DXA scanning 
lacks the ability to distinguish cortical from trabecular 
bone and can be further confounded by the presence 
of aortic calcification and certain bone abnormalities, 
including arthritic changes and osteophytes.(15) These 
limitations have led to a growing interest in computed 
tomography (CT)–based assessment of osteoporosis 
which studies thus far indicate that it can be a com-
prehensive and reliable means of assessing osteoporosis 
and fracture risk.(16) More particular to the context of 
LT, DXA scanning is part of the appointment burden 
during the overwhelming transplant evaluation. To 
date there have been no studies evaluating the pos-
sibility of using triple-phase CT (TPCT), routinely 
performed prior to transplantation, to assess osteopo-
rosis. In this study, we evaluate the utility of TPCT in 
diagnosing osteoporosis among patients with cirrhosis 
undergoing evaluation for LT.

Patients and Methods
STUDY DESIGN AND POPULATION
This is a retrospective review of charts of adult patients 
who underwent evaluation for LT at the Mayo Clinic 
in Rochester, Minnesota, between January 1, 2017, and 
March 15, 2018. The standard transplant evaluation at 
this center includes a dual-energy, contrast-enhanced 
TPCT to assess vascular anatomy and screen for hepa-
tocellular carcinoma (HCC) and DXA to evaluate for 
osteoporosis. Our study included patients who under-
went TPCT within 3 months of DXA. Patients were 
excluded if their TPCT and DXA were more than 
90 days apart, their DXA exams were missing either hip 
or spine measurements, or if they had abnormal spine 
morphology. The patients’ charts were also excluded 
from the review if there was no state-required research 
authorization on file. The patient selection process is 
depicted in Fig. 1. Osteoporosis was defined as BMD 
T score ≤2.5 on DXA at either the hip or spine. The 
study was approved by the institutional review board.

DATA COLLECTION
The list of patients evaluated for LT during the ob-
servation period was obtained from our prospectively 
collected transplant center database. Clinical data such 
as age, sex, and body mass index (BMI) were collected 
by manual chart review. DXA reports were individually 
reviewed, and the following information was manu-
ally collected: (1) femoral neck BMD, femoral neck T 
score, total hip T score, and total hip BMD on each 
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side and (2) vertebral BMD at L1, L2, L3, and L4 
individually as well as total spine BMD and total spine 
T score. Deidentified, coded TPCT images were ex-
ported to the analysis team at O.N. Diagnostics after 
establishing an interinstitution data transfer agreement.

DXA
DXA was performed on General Electric (GE) 
Healthcare Lunar iDXA scanners for both the hip and 
spine.

TPCT
CT exams were acquired on dual-energy Siemens 
SOMATOM Definition Flash (Siemens Medical 
Solutions USA, Inc, Malvern, PA, USA) and 
SOMATOM Force scanners (Siemens Medical 
Solutions USA, Inc, Malvern, PA, USA) using a con-
trast-enhanced triple-phase protocol (late arterial to vi-
sualize tumor arterial enhancement, venous to look for 
complications of portal hypertension [such as portosys-
temic shunts and gastric and esophageal varices], and 
delayed to visualize tumor washout), with dual-energy 
acquisitions acquired during the late arterial and delayed 
phases of enhancement. For these exams, intravenous 
iodinated contrast is administered using a weight-based 
table, with a similar patient size-based table used for se-
lecting the X-ray tube energies. Prior work in the enteric 
phase of enhancement has shown that BCT-based osteo-
porosis estimation is highly accurate in contrast-enhanced 
CT.(17) We selected the delayed phase for BCT analysis 
because we felt marrow enhancement would be mini-
mized compared with the late arterial and portal phases. 
Mixed kV images were chosen for BCT analysis as op-
posed to other dual-energy reconstructions because of 
their CT number accuracy and lack of need for additional 

postprocessing. Images were reconstructed at 3-mm slice 
thickness using the Q30 (Flash) and Br44 (Force) ker-
nels and a linear blend ratio of 0.6 (ie, 60% of the image 
coming from the low-energy X-ray tube and 40% from 
the high-energy X-ray tube). Reconstruction field of 
view was adjusted according to patient size (380 mm on 
average).

BCT ANALYSIS
Finite element analyses and trabecular volumetric den-
sity (mg/cm3) measurements were performed on the 
CT scans by 2 trained analysts at O.N. Diagnostics 
blinded to the DXA data using VirtuOst software (O.N. 
Diagnostics, Berkeley, CA). The repeatability precision 
between 2 analysts analyzing the same scan (interop-
erator) for spine strength and trabecular density is 0.5 
coefficient of variation % as illustrated in the prior study 
by Lee et al.(18) In that study, 25 women and 15 men 
(mean  age ±  standard deviation, 67  ±  9  years; range, 
41-86  years) were analyzed, 1 scan per anatomic site 
per patient, and the scans were analyzed independently 
by 2 analysts using the VirtuOst software (O.N. 
Diagnostics)—as in the current study. The scans were 
acquired at 120 kVp, with a slice thickness/increment of 
3 mm or less, on 9 different CT scanner models across 
24 different scanners. The precision for the same analyst 
analyzing the same scan (intraoperator) was not mea-
sured in that study, but is expected to be at least as good 
as the interoperator precision. With regard to additional 
contribution of O.N. Diagnostics affiliates to the study, 
T.M.K. assisted with the clinical interpretation, which 
was led by the clinicians on the study team, and D.C.L. 
assisted with the technical interpretation of BCT.

Briefly, the L1 vertebra was segmented, and voxel 
intensity values were converted to BMD using a 

FIG. 2. L1 vertebral body of a 67-year-old male. Left panel shows a cut-out view of the finite element model after virtual stress testing 
for a compression overload; the colors depict regions of failure. Center panel shows a transverse cross-section of the vertebral body and 
trabecular measurement region outlined in yellow. Right panel shows a sagittal section with the analyzed vertebral body highlighted in red.
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phantomless calibration (Fig. 2). The bone volume was 
then resampled into isotropic voxels (1 × 1 × 1 mm), and 
each voxel was then converted into a hexahedral finite ele-
ment and assigned material properties based on empiri-
cal relationships with BMD. Displacement boundary 
conditions simulated uniform axial compression applied 
through a virtual layer of bone cement. Vertebral strength 
(N) was defined as the compressive force at 2% defor-
mation. Trabecular volumetric bone mineral density 
(TVBMD) was determined using the same software, 
which was defined as the average density of an ellipsoidal 
volume placed inside the trabecular compartment in the 
central 10-mm section of the vertebral body.

STATISTICAL ANALYSIS
After the BCT testing was performed on all scans re-
ceived, the BCT results were sent to the Mayo Clinic 
for data lock, and the DXA results were released for 
statistical comparisons with the BCT results. DXA-
based osteoporosis was defined in the following 2 
ways: T score ≤−2.5 at either the hip or the spine and 
at the hip only. CT-based osteoporosis was defined in 
the following 3 ways: using only TVBMD measure-
ment (≤80 mg/ cm3), using only strength measurement 
(≤4,500 N for men, ≤6,500 N for men), and using either 
measurement (either TVBMD ≤ 80 mg/cm3 or strength 
≤ 4,500 N for women, ≤6,500 N for men). The 2 types 

of DXA-based osteoporosis classifications were com-
pared against the 3 types of BCT-based classifications. 
The reclassification analysis using DXA as a standard 
and values of agreement, sensitivity, specificity, positive 
predictive value (PPV), negative predictive value (NPV), 
kappa statistic, and prevalence of osteoporosis were cal-
culated. A t test was used to compare difference between 
means in patients with and without osteoporosis cate-
gories (nonparametric tests were used to confirm t tests 
with small sample sizes). All statistical analyses were per-
formed using JMP (version 9, SAS, Cary, NC).

Results
Among all patients who underwent LT evaluation 
during the study period, 91 patients met the inclusion 
and exclusion criteria (Table 1); 31 of those included 
were women. Mean age for women and men was 55.8 
and 52.9 years of age, respectively. Mean BMI of par-
ticipants was comparable for women and men (26.5 
versus 28.2 kg/m2) (Table 1).

Osteoporosis by DXA was present in 24 of 91 
patients with a prevalence of 26.4%. The prevalence 
was 18.7% when CT vertebral images were analyzed 
with TVBMD measurements with the threshold value 
of 80  mg/cm3 and 47.3% with fragile bone strength 
(FBS) assessment with the threshold value of 100% 

TABLE 1.  Baseline Characteristics (Mean ± Standard Deviation) With and Without DXA-Defined Osteoporosis

With DXA-Defined Osteoporosis 
(n = 24)

Without DXA-Defined 
Osteoporosis (n = 67)

Pooled 
(n = 91)

Sex Female = 9 Female = 22 Female = 31

Male = 15 Male = 45 Male = 60

Age, years 59.1 ± 13.1 54.5 ± 11.9 55.8 ± 12.3

54.3 ± 8.6 52.4 ± 11.8 52.9 ± 11.0

BMI, kg/m2 23.6 ± 5.2 27.7 ± 7.8 26.5 ± 7.3

25.8 ± 4.0 29.0 ± 5.2* 28.2 ± 5.1

Time between DXA and CT, days 4.3 ± 6.4 8.0 ± 17.2 6.9 ± 14.9

7.3 ± 15.9 13.1 ± 23.6 11.6 ± 21.9

DXA hip T score −2.6 ± 0.4 −1.2 ± 1.1† −1.6 ± 1.1

−2.5 ± 0.6 −0.6 ± 0.9† −1.1 ± 1.1

DXA spine T score −2.8 ± 1.1 −0.8 ± 1.5† −1.4 ± 1.6

−2.7 ± 0.8 −0.1 ± 1.4† −0.8 ± 1.7

BCT spine strength, N 4350 ± 1240 5440 ± 1960 5130 ± 1830

4980 ± 1110 7650 ± 2520† 6980 ± 2520
BCT trabecular volumetric bone mineral density, mg/cm3 95 ± 34 111 ± 35 106 ± 35

79 ± 30 115 ± 32† 106 ± 35

*P < 0.002.
†P < 0.001.
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(percentage of the fragile bone strength value [4500 N 
for women, 6500 N for men]). Figure 3 depicts the 
performance of these 2 analyses compared with DXA 

in a scatter plot format for male and female patients. 
In the case of DXA, the prevalence of osteoporosis was 
29% in women and 25% in men, whereas for BCT it 
was 48.4% in women and 46.7% for men.

Separate analyses were performed for spine osteopo-
rosis by TVBMD and by FBS and either TVBMD or 
FBS using the same 91 patients with both hip and spine 
DXA and spine BCT. There was 79.1% agreement of 
DXA with TVBMD and 70.3% agreement with FBS, 
with kappa scores 0.4 (±0.1) and 0.4 (±0.09), respectively.

Sensitivity of analyzed vertebral CT images was bet-
ter with FBS at 83.3% (20/24 patients) compared with 
TVBMD at 45.5%. Of those 4 patients, 3 had border-
line negative testing by BCT. The specificity was better 
with TVBMD at 91.0% compared with FBS at 65.7%. 
NPV to exclude osteoporosis with either TVBMD or 
FBS was 91.7% (Table 2).

Discussion
The present study reveals novel observations that ex-
pand our diagnostic toolbox for osteoporosis in patients 
with cirrhosis. In particular, this study demonstrates 
the utility of using postprocessing of CT images ob-
tained during abdominal triple phase abdominal CT 

FIG. 3. Scatterplot of vertebral strength versus trabecular density. 
Strength is shown as a percentage of the fragile bone strength 
value (ie, 4500 N for women, 6500 N for men). The horizontal 
line through 100% indicates the threshold in which the patient has 
fragile bone strength. Similarly, the vertical line through 80 mg/cm3  
indicates the threshold in which the patient has BMD-defined 
osteoporosis. “X” points indicate patients with BMD-defined 
osteoporosis by DXA (T score ≤−2.5 in either the hip or spine), 
whereas solid circles indicate all others.

TABLE 2.  Diagnostic Equivalence of DXA Versus BCT Analysis for Identifying Patients With Osteoporosis

Patients With DXA BMD T Score ≤−2.5 (at Either Hip or Spine) TVBMD FBS TVBMD or FBS

Accuracy, %* 79.1 70.3 70.3

Sensitivity, % 45.8 83.3 83.3

Specificity, % 91.0 65.7 65.7

PPV, % 64.7 46.5 46.5

NPV, % 82.4 91.7 91.7

Kappa score ± standard error 0.4 ± 0.1 0.4 ± 0.1 0.4 ± 0.1

BCT prevalence, % 18.7 47.3 47.3
DXA prevalence, % 26.4

Patients With DXA BMD T Score ≤−2.5 (at the Hip Only) TVBMD FBS TVBMD or FBS

Accuracy, %* 80.2 64.8 64.8

Sensitivity, % 46.7 86.7 86.7

Specificity, % 86.8 60.5 60.5

PPV, % 41.2 30.2 30.2

NPV, % 89.2 95.8 95.8

Kappa score ± standard error 0.3 ± 0.1 0.3 ± 0.1 0.3 ± 0.1

BCT prevalence, % 18.7 47.3 47.3
DXA prevalence, % 16.5

NOTE: For DXA, osteoporosis was defined as BMD T score ≤−2.5 at the hip or spine. For BCT, only the spine was analyzed, and sepa-
rate analyses were performed for defining osteoporosis by TVBMD, FBS, and either.
*Accuracy = (number of true positives + number of true negatives)/total number of patients.
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for HCC screening in evaluating osteoporosis. This 
additional analysis of vertebral images (also known as 
BCT) on TPCT evaluated osteoporosis in LT can-
didates with a NPV exceeding 90% and a sensitivity 
exceeding 80%.

These findings suggest that BCT can eliminate 
the need for pretransplant DXA in a large proportion 
of LT candidates in whom osteoporosis was ruled out 
by this technique. In patients whose BCT suggests 
osteoporosis, further evaluation using DXA would be 
needed to further investigate these findings and to 
establish baseline DXA measurements, which would 
be used to assess response to osteoporosis therapy. 
A major advantage of this stepwise approach is the 
convenience to the patient and reduction in testing 
burden because TPCT is already a part of standard-
of-care testing for LT candidates; therefore, incorpo-
rating these CT assessments requires no additional 
burden during the cumbersome transplant evaluation 
process. Although DXA per se is a simple and rela-
tively quick test, the cumulative time assigned to the 
test during the evaluation process after accounting for 
registration, waiting, test performance, and checkout 
is about an hour, which is the time window reserved 
for DXA on the patients’ schedule in our institution. 
If the patient is a working individual, such additional 
appointment and/or visit, particularly when not 
combined with other tests on the same day, can have 
further financial implications such as losing a day or 
a half day of work. Therefore, if another test that is 
already routinely done (ie, TPCT) during the trans-
plant evaluation can provide the information that is 
to be provided by DXA (ie, diagnosis of osteopo-
rosis), it will be in the best interest of the patient’s 
convenience to eliminate DXA in this case. In addi-
tion, given that TPCT is frequently performed in 
nontransplant patients with chronic liver disease, 
measuring bone density at TPCT can increase the 
number of patients who are appropriately screened 
for osteoporosis, potentially preventing the morbid-
ity associated with osteoporotic fractures.

In addition to patient convenience, this approach 
is safe because this special vertebral analysis of TPCT 
does not require additional radiation exposure or any 
alteration to the TPCT protocol. For patients whose 
BCT is suggestive of osteoporosis prompting referral 
to DXA for further evaluation, this combination of 
modalities (BCT and DXA) may be of benefit given 
the resultant comprehensive evaluation of bone density 

(by DXA and BCT) and bone strength (by BCT). 
Agten and colleagues demonstrated that a screen-
ing interval of every 5 years can suffice with combin-
ing BCT and DXA.(19) The combination was more 
cost-effective in relation to preventing future fractures 
compared with DXA alone or BCT alone. However, 
this simulation-based study was limited to postmeno-
pausal women. These findings will need to be evalu-
ated in LT recipients.

Prior studies evaluating BCT in comparison with 
DXA showed a high performance of BCT in predict-
ing future fractures. Adam and colleagues showed that 
BCT assessment of hip and vertebral strength and den-
sity has higher sensitivity and specificity for predicting 
hip fracture compared with DXA—64% of the exams 
in this study were contrast enhanced.(20) Furthermore, 
Weber et al. showed in patients with inflammatory 
bowel disease that hip BCT based on contrast-en-
hanced CT enterography exams reliably identified 
patients with osteoporosis using DXA as the reference 
modality (sensitivity 85.7% and specificity 98.5%).(17) 
CT colonography, in another study, showed a NPV 
of 85.2% in ruling out osteoporosis compared with 
DXA.(21) The difference in the timing and phases of 
administering contrast between TPCT and CT assess-
ments used in the aforementioned studies warranted 
the validation of BCT utility in TPCT used for HCC 
screening in patients with cirrhosis. In addition, this 
study is the first study to our knowledge to use con-
trast-enhanced, dual-energy images for BCT analysis. 
Dual-energy CT is used at many institutions for HCC 
screening because dual-energy images can increase 
the iodine signal at contrast-enhanced CT, thereby 
increasing the conspicuity of key imaging features of 
HCC such as arterial enhancement and tumor wash-
out.(22-25) The current study was able to demonstrate 
this validation especially with regard to sensitivity and 
NPV and it suggests little impact on test performance 
when delayed-phase images are used.

With regard to post-LT monitoring of bone health, 
this approach can also be of benefit to a subset of 
patients. In 2015, more than 27% of LT recipients 
were transplanted for HCC.(26) In these patients, post-
transplant surveillance for HCC is indicated, and most 
centers follow them with serial TPCT up to 5  years 
post LT. During a span of 5 years, some of these scans 
can be used for the evaluation of osteoporosis depend-
ing on the clinical scenario of the individual patients 
(eg, a patient with HCC who had negative BCT for 
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osteoporosis pre-LT may have a repeat analysis on 
TPCT 3 years later).

The relatively limited agreement between BCT 
and DXA in our study merits further discussion of 
potential explanations. First is the heterogeneity 
across vertebrae as spine DXA measurement is a 
composite result for L1 to L4, whereas BCT analysis 
covers only 1 vertebral level (typically L1). As a result, 
there can be discrepancies if the lumbar vertebrae are 
not homogeneous in density or size. Second are the 
artifacts because DXA spine BMD can be influenced 
by artifacts such as aortic calcification and other 
degenerative features, deformities, or fractures, all 
of which are projected into the 2-dimensional DXA 
measurement. With the 3-dimensional CT-based 
measurement, only the bone of interest is segmented; 
therefore, aortic calcifications or bony features from 
adjacent vertebrae are excluded. Plus, we avoid mak-
ing measurements in fractured/deformed vertebrae, 
which can have artificially high BMD. In this study, 
7 patients had deformed/abnormal vertebra in L1; 
thus, we analyzed an alternate level. It is possible 
that some patients had a normal L1 (which we ana-
lyzed), but had deformities in L2, L3, and/or L4. 
We did not evaluate L2, L3, or L4 because in many 
cases the CT exam covers only L1 to L2. Third is 
that agreement is expectedly lower when osteo-
porosis is defined by both strength and density (as 
opposed to density only). This is because density by 
DXA and BCT does not take into account the bone’s 
overall morphology and spatial distribution of bone 
density. By accounting for these 3-dimensional fea-
tures, strength can better distinguish bones at risk of 
fracture—at the cost of disagreeing with the simpler 
density measurement. This point emphasizes the fact 
that DXA is not a gold standard but, rather, a clinical 
practice standard; therefore, disagreement with BCT 
in terms of properly classifying patients for osteopo-
rosis and fracture risk may in fact reflect shortcom-
ings of DXA rather than a problem with the BCT 
classification.

Despite the new insight provided by our results, 
there remain limitations to our study. It is a retro-
spective single-center study with a small sample size. 
The latter can potentially explain the difference in 
PPV between our study and prior studies. The rela-
tively low PPV does not support the use of TPCT as 
a stand-alone osteoporosis test; therefore, we suggest 
the aforementioned stepwise approach where positive 
BCT-based testing is followed by DXA. We note that 

most of our population were men, which reflects the 
nature of our cohort being LT candidates,(27) whereas 
osteoporosis affects mostly women.(28) Another lim-
itation is that because TPCT is an abdominal imaging 
modality that is not inclusive of the pelvis, we were 
not able to evaluate the femoral bone density and 
strength, although our study still showed remarkable 
NPV using vertebral BCT to predict osteoporosis of 
the hip or vertebra on DXA. This is not unexpected 
in view of prior data showing the evolution of osteo-
porotic changes starting at the vertebra before involv-
ing the hip and leading to hip fractures.(29) In fact, 
in a prior CT colonography-based study there was 
no patient with isolated hip osteoporosis (ie, without 
concurrent vertebral osteoporosis). Furthermore, L1 
trabecular attenuation on CT has been shown in a 
prior study to be predictive of hip fracture.(30)

In summary, the routinely performed TPCT done 
for HCC screening in LT candidates is a reliable 
modality in ruling out osteoporosis in this patient pop-
ulation even when images are performed to maximize 
HCC detection using a dual-energy CT technique. 
However, patients with suspicion of osteoporosis on 
TPCT can be further evaluated with DXA. Larger 
studies are needed to validate these findings and to 
evaluate the predictability of BCT of future fracture 
risk and BCT utility during osteoporosis treatment in 
these patients.

Acknowledgment: The authors appreciate the assistance 
of Moen Taylor (Department of Radiology, Mayo 
Clinic, Rochester, MN) with processing the computed 
tomography images.

REFERENCES
	 1)	 Jeong HM, Kim DJ. Bone diseases in patients with chronic liver 

disease. Int J Mol Sci 2019;20:4270.
	 2)	 Gallego-Rojo FJ, Gonzalez-Calvin JL, Munoz-Torres M, Mundi 

JL, Fernandez-Perez R, Rodrigo-Moreno D. Bone mineral den-
sity, serum insulin-like growth factor I, and bone turnover markers 
in viral cirrhosis. Hepatology 1998;28:695-699.

	 3)	 Cockayne S, Adamson J, Lanham-New S, Shearer MJ, Gilbody S, 
Torgerson DJ. Vitamin K and the prevention of fractures: system-
atic review and meta-analysis of randomized controlled trials. Arch 
Intern Med 2006;166:1256-1261.

	 4)	 Janes CH, Dickson ER, Okazaki R, Bonde S, McDonagh AF, 
Riggs BL. Role of hyperbilirubinemia in the impairment of os-
teoblast proliferation associated with cholestatic jaundice. J Clin 
Invest 1995;95:2581-2586.

	 5)	 Collier J. Bone disorders in chronic liver disease. Hepatology 
2007;46:1271-1278.



Izzy et al.� Liver Transplantation,  March 2021

348  |  Original Article

	 6)	 McDonald JA, Dunstan CR, Dilworth P, Sherbon K, Sheil AG, 
Evans RA, et al. Bone loss after liver transplantation. Hepatology 
1991;14:613-619.

	 7)	 Monegal A, Navasa M, Guanabens N, Peris P, Pons F, Martinez 
de Osaba MJ, Ordi J, et al. Bone disease after liver transplanta-
tion: a long-term prospective study of bone mass changes, hor-
monal status and histomorphometric characteristics. Osteoporos 
Int 2001;12:484-492.

	 8)	 Krol CG, Dekkers OM, Kroon HM, Rabelink TJ, van Hoek B, 
Hamdy NA. Longitudinal changes in BMD and fracture risk in 
orthotopic liver transplant recipients not using bone-modifying 
treatment. J Bone Miner Res 2014;29:1763-1769.

	 9)	 Martin P, DiMartini A, Feng S, Brown R Jr, Fallon M. Evaluation 
for liver transplantation in adults: 2013 practice guideline by 
the American Association for the Study of Liver Diseases and 
the American Society of Transplantation. Hepatology 2014;59: 
1144-1165.

	 10)	 Cosman F, de Beur SJ, LeBoff MS, Lewiecki EM, Tanner B, 
Randall S, et al. Clinician’s guide to prevention and treatment of 
osteoporosis. Osteoporos Int 2014;25:2359-2381.

	 11)	 Schuit SC, van der Klift M, Weel AE, de Laet CE, Burger H, 
Seeman E, et al. Fracture incidence and association with bone 
mineral density in elderly men and women: the Rotterdam Study. 
Bone 2004;34:195-202.

	 12)	 Orwoll ES, Marshall LM, Nielson CM, Cummings SR, Lapidus J, 
Cauley JA, et al. Finite element analysis of the proximal femur and 
hip fracture risk in older men. J Bone Miner Res 2009;24:475-483.

	 13)	 Wainwright SA, Marshall LM, Ensrud KE, Cauley JA, Black 
DM, Hillier TA, et al. Hip fracture in women without osteoporo-
sis. J Clin Endocrinol Metab 2005;90:2787-2793.

	 14)	 Jiang X, Gruner M, Tremollieres F, Pluskiewicz W, Sornay-Rendu 
E, Adamczyk P, et al. Diagnostic accuracy of FRAX in predicting 
the 10-year risk of osteoporotic fractures using the USA treat-
ment thresholds: a systematic review and meta-analysis. Bone 
2017;99:20-25.

	 15)	 Wang X, Sanyal A, Cawthon PM, Palermo L, Jekir M, Christensen 
J, et al. Prediction of new clinical vertebral fractures in elderly 
men using finite element analysis of CT scans. J Bone Miner Res 
2012;27:808-816.

	 16)	 Keaveny TM, Clarke BL, Cosman F, Orwoll ES, Siris ES, 
Khosla S, et al. Biomechanical Computed Tomography analysis 
(BCT) for clinical assessment of osteoporosis. Osteoporos Int 
2020;31:1025-1048.

	 17)	 Weber NK, Fidler JL, Keaveny TM, Clarke BL, Khosla S, 
Fletcher JG, et al. Validation of a CT-derived method for osteopo-
rosis screening in IBD patients undergoing contrast-enhanced CT 
enterography. Am J Gastroenterol 2014;109:401-408.

	 18)	 Lee DC, Hoffmann PF, Kopperdahl DL, Keaveny TM. 
Phantomless calibration of CT scans for measurement of BMD 

and bone strength-Inter-operator reanalysis precision. Bone 
2017;103:325-333.

	 19)	 Agten CA, Ramme AJ, Kang S, Honig S, Chang G. Cost-
effectiveness of virtual bone strength testing in osteoporosis 
screening programs for postmenopausal women in the United 
States. Radiology 2017;285:506-517.

	 20)	 Adams AL, Fischer H, Kopperdahl DL, Lee DC, Black DM, 
Bouxsein ML, et al. Osteoporosis and hip fracture risk from routine 
computed tomography scans: the Fracture, Osteoporosis, and CT 
Utilization Study (FOCUS). J Bone Miner Res 2018;33:1291-1301.

	 21)	 Fidler JL, Murthy NS, Khosla S, Clarke BL, Bruining DH, 
Kopperdahl DL, et al. Comprehensive assessment of osteoporo-
sis and bone fragility with CT colonography. Radiology 2016;278: 
172-180.

	 22)	 Hanson GJ, Michalak GJ, Childs R, McCollough B, Kurup AN, 
Hough DM, et al. Low kV versus dual-energy virtual monoener-
getic CT imaging for proven liver lesions: what are the advantages 
and trade-offs in conspicuity and image quality? A pilot study. 
Abdom Radiol (NY) 2018;43:1404-1412.

	 23)	 Matsuda M, Tsuda T, Kido T, Tanaka H, Nishiyama H, Itoh T, 
et al. Dual-energy computed tomography in patients with small 
hepatocellular carcinoma: utility of noise-reduced monoenergetic 
images for the evaluation of washout and image quality in the  
equilibrium phase. J Comput Assist Tomogr 2018;42:937-943.

	 24)	 Yang CB, Zhang S, Jia YJ, Yu Y, Duan HF, Zhang XR, et al. 
Dual energy spectral CT imaging for the evaluation of small 
hepatocellular carcinoma microvascular invasion. Eur J Radiol 
2017;95:222-227.

	 25)	 Shuman WP, Green DE, Busey JM, Mitsumori LM, Choi E, 
Koprowicz KM, et al. Dual-energy liver CT: effect of monochro-
matic imaging on lesion detection, conspicuity, and contrast-to-
noise ratio of hypervascular lesions on late arterial phase. AJR Am 
J Roentgenol 2014;203:601-606.

	 26)	 Yang JD, Larson JJ, Watt KD, Allen AM, Wiesner RH, Gores GJ, 
et al. Hepatocellular carcinoma is the most common indication for 
liver transplantation and placement on the waitlist in the United 
States. Clin Gastroenterol Hepatol 2017;15:767-775.e763.

	 27)	 Sarkar M, Watt KD, Terrault N, Berenguer M. Outcomes in liver 
transplantation: does sex matter? J Hepatol 2015;62:946-955.

	 28)	 Alswat KA. Gender disparities in osteoporosis. J Clin Med Res 
2017;9:382-387.

	 29)	 Black DM, Arden NK, Palermo L, Pearson J, Cummings SR. 
Prevalent vertebral deformities predict hip fractures and new ver-
tebral deformities but not wrist fractures. Study of Osteoporotic 
Fractures Research Group. J Bone Miner Res 1999;14:821-828.

	 30)	 Lee SJ, Anderson PA, Pickhardt PJ. Predicting future hip fractures 
on routine abdominal CT using opportunistic osteoporosis screen-
ing measures: a matched case-control study. AJR Am J Roentgenol 
2017;209:395-402.


