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Abstract
Pancreatic  ductal  adenocarcinoma  (PDAC)  is  among  the  deadliest  of  all  com-
mon malignancies. Treatment is difficult and often complicated by the presence 
of cachexia. The clinical portrait of  cachexia contributes  to  the poor prognosis 
experienced by PDAC patients and worsens therapeutic outcomes. We propose 
that  low  bone  mineral  density  is  a  component  of  cachexia,  which  we  explore 
herein  through a  retrospective  review of all patients at our  facility  that under-
went surgery for PDAC between 2011 and 2018 and compared to sex- , age-  and 
comorbidity- matched control individuals. Data were abstracted from the medical 
record and pre- operative computed tomography scans. Muscle mass and quality 
were measured at  the L3  level and bone mineral density was measured as  the 
radiation  attenuation  of  the  lumbar  vertebral  bodies.  Patients  with  PDAC  dis-
played typical signs of cachexia such as weight loss and radiologically appreciable 
deterioration of skeletal muscle. Critically, PDAC patients had significantly lower 
bone mineral density than controls, with 61.2% of PDAC patients categorized as 
osteopenic compared to 36.8% of controls. PDAC patients classified as osteopenic 
had significantly reduced survival (1.01 years) compared to patients without os-
teopenia (2.77 years). The presence of osteopenia was the strongest clinical pre-
dictor of 1-  and 2- year disease- specific mortality, increasing the risk of death by 
107% and 80%, respectively. Osteopenia serves as a test of 2- year mortality with 
sensitivity of 76% and specificity of 58%. These data therefore identify impaired 
bone mineral density as a key component of cachexia and predictor of postopera-
tive survival in patients with PDAC. The mechanisms that lead to bone wasting 
in tumor- bearing hosts deserve further study.
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1   |   INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) is among the 
deadliest of all common malignancies.1 Once considered 
a  rare  disease,  PDAC  is  predicted  to  become  the  second 
most  common  cause  of  cancer  death  over  the  next  de-
cade.2  Significant  barriers  make  the  treatment  of  PDAC 
difficult including the high prevalence of cachexia in this 
cancer  population.  Cancer  cachexia,  a  devastating  syn-
drome characterized by profound skeletal muscle atrophy, 
with or without changes in adiposity, is present in 63% of 
patients  at  diagnosis  and  80%  of  patients  as  the  disease 
progresses.3,4  Cachexia  reduces  the  individual  quality 
of  life  and  tolerance  to  cancer  treatment  and  is  associ-
ated with adverse clinical outcomes and poor survival.5– 7 
Though  there are multiple definitions of  cachexia, most 
consider a combination of body weight loss together with 
reduced skeletal muscle mass and quality.5,8 A multifac-
eted syndrome, cachexia accounts for the many metabolic 
disruptions,  hormonal  abnormalities,  and  immune  sys-
tem responses that collectively promote a negative energy 
balance, thereby facilitating skeletal muscle atrophy.8– 10

Several studies have interrogated the relationships be-
tween muscle biology and bone density  in normal aging 
and  various  neuromuscular  diseases.11– 14  In  brief,  bone 
and muscle changes are believed to exist on a continuum 
driven  by  inflammation,  common  nutritional  deficits, 
malnutrition,  and  reduced  physical  activity.15  The  cross 
talk between bone and muscle is complex and represents 
an evolving field of study. Diverse endocrine signals em-
anate  from  skeletal  and  cardiac  muscle,  including  cyto-
kines  such  as  interleukin- 6  (IL- 6),  transforming  growth 
factor- beta (TGF- β), and myostatin, that influence glucose 
metabolism, fatty acid oxidation, muscle growth, and os-
teoclast  differentiation.16  Bone  mineral  density  has  not 
been  thoroughly  investigated  in  the  presence  of  PDAC, 
though  several  factors  that  contribute  to  bone  wasting 
have  been  thoroughly  interrogated  in  PDAC- associated 
muscle  atrophy.  Two  studies,  however,  have  considered 
osteopenia in the context of postoperative nutritional de-
ficiencies  and  micro- metastases.17– 19  Several  preclinical 
models have described reduced bone density and strength 
associating with muscle atrophy in the presence of cancer 
cachexia, although this has not been reported in the clin-
ical literature.20– 23

The  significance  of  osteopenia  in  PDAC  and  PDAC- 
associated  cachexia  is  largely  unknown.  Indeed,  to  our 
knowledge,  there  have  been  no  clinical  studies  demon-
strating the extent of bone loss in PDAC or cancer cachexia 
in  general.  To  address  this  gap  between  the  preclinical 
and clinical, we evaluated a comprehensive series of an-
thropometric  measures  in  surgical  PDAC  patients  and 
control  individuals measured  from routine, preoperative 

computed  tomography  (CT)  scans.7,24– 27 We  hypothesize 
that patients with PDAC have lower bone mineral density 
than control individuals and that bone loss associates with 
cachexia. We further hypothesize that osteopenic patients 
have markedly worse  long- term survival  than PDAC pa-
tients with healthy or age- appropriate bone density.

2   |   METHODS

A prospectively maintained,  IRB- approved database was 
used  to  identify all consecutive patients who underwent 
resection for histologically proven PDAC between October 
2011 and January 2018 at the University of Florida. Of the 
162  patients  identified,  152  had  preoperative  CT  scans 
available  and  suitable  for  analysis.  All  patients  had,  at 
minimum,  2  years  of  postoperative  follow- up.  Surgical 
complications and diverse oncologic outcomes were eval-
uable. Control subjects were randomly selected from age- , 
sex- , and Charlson comorbidity index- matched individu-
als undergoing surgery  for benign gallbladder pathology 
with appropriate abdominal CT scans.

We collected preoperative data including demograph-
ics  (age,  sex,  race,  and  ethnicity),  blood  chemistries 
(complete  blood  count,  comprehensive  metabolic  panel, 
and  CA19- 9),  PDAC  signs  and  symptoms,  neoadjuvant 
therapy  regimen  (if  applicable),  current  and  past  medi-
cations, and comorbidities and basic body measurements 
such as height and weight. Postoperative pathologic data 
included  tumor grade,  tumor size,  lymph nodes positive 
for PDAC, and surgical margin status. Surgical complica-
tions were recorded and graded according to the Clavien– 
Dindo index.28 Date of cancer recurrence and death were 
 recorded if applicable.

2.1  |  CT Analysis

Preoperative CT scans were downloaded from the medi-
cal  record,  de- identified,  and  saved  as  DICOM  files.  An 
axial image at the level of the third lumbar (L3) vertebra 
was  accessed  for  each  patient;  the  lower  aspect  of  the 
L3 transverse processes was used to guide acquisition as 
cross- sectional area at the L3 vertebra correlates with total 
body  composition.24  Manual  image  segmentation  was 
performed using sliceOmatic™ 5.0  (Tomovision, Magog, 
Quebec). Tissue thresholds were used that correspond to 
the radiodensities of skeletal muscle and adipose. Cross- 
sectional skeletal muscle area (SMA, cm2) was calculated 
by the summative area between −29 and 150 Hounsfield 
Units  (HU).25  Visceral,  subcutaneous,  and  inter- /intra- 
muscular adipose cross- sectional area were measured be-
tween −150 and −50 HU. SMA was normalized to height 
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(m2) yielding a lumbar skeletal muscle index (SMI, cm2/
m2). Individuals were classified as myopenic or not myo-
penic  according  to  sex-   and  BMI- dependent  cutoffs  of 
SMI  as  follows:  SMI  less  than  43  cm2/m2  for  men  with 
a BMI  less  than 25 kg/m2, SMI  less  than 53 cm2/m2  for 
overweight  or  obese  men,  and  SMI  less  than  41  cm2/
m2  for  women.29  Muscle  radiation  attenuation  (MRA) 
was reported in HU. BMI- dependent cutoffs of MRA were 
used to evaluate muscle health and degenerative, steatotic 
changes typical of atrophy, and cachexia of 41 HU for in-
dividuals with a BMI  less  than 25 kg/m2 and 33 HU for 
individuals  with  a  BMI  greater  than  25  kg/m2.29  Inter- /
intra- muscular  adipose  was  reported  as  a  percentage 
of  total  SMA.  Total  adipose  (cm2/m2)  was  also  reported 
as  the  summation  of  visceral  and  subcutaneous  adipose 
cross- sectional  areas  (cm2)  normalized  to  height  (m2). 
Individuals with PDAC were classified according to body 
weight  loss  in  the  preceding  6  months;  among  patients 
with greater than 5% loss, a subgroup was classified as ca-
chectic based on prognostic variables including myopenia 
and MRA cutoff status and 8% body weight loss. All three 
criteria  (significant  body  weight  loss,  low  muscle  mass, 
and low muscle quality) were used to stratify patients as 
cachectic in our analyses (see Table 1).

Bone density was approximated from the lumbar verte-
bral radiodensity (LVR and HU) using validated methods 
previously  described.26,27  In  brief,  five  individual  mea-
surements  were  taken  corresponding  to  the  attenuation 
of a region of interest located in the body of each lumbar 
(L1– L5) vertebra (Figure 1). The scans were manually ad-
justed to accommodate for the individual's position on the 
scanner bed such that the cross- section lay parallel to the 
superior aspect of the vertebral body and perpendicular to 
the lateral margins of the bone. LVR was the calculated as 
the  mean  value  for  the  five  images  selected.  Individuals 
were classified as osteopenic if the LVR was less than 145 
HU.26 Evidence of cortical bone remodeling or spinal sur-
gery precluded images from the analysis. In such cases, an 
average LVR was taken only from cross- sectional images 
of healthy vertebrae.

2.2  |  Statistical analysis

All  analyses  were  performed  using  SPSS  version  22.0 
(IBM Corp., Armonk, NY) and GraphPad Prism version 
5.02  (GraphPad  Software,  San  Diego,  CA).  Continuous 
variables  were  analyzed  using  independent  sample  
t- tests to compare means of two groups. One- way analysis 
of  variance  tests  were  used  to  compare  multiple  means. 
Correlations  were  assessed  assuming  Gaussian  distribu-
tion  and  with  Pearson's  coefficient  of  correlation.  Cox– 
Mantel  tests  were  used  with  generated  Kaplan– Meier 

survival  curves  to  determine  the  median  survival.  Cox 
proportional hazard ratios were calculated using univari-
ate  analysis  for  the  long- term  survival  using  categorical 
values, such as presence or lack of osteopenia, or median 
values as a cutoff for continuous data. All mortality meas-
ures were specific to PDAC. Sensitivity and specificity for 
LVR  and  various  cachexia  measures  were  calculated  to 
predict the survival at various time points postoperatively. 
Receiver operating characteristic (ROC) curves were plot-
ted using sensitivity and 1– specificity; the area under the 
curve (AUC) was calculated. A p value less than 0.05 was 
considered significant for all statistical tests.

3   |   RESULTS

Patient characteristics and clinical variables are summa-
rized in Tables 1 and 2. All laboratory values were meas-
ured at diagnosis. Mean (±SD) age for patients with PDAC 
was 69.0 (±9.61) years. A majority of patients were male 
(57.2%) and Caucasian (88.8%). No significant differences 
in age, sex, race, medication, or comorbidity status existed 
between control and PDAC patient groups. Furthermore, 
both cancer and control groups had similar prevalence of 
osteoporosis and vitamin D and calcium supplement use 
according to the clinical record. Tobacco smoking status, 
a risk factor for both PDAC and osteopenia, was also simi-
lar in both PDAC and control patient groups. No patients 
were  taking  bisphosphonates  or  other  anti- osteoporotic 
medications, such as denosumab or parathyroid hormone.

Weight  loss was common in patients with PDAC and 
of  the 152 PDAC patients  included, 104 patients  (68.4%) 
lost greater than 5% of their body weight in the 6 months 
preceding diagnosis, which is a criteria set forth by a panel 
of experts  for a diagnosis of cachexia.8 However, a more 
recent  classification  demonstrated  that  cachectic  can-
cer  patients  with  involuntary  body  weight  loss  and  two 
additional  criteria— muscle  depletion  and  low  muscle 
attenuation, measured  from CT images using  tissue seg-
mentation  software— have  significantly  shorter  survival 
irrespective of body weight.29 Using these more stringent 
criteria,  38  (25.0%)  patients  were  classified  as  cachectic. 
The  mean  age  of  patients  in  this  cachectic  PDAC  sub-
group  was  70.0  (±7.01)  years  and  greater  than  control 
individuals (64.2 ± 12.6 years, p = 0.0297), but other de-
mographic measures were similar across controls and the 
other PDAC groups.

3.1  |  Biochemical markers of cachexia

Hemoglobin,  albumin,  and  platelet  count  were  used  as 
blood- based  markers  of  cachexia.  PDAC  patients  with 
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more  than  5%  body  mass  loss  had  a  lower  mean  hemo-
globin  (12.4  ±  1.77  g/dl)  level  than  control  individuals 
(13.3  ±  1.56  g/dl;  p  =  0.0386).  Mean  hemoglobin  was 
likewise  lower  in  the  subgroup  with  definitive  cachexia 
(12.1  ±  1.69  g/dl,  p  =  0.0120)  than  control  individuals. 
When considered categorically, 21.1% of control individu-
als and 50.0% of PDAC subjects were classified as anemic. 
There was a  significant difference between control  indi-
viduals and subjects with greater than 5% body weight loss 
(50.0%, p = 0.0242) and cachexia (52.6%, p = 0.0267). All 
patients with PDAC had higher mean corpuscular volume 
(MCV,  93.0  ±  5.63  fl)  compared  to  control  individuals 
(89.6 ± 3.27 fl, p = 0.0122); MCV was particularly elevated 
in PDAC patients groups with weight loss (93.2 ± 5.10 fl, 
p = 0.0039) and cachexia (92.8 ± 5.73 fl, p = 0.0310). Thus, 
and  in  spite  of  the  elevated  MCV,  most  PDAC  patients 

displayed signs of normocytic anemia, typical of chronic 
disease.

Mean albumin level and platelet count were likewise al-
tered in most PDAC subjects compared to controls. Subjects 
with  less  than  5%  body  weight  loss  (3.78  ±  0.555  g/dl,  
p = 0.0364) and cachexia (3.79 ± 0.459 g/dl, p = 0.0325) 
had lower serum albumin than controls (4.11 ± 0.597 g/dl).  
Collectively,  PDAC  subjects  had  higher  mean  platelet 
counts than control individuals (260 ± 101 vs. 202 ± 51.6, 
p  =  0.0142).  This  remained  consistent  across  all  PDAC 
groups:  less  than  5%  body  weight  loss  (259  ±  95.8, 
p = 0.0172), more than 5% body weight loss (261 ± 104, 
p = 0.0167), and cachexia (253 ± 89.0, p = 0.0243).

All  other  recorded  lab  values  and  electrolytes  (cre-
atinine,  sodium,  and  potassium)  were  similar  between 
PDAC  subjects  and  control  individuals.  As  expected, 

F I G U R E  1  Determination of lumbar vertebral radiodensity. Osteopenia is assessed through routine CT scans using adjusted axial scans 
that capture the cross- section of each lumbar (L1– L5) vertebra. Adjusting the scan image accounts for normal shape of the spine and patient 
position on the scanner bed. Lumbar vertebral radiodensity (LVR and HU) is recorded as the average of the radiation attenuation of the five 
vertebrae in a region of interest in the cancellous bone of the vertebral body

T A B L E  2   Tumor pathologic variables

Tumor variable
Less than 5% body 
weight loss (n = 48)

More than 5% body weight loss 
(n = 104)

Cachexia 
(n = 38) p value

Neoadjuvant therapy, n (%) 15 (31.3) 22 (21.2) 8 (21.1) 0.3617

T Stage

1, n (%) 1 (2.08) 5 (4.81) 1 (2.63) 0.6586

2, n (%) 9 (18.8) 6 (5.77) 2 (5.26) 0.0225

3, n (%) 36 (75.0) 88 (84.6) 33 (86.8) <0.0001

4, n (%) 2 (4.17) 5 (4.81) 2 (5.26) 0.9709

Node positive disease, n (%) 34 (70.8) 78 (75.0) 29 (76.3) 0.8155

Positive lymph node ratio 0.143 (0.171) 0.152 (0.158) 0.171 (0.185) 0.7335

Tumor histology

Well- differentiated, n (%) 5 (10.4) 9 (8.65) 3 (7.90) 0.9094

Moderately differentiated, n (%) 17 (35.4) 51 (49.0) 23 (60.5) 0.0646

Poorly differentiated, n (%) 24 (50.0) 39 (37.5) 9 (23.7) 0.0438

Undifferentiated, n (%) 2 (4.17) 4 (3.85) 3 (7.90) 0.5894

Positive resection margin, n (%) 13 (27.1) 26 (25.0) 8 (21.1) 0.8094

Cancer antigen 19- 9 (U/mL) 537 (1590) 413 (597) 486 (639) 0.7716
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aspartate  aminotransferase  (AST)  tended  to  be  elevated 
PDAC subjects (64.4 ± 85.3 U/L) with tumors leading to 
biliary obstruction compared to controls (37.8 ± 46.1 U/L) 
but  did  not  achieve  significance.  However,  compared  to 
the  reference  range,  control  individuals  also  displayed  a 
degree of hypertransaminasemia  in blood assays. Serum 
calcium  concentration  also  tended  to  be  higher  in  most 
PDAC  subjects  (9.31  ±  0.707  mmol/L)  than  controls 
(9.07 ± 0.825 mmol/L) as would be expected during active 
and rapid bone resorption.

3.2  |  Body composition

Body  mass  index  (BMI)  was  lower  in  PDAC  sub-
jects  (26.6  ±  5.00  kg/m2,  p  =  0.0254)  than  controls 
(29.4 ± 4.69 kg/m2). BMI was most significantly decreased 
in patients with cachexia (25.7 ± 4.99 kg/m2, p = 0.0084). 
The average subject in this cohort lost 17.1% body weight. 
Together with low BMI and body weight loss, changes to 
lean body mass and adiposity are prognostic for poor out-
comes in cancer.29 SMI at the L3 vertebral level was lower 
in all  subjects with PDAC, significantly so  in  the cohort 
with cachexia (38.7 ± 5.99 cm2/m2), p < 0.0001 compared 
to  controls  (46.1  ±  5.77  cm2/m2).  Other  anthropometric 
measures  of  cachexia,  notably  MRA,  were  significantly 
altered between controls and PDAC subjects. Control in-
dividuals had a mean MRA of 34.5 ± 9.61 HU compared 
to 25.9 ± 5.95 HU in subjects with cachexia (p < 0.0001). 
When  a  prognostic  MRA  cutoff  was  used,  both  subjects 
with  cachexia  (100%,  p  <  0.0001)  and  those  with  more 
than 5% body weight loss (76.0%, p = 0.0239) had an in-
creased  prevalence  of  myosteatosis  compared  to  control 
individuals (47.4%). There were no significant alterations 
to inter-  or intra- muscular adipose content in PDAC sub-
jects  compared  to  controls,  nor  sufficient  radiologic  evi-
dence to support adipose wasting.

3.3  |  Signs of bone loss

Upon  accessing  CT  scans  from  the  clinical  record,  sev-
eral examples of bone loss were apparent in patients with 
PDAC. Importantly, there was no evidence of metastatic 
PDAC dissemination to bone. Indeed, metastatic disease 
precludes  tumor  removal  by  surgery  and  all  patients 
studied  underwent  surgery  with  curative  intent.  Figure 
2 documents examples of bone degeneration. Scans often 
displayed visibly low radiodensity in the cancellous bone 
of the vertebrae. Markedly low bone mineral density, ob-
served  radiologically,  was  combined  with  the  presence 
of  noteworthy  lytic  lesions,  such  as  those  observed  in 
Figure 2A. As low bone mineral density is a predictor of 

fracture,  we  also  assessed  scans  for  evidence  pathologic 
remodeling.  Gross  fractures  were  not  apparent,  but  sev-
eral  patients  had  evidence  of  cortical  bone  remodeling 
and possible evidence of compression in the lumbar spinal 
column  (Figure  2B,C,E).  Compared  to  control  individu-
als, those with PDAC were more likely to display signs of 
bone degeneration (49.3% vs. 10.5%, p = 0.0012). Notably, 
the  L5  vertebra  had  the  highest  radiation  attenuation 
(151 ± 47.7 HU, p = 0.0174) compared to L1 (138 ± 46.4 
HU), L2 (137 ± 46.6), L3 (137 ± 45.6), and L4 (146 ± 48.1). 
In addition to these changes, numerous patients had os-
teophytes projecting from the vertebral body.

3.4  |  Quantified bone density

All  PDAC  groups  demonstrated  lower  LVR  than  non- 
cancer  controls.  The  average  LVR  for  control  individu-
als  was  166  ±  44.0  HU  compared  to  141  ±  36.6  HU 
(p = 0.0197) in those with less than 5% body weight loss, 
141 ± 46.2 HU (p = 0.0330) in those with more than 5% 
body  weight  loss,  and  129  ±  40.1  (p  =  0.0025)  in  those 
with cachexia. Using pre- established LVR cutoffs, we ret-
rospectively  diagnosed  61.2%  of  all  PDAC  patients  with 
osteopenia. In total, 71.7% of patients with established ca-
chexia were osteopenic compared to 36.8% of control indi-
viduals (p = 0.0214). While osteopenia is more common in 
otherwise healthy females, we did not identify statistically 
significant  differences  in  bone  density  between  males 
(138 ± 42.6 HU) and females (130 ± 36.1 HU) with PDAC, 
though values were numerically lower in females. Patients 
that received neoadjuvant chemotherapy (131 ± 6.82 HU) 
generally had lower LVR than those treated with upfront 
surgery (144 ± 4.16 HU), but the observed difference was 
not statistically significant (p = 0.1090).

After  identifying  lower  LVR  and  the  high  prevalence 
of osteopenia in patients with PDAC, we sought to iden-
tify correlations between bone density and other anthro-
pometric cachexia measures (Figure 3). LVR significantly 
correlated  with  SMI  (p  <  0.0001),  MRA  (p  =  0.0004), 
and  inter- /intra- muscular  adipose  content  (p  =  0.0015). 
Curiously,  LVR  positively  correlated  with  platelet  count 
(p  =  0.0469).  LVR  did  not  correlate  with  any  additional 
anthropometric  measures,  blood  chemistries,  or  tumor 
variables.

3.5  |  Survivorship and outcomes

Median disease- free survival for all patients with PDAC 
was 1.21 years. In total, 58.3% of patients were alive at 
1 year, and 36.4% were alive at 2 years. When patients 
were categorized by osteopenia, key survival differences 
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were  noted  through  the  Kaplan– Meier  curves  (Figure 
4). Despite all patients undergoing potentially curative 
surgery,  osteopenic  patients  had  significantly  reduced 
median  survival  (1.01  years)  compared  to  those  with-
out  osteopenia  (2.80,  p  =  0.0002).  Furthermore,  osteo-
penia  is  the  single most powerful predictor of  survival 
at 1 and 2 years postoperatively with Cox proportional 
hazard ratios of 2.07 (CI: 1.22– 3.52, p < 0.05) and 1.80 
(CI:  1.17– 2.77,  p  =  0.0153),  respectively  (Table  3).  No 
other  variables  were  significant  in  predicting  disease- 
specific  mortality  at  2  years,  though  low  MRA  also 
tended to predict early recurrence (HR: 1.47, CI: 0.972– 
2.23, p = 0.0715). Furthermore, preoperative osteopenia 
predicts  2- year  mortality  with  76%  sensitivity  and  58% 
specificity.  Receiver  operating  characteristic  curves 
were  plotted  of  LVR-   and  SMI- derived  categorical  as-
signments of osteopenia and myopenia, respectively, as 
a test of 2- year mortality. The area under the curve for 
osteopenia was 0.679 compared to 0.589 for myopenia. 

Osteopenia  did  not  predict  peri- operative  outcomes  in 
our cohort of patients.

4   |   DISCUSSION

Cachexia is common in PDAC. As our present study indi-
cates, a majority of patients experience weight loss in the 
months preceding diagnosis. Key changes to body compo-
sition are common, such as reductions in skeletal muscle 
mass and quality. Our study further indicates that patients 
with resectable PDAC have markedly reduced bone den-
sity compared to age- matched individuals. Furthermore, 
alterations  in  bone  density  correlate  strongly  with  com-
monly  described  anthropometric  measures  of  cachexia, 
including  skeletal  muscle  mass  (SMI),  muscle  quality 
(MRA),  and  inter- /intra- muscular  adipose  percent  infil-
tration. We therefore describe osteopenia as a novel aspect 
of systemic wasting in cancer that occurs synchronously 

F I G U R E  2  Bone degeneration in subjects. Several subjects (panels A- F) had frank signs of bone degeneration when respective CT scans 
were analyzed. Common hallmarks of age were prevalent in both control and cancer groups, notably osteophytic changes at the periphery 
of the vertebral body. Osteophytes are present in all male examples and indicated by red asterisks. Other changes seemed to associate 
more directly with PDAC such as signs of remodeling and lytic lesions and are indicated by red arrows. Several examples visibly displayed 
attenuation changes to cancellous bone density. The bottom, right panel (F) displays markedly low density while the upper left (A), middle 
(B) and upper right (C) panels show increased attenuation. These latter examples also display signs of compression in the vertebral spine 
when viewed in the sagittal plane.

(A) (B) (C)

(D) (E) (F)
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with  reductions  in  the  health  of  skeletal  muscle.  In  the 
current study, low bone density also served as the single 
strongest  predictor  of  long- term,  disease- free  survival 
in  patients  that  underwent  curative  surgery  for  PDAC. 
Osteopenic patients were 107% more likely to die within 
1 year and 80% more  likely  to die within 2 years of sur-
gery than those with normal bone density. Our methods of 
measuring bone density serve as a prognostic test of 2- year 
mortality in patients following surgery for PDAC.

To  our  knowledge,  there  have  been  no  previous  re-
ports  of  low  bone  density  or  bone  atrophy  in  a  clinical 
population  of  patients  with  hepatopancreaticobiliary  or 
gastrointestinal cancer. Various preclinical models of can-
cer cachexia, however, have  identified bone depletion as 
a  phenomenon  of  the  wasting  phenotype.  Key  murine 
models of pancreatic, colorectal, and lung cancers display 
decreases  in  global  bone  mineral  density,  bone  mineral 

content,  femoral  trabecular  bone  volume  fraction,  and 
trabecular  number.21,23,30  When  interrogated  through 
three- point  bending  tests,  animal  models  of  familial  ad-
enomatous polyposis (APC−/+) exhibit functional deficits 
in bone strength.21 Furthermore, when various cytokines 
that contribute to cancer cachexia— such as TGF- β, IL- 6, 
and tumor necrosis factor alpha (TNF- alpha)— are inhib-
ited, bone mineral density loss is attenuated, most likely 
by  preventing  full  differentiation  of  osteoclasts  through 
the  RANK– RANKL  pathway.30– 32  In  brief,  the  scientific 
consensus states that inflammation of any cause is likely 
to cause substantial bone density loss.33 As cancer and ca-
chexia are intrinsically pathologies of inflammation, it is 
reasonable to associate the diverse clinical manifestations 
of wasting and osteopenia through the various causative 
inflammatory  cytokines.  A  chronically  elevated  inflam-
matory state is supported by the high prevalence of ane-
mia of chronic disease and thrombocytosis in our patient 
population.

Human  studies  of  body  composition  often  focus  on 
correlative analyses that might predict cancer outcomes. 
Most  often,  these  studies  rely  upon  multiple  measure-
ments across time to determine the systemic response to 
various anticancer treatments. Bone density has been stud-
ied longitudinally in patients receiving neoadjuvant che-
motherapy, radiation, and definitive surgery for PDAC.19 
Continuous loss of bone postoperatively predicted earlier 
tumor  recurrence  when  compared  to  patients  with  con-
stant  bone  mineral  density.  In  other  words,  circulating 
tumor stem cells and their interaction with host cells may 
facilitate the release of inflammatory factors that promote 
osteoclast differentiation.  Indeed,  IL- 6 and  interleukin- 8 
(IL- 8) promote PDAC stem cell colony formation and me-
tastasis.34,35 The  clinical  reality  of  cancer  care  and  bone 
density  change  rely  upon  a  better  understanding  of  the 
pathogenesis of osteopenia in cancer.

Our present study is not without limitation. Reported 
observations were made retrospectively in a selected group 
of surgical patients with PDAC from one geographical re-
gion. Furthermore, we selected patients with benign gall-
bladder disease to serve as our control population because 
in our hepatopancreaticobiliary surgical practice, the most 
common benign surgical indication is for gallbladder dis-
ease. Therefore, clinical CT scans are available from this 
non- cancer control population for this retrospective study, 
but not available from healthy controls, and we have used 
similar controls in other publications by our group.36 We 
do,  however,  acknowledge  that  in  our  comparisons  be-
tween PDAC and controls, our findings could be impacted 
by  the  selection  of  gallbladder  disease  patients  as  our 
non- cancer controls. Thus, prospective studies should be 
considered in the future, such that healthy controls can be 
included.

F I G U R E  3  Correlations between lumbar vertebral radiodensity 
and cachexia measures. Anthropometric and blood- based measures 
of cachexia correlate with LVR in subjects with PDAC. Greater 
LVR correlates positively with SMI (A) and MRA (B). Likewise, 
lower LVR is correlated with increased inter- /intra- muscular 
adipose deposition (C)
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Though we have established impaired bone biology as 
a paraneoplastic element of cancer, we did not attempt to 
ascertain the mechanisms underpinning this clinical sce-
nario. How do  tumor, muscle, and bone  interact? Might 
treating  cancer  patients  with  the  various  FDA- approved 

osteoporosis medications,  such as denosumab,  influence 
survivability? We have performed correlative analyses be-
tween established markers of cachexia and our novel as-
sessment of bone density, but our observations have been 
made  at  only  one— the  preoperative— time  point.  Thus, 

F I G U R E  4  Osteopenia and long- 
term, disease- free survival. PDAC 
subjects with normal bone density have 
significantly greater disease- free survival 
than their counterparts with radiologic 
osteopenia (A). Median survival for 
subjects with normal bone density 
was 2.77 years while those with bone 
wasting lived a median of 1.01 years. 
Receiver operating characteristic curves 
demonstrate that osteopenia (B) is a 
more sensitive and specific test of 2- year 
survival than myopenia (C)

Variable
Hazard 
ratio

95% confidence 
interval

p 
value

Osteopenia 1.80 1.17 2.77 0.0153

Low muscle radiation attenuationa 1.47 0.972 2.23 0.0715

Poor tumor differentiation 1.32 0.867 2.02 0.1872

High positive lymph node ratioa 1.26 0.832 1.91 0.2762

Advanced agea 1.24 0.818 1.88 0.3116

Large tumor sizea 1.23 0.809 1.86 0.3401

Myopenia 1.20 0.781 1.84 0.4196

Positive operative margin 1.19 0.741 1.92 0.4501

Anemia 0.879 0.580 1.33 0.5437

No neoadjuvant therapy 0.903 0.559 1.46 0.6684

Hypoalbuminemiaa 1.02 0.687 1.51 0.9238

High platelet counta 1.02 0.672 1.54 0.9312
aContinuous data cutoffs are defined by their relation relative to the median value.

T A B L E  3   Death hazard ratios at 
2 years
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we are unable to place the onset of cachexia in the contin-
uum that is the pathway from pre- cachexia to refractory, 
end- stage wasting. In future clinical trials, we will  inter-
rogate blood- based biospecimens and tumor and muscle 
biopsies to determine circulating and tumor- derived fac-
tors that may be related to systemic wasting, such as the 
various  inflammatory  cytokines  as  well  as  the  markers 
of bone formation and resorption.10,37 Specific endocrine 
factor levels in the bone– muscle axis, such as androgens, 
cortisol,  osteocalcin,  and  IGF- 1,  will  also  be  determined 
and  studied  with  clinical  imaging  and  quantification  of 
bone density.16,38– 40 Such studies could likewise consider 
any  sex- based  differences  in  PDAC- induced  osteopenia, 
including whether levels of sex hormones and their recep-
tors relate to such outcomes. In addition,  further assess-
ment of bone density should be performed in other cancers 
that  commonly  cause  cachexia,  such  as  esophageal  and 
lung cancers. Further studies should likewise assess bone 
mineral density in metastatic gastrointestinal cancers and 
the role of anticancer treatments. Relatively common con-
founding variables contributing to reduced bone mineral 
density such as vitamin D deficiency or steatorrhea (lead-
ing to a reduction in ability to absorb fat- soluble vitamins) 
need  to be prospectively  isolated as contributing causes. 
Reductions  in  muscle  mass  related  to  sedentary  activity 
levels could also be contributing but would likely require 
months  or  years  to  contribute  to  osteopenia.  Such  trials 
should also include routine dual- energy x- ray absorptiom-
etry (DXA) scans to evaluate their prognostic significance. 
Beyond the clinical realm, we also propose that bone den-
sity changes should be examined specifically in the sundry 
models of cancer cachexia and tumor biology to ascertain 
the biologic mechanisms of paraneoplastic osteopenia.

In summary, we report that osteopenia is a novel facet 
of  systemic  wasting  in  patients  with  resectable  PDAC. 
Multiple  anthropometric  changes  can  be  measured  in 
the  months  preceding  diagnosis.  These  measures  most 
often  consider  skeletal  muscle  mass  and  quality.  In  our 
study, we demonstrate  that bone density correlates with 
noninvasive measures of skeletal muscle pathology. As an 
independent element of cachexia, impaired bone density 
portents poor surgical and oncologic outcomes. Patients 
with osteopenia have reduced survival. Indeed, the pres-
ence of osteopenia serves as the single strongest predictor 
of mortality in our clinical population. If validated, osteo-
penia should be considered a stratification factor in clini-
cal trials testing the perioperative management of PDAC. 
Thus, from the findings reported herein, we define osteo-
penia as a pertinent clinical element of cancer cachexia.
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