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Abstract
Summary Information on bone loss in treated non-Hodgkin’s lymphoma patients is limited. In this study, we used CT to analyze
bone loss as well as prevalent and incident fractures. We found severe bone loss, a high rate of fractures, and a novel association
between bone loss and the international prognostic index.
Introduction To investigate bone loss and fracture risk in non-Hodgkin-lymphoma (NHL) patients by (i) comparing treatment-
related vertebral density (VD) loss in NHL patients with control subjects and (ii) investigating associations of VD loss versus
fracture risk. Further, associations of VD loss and clinical parameters were investigated.
Methods VD of 123 NHL patients was measured pre- and post-treatment in the L1, L2, and L3 vertebrae in routine computed
tomography (CT) scans, performed between Jan 2016 and Mar 2017. Control measurements (n = 52) were obtained from CT
colonographies between Sept 2003 and Sept 2017 and their subsequent follow-up-exams (10–137 months).

Prevalent and incident (between baseline and follow-up) fractures were assessed in all subjects, and VD loss per year was
calculated. Linear regressionmodels were used to (i) compare VD loss between patients and controls and (ii) identify associations
betweenVD loss and clinical parameters. Using logistic regressionmodels, ORs for fractures per SD change in VDwere assessed
in patients. Analyses were adjusted for age, sex, and contrast application.
Results NHL patients experienced significantly greater VDL1–3 loss than controls (P = 0.003), and greater VDL1–3 loss was
associated with a greater likelihood of incident fractures (OR, [95%-CI], P 1.90, [1.03, 3.51], 0.04). Patients with an initial
international prognostic index (IPI) of 5 suffered significantly greater VD loss compared with an IPI of 0 (P = 0.01).
Conclusion Using VD measurements in routine CT scans, substantial vertebral bone loss in NHL patients could be documented
with a high incidence of fractures.
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Introduction

The current incidence rate of non-Hodgkin lymphoma
(NHL) is 20 cases/100,000 persons per year, and in 2016,
there were 694,704 patients living with NHL within the
USA [1]. With advances in therapy, the relative 5-year sur-
vival rose from 47% in the 1970s to currently 72%. In
diffuse large-B cell lymphoma (DLBCL), cure could be
achieved in up to 80% of patients with a complete remission
as response to first-line therapy [2–4]. Common first-line
therapies for different subtypes of B cell-NHL are R-
CHOP, a combination of cyclophosphamide, doxorubicin,
vincristine, and prednisolone (CHOP) and the monoclonal
CD20-antibody rituximab and similar regimens such as R-
CODOX-M (rituximab, cyclophosphamide, vincristine,
doxorubicin, and methotrexate), R-CVP (rituximab, cyclo-
phosphamide, vincristine, prednisolone), or R-EPOCH (ri-
tuximab, etoposide, prednisolone, vincristine, cyclophospha-
mide, doxorubicin) [5, 6]. Numerous studies have shown an
increase in bone loss and fracture risk in patients treated for
NHL, and the chemotherapeutics used have been linked to
bone loss through various mechanisms [7–12]. Furthermore,
during a typical treatment cycle, patients receive 100 mg
prednisolone/day for 5 days and patients undergo up to six
cycles within 18 weeks. With a cumulative dose of 3000 mg
prednisolone in 126 days, the average daily dose of prednis-
olone is 23.8 mg/day within this interval, a dose that has
been shown to be capable of significantly increasing the
incidence of vertebral fractures [9, 13].

Despite these findings, the majority of patients treated with
R-CHOP or similar regimens do not receive osteoporosis
preventing medication, and to date, there is inadequate infor-
mation about the risk of osteoporotic fractures in patients un-
dergoing chemotherapeutic treatment of NHL, as limitations
of previous studies include lack of control cohorts or clinical
associations with bone loss and small fracture sample sizes [7,
9, 14]. Moreover, current treatment guidelines (e.g., the
National Comprehensive Cancer Network and the European
Society for Medical Oncology for the treatment of DLBCL)
neither require pre-treatment bone mineral density (BMD) as-
sessments nor do they implement treatments for accelerated
BMD loss [9, 15, 16].

The purpose of our study was therefore (i) to compare
treatment-related vertebral density loss (VD) in NHL patients
with control subjects, (ii) to investigate associations between
baseline VD and VD loss and prevalent as well as incident
fractures, and (iii) to identify patients at risk of severe VD loss
and osteoporotic fractures. The overarching and long-term
goal of this study was to provide pertinent information on risk
factors of treatment-associated bone loss in NHL patients and
associated osteoporotic fractures and thus justify preventative
therapies, such as administration of bone preserving medica-
tion by clinicians.

Methods

Subject selection

Patients seen at our institution between Jan 1, 2016 and
Mar 31, 2017 were retrospectively identified through our
clinical database and screened for the following study in-
clusion criteria: (i) diagnosis of high-grade B cell lympho-
ma (e.g., DLBCL), (ii) first-line therapy with R-CHOP or
similar intensive regimen, (iii) availability of staging com-
puted tomography of the chest, abdomen, and pelvis (CAP)
at baseline and after first-line treatment (closest to
12 months). To reduce the impact of differences in bone
marrow attenuation due to contrast enhancement, baseline
and follow-up CAP-scans were required to be either both
contrast-enhanced or both without contrast administration
[17]. By reviewing patient medical records, we obtained
baseline variables: age, body mass index (BMI), sex, lac-
tate dehydrogenase (LDH), stage of disease at diagnosis,
presence of bone marrow involvement, receipt of radiation
therapy (other than lumbar spine), use of bone active med-
ication (e.g., vitamin D, calcium, bisphosphonates), the
chemotherapy regimen utilized as well as the number of
cycles and response to therapy. Moreover, the international
prognostic index (IPI) score was calculated in patients,
which is a prognostic tool based on five parameters (age,
Ann Arbor stage of disease, Eastern Cooperative Oncology
Group (ECOG) performance status, serum LDH level,
extranodal manifestation) [18]. IPI scores were not calcu-
lated in four of 123 patients due to incomplete data.
Patients were assigned to risk groups based on individual
IPI scores (IPI risk: low, intermediate low, intermediate
high and high), as previously reported [19]. Exclusion
criteria included lymphoma manifestations within the
spine and status post radiation therapy including lumbar
spine and pelvis. Using the defined criteria, 123 patients
with 246 CAP CT scans at two time points were included
in this analysis.

Subjects for the control cohort were selected from our
PACS database using the following inclusion and exclusion
criteria: (1) two non-contrast–enhanced CT scans of the
abdomen and pelvis with at least 10 months between the
exams, (2) no history of cancer or any type of chemotherapy
during observation interval, and (3) no bone active medica-
tion at any time during or before the exams. In order to
minimize the possible effects of different study protocols,
the included exams were limited to CT colonographies.
Information on systemic corticosteroid use and associated
comorbidities (asthma, chronic obstructive pulmonary dis-
ease and rheumatologic disorders) were documented in all
control subjects. Using the defined inclusion and exclusion
criteria, a total of 52 subjects could be implemented in our
control cohort.
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CT imaging

Images for the case cohort were acquired usingmultidetector CT
(Discovery 750 HD, Lightspeed VCT 64) and PET/CT
(Discovery STE 16) scanners (GE Healthcare, Waukesha, WI,
USA) using standard clinical routine imaging protocols: peak
voltage 120 kVp, Pitch 0.984, 150 mAmin, 570 mAmax. For
contrast-enhanced imaging studies, 0.5–0.7-ml/kg bodyweight
Omnipaque 350 (GE Healthcare, Waukesha, WI, USA) was
administered at 3 ml/s, and images were obtained in the portal-
venous phase, 80 s after contrast administration. Images were
reconstructed with a slice thicknesses of 1.25 mm, 2.5 mm, and
5 mm in the axial plane routinely. In addition, coronal and
sagittal reformations were obtained in all patients with a slice
thickness of 3 mm and 5 mm, respectively. Consistent slice
thickness was used at baseline and follow-up, if available. In
cases lacking consistent slice thickness, slices with matching
thickness were reconstructed from thinner slices.

Images for the control cohort were acquired with the same
set of CT scanners using the department’s standard clinical
imaging protocol for virtual colonoscopy: peak voltage
120 kVp, Pitch 1.375, 50 mA. Imaging studies in the control
cohort were not contrast enhanced. Axial views with a slice
thickness of 1.25 mm were obtained in all exams, and sagittal
and coronal reformations were acquired in all patients with a
slice thickness of 5 mm and 3 mm, respectively.

Vertebral density measurements

Vertebral density (VD) measurements in Hounsfield units
(HU) were obtained from CAP CT scans in the patient cohort
and digital colonography CT scans in the control cohort, re-
spectively, using AGFA Impax 6.0 (Agfa-Gevaert, Mortsel,
Belgium). Two readers (D.S., J.B.) placed elliptical regions of
interest (ROIs) in an axial mid-vertebral slice in L1–3, cover-
ing the largest possible area of trabecular bone while exclud-
ing cortical bone as previously described [20]. Vertebrae with
pathological changes (e.g., fractures or other deformities)
were excluded from the analysis. Use of HU as a surrogate
measure for BMD has been previously described and validat-
ed by Pickhardt et al. [17, 21]. Figure 1b shows an axial
section through L1 with an elliptical ROI placed for HU
measurements.

Interobserver reproducibility measurements for VD were
obtained in 30 vertebrae by two readers (T.M.L and J.B.).
Intra-observer reproducibility measurements were performed
by a single reader (J.B.) with at least 4 weeks between both
readings.

Fracture assessment and patient cohort sub-groups

Fractures were documented in both cohorts using methods sim-
ilar to those described by Bauer et al. [22]. Fractures of the hips,

pelvis, spine, and ribs were defined as “overall” fractures.
“Spine” fractures were also documented separately. All fractures
were assessed on axial, sagittal, and coronal reconstructions of
eachCT exam at baseline and individual follow-up. Examswere
read by two radiologists in consensus (patient cohort: D.S.
(5 years of experience), T.M.L. (25 years of experience); control
cohort: J.B. (3 years of experience) and T.M.L.). Deformities of
the vertebral bodies with more than 20% height loss were de-
fined as fractures according to Genant et al. [23]. Figure 1a
shows an incident fracture at the lumbar spine. Individuals in
the patient cohort were assigned to groups (fracture versus no
fracture) for prevalent and incident fractures, respectively.
Incident fractures were defined as fractures that occurred be-
tween the baseline and follow-up CT exam of each individual,
respectively. Fracture numbers in the control cohort were too
low to assign corresponding groups.

Statistical analyses

Statistical analyses were performed using STATA software,
version 15 (StataCorp, College Station, TX, USA) with a two-

Fig. 1 Assessment of vertebral density (VD) and vertebral fractures.
Vertebrae with pathologic changes (e.g., fractures) were excluded from
VD measurements. a Left: Pre-treatment CT exam. L2 (►) is intact.
Right: Incident fracture of L2 (►) during treatment. Of note, new disc
vacuum phenomenon can be observed in L1/2. bLeft: Sagittal view of the
lumbar spine with slice orientation of the axial view (horizontal line).
Right: Axial view of L3 with region of interest (ROI) placement for
vertebral density measurements. The elliptical ROI is placed on mid-
height of the vertebral body, excluding cortical bone and the basivertebral
foramen (★)
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sided threshold of P < 0.05. Differences in subject character-
istics between patient and control cohorts were calculated
using a Pearson’s chi-square test for the categorical variable
(sex) and linear regression models for continuous variables
(age, BMI, follow-up interval). The average VD (VDL1–3)
was calculated as average of VDL1, VDL2, and VDL3, at base-
line and follow-up, in each individual. Further, absolute and
percent changes in VD per year were calculated for each mea-
surement and the average VD (L1, L2, L3, L1–3), by
subtracting baseline values from follow-up values, on an in-
dividual basis. VDL1–3 was defined as primary outcome, while
VDL1, L2, L3 were treated as secondary outcomes. Coefficients
of variation (CVs) for repeated VD measurements were cal-
culated to determine the reproducibility of ROI placement.

Baseline VD Linear regression models were used to compare
baseline VD between the control and patient cohorts. Using
logistic regression models, odds for prevalent and incident
fractures per 1 SD difference in VD were calculated.
Baseline VDL1–3 of controls with prednisone use or pre-
existing comorbidities (mentioned above) was compared with
the remaining control cohort using a linear regression model.

Change in VD Linear regression models were used to compare
change in VD per year (absolute and percent) between the
patient and control cohorts. Logistic regression models were
used to determine the odds for fractures (prevalent and inci-
dent) in patients with greater change in VD (percent). Percent
VDL1–3 loss in controls with prednisone use or pre-existing
comorbidities (mentioned above) was compared with the re-
maining control cohort using a linear regression model.

In order to facilitate interpretation, logistic regression
models used standardized values for baseline VD and VD loss
(percent). Standardized values were calculated by subtracting
the mean VD across all cases from individual values and di-
viding by the standard deviation (SD). Implementing a post
hoc power analysis, the probability of a true significant differ-
ence in percent VDL1–3 loss between patients and controls was
investigated (power = 80%, alpha = 0.05, N2/N1 = 0.4228,
mean difference = 19, SD1 = 3; SD2 = 21). Further, the mini-
mal sample size required to find significant differences was
retrospectively calculated.

Clinical parameters Linear regression models were used to
determine associations between categorical (IPI risk, bone
marrow involvement, use of bone active medication (e.g., vi-
tamin D, calcium, bisphosphonates), chemotherapy regimen,
response to therapy), and continuous (BMI, IPI score, number
of treatment cycles) clinical parameters and VDL1–3 loss
(percent) in the patient cohort.

All regression models were adjusted for age, sex, and con-
trast administration. Statistical adjustments were implemented
to account for potential confounding variables that are

associated with both the exposure and outcome [24]. A sensi-
tivity analysis was conducted to determine if the results differ
with and without adjustment for intravenous contrast.

Results

Cohort characteristics

A total of 296 NHL patients were seen at our institution be-
tween January 2016 and March 2017. Of those, 89 were ex-
cluded due to missing baseline and/or follow-up CT scans.
Four patients were treated with rituximab as single-agent
and 27 received other chemotherapy regimens prior or during
the study and were thus excluded. Of the remaining 176 pa-
tients, imaging in 53 was not consistently performed with or
without contrast. No further exclusions were made due to
skeletal deformities or poor-quality scans. The remaining
123 individuals were included in the patient cohort. A sum-
mary of subject characteristics for patient and control cohorts
as well as patient cohort sub-groups is provided in Table 1.
Subject age was significantly different in patient and control
cohorts (mean ± SD, controls: 67.04 ± 8.92; patients: 59.19 ±
15.27, P = 0.001). Moreover, the percentage of females was
significantly greater in the control cohort compared with the
patient cohort. DLBCL (112 (91.06)) and other high-grade b
cell lymphomas (5 (4.07)) accounted for most of NHL cases,
while primary mediastinal B cell lymphoma (PMBCL)
accounted for 6 (4.88) cases. Out of 123 individuals in our
patient cohort, scans in 102 were contrast-enhanced.

Follow-up intervals ranged from 4 to 17 months in the
patient cohort and from 10 to 137 months in the control co-
hort. A total of 66 prevalent fractures (39 vertebral fractures)
were observed in 28 patients. While nine of the patients had
only one prevalent, the average number of fractures was 2.64.
In 16 patients with incident fractures, we found 27 “overall”
fractures, of which 17 were vertebral fractures. Only one pa-
tient suffered both, an incident vertebral fracture and three
more incident fractures at the ribs. Use of systemic corticoste-
roids was found in one control subject, three controls were
diagnosed with chronic obstructive pulmonary disease and
two with asthma at the time of inclusion.

Baseline vertebral density and fractures

Inter- and intra-observer reproducibility for VDmeasurements
both showed excellent agreement with an average coefficient
of variation of 2.84% and 1.82%, respectively. Unadjusted
baseline average VDL1–3 in the control cohort (mean ± SD;
134.74 HU ± 44.24 HU) was significantly lower compared to
the patient cohort (183.14 ± 57.52) (P < 0.001). However, no
significant differences were found between cohorts when ad-
justed for age, sex, and contrast (P = 0.48). Similar
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observations were made in VDL1, VDL2, and VDL3: While
unadjusted analyses showed significantly greater VD in the
patient cohort (P < 0.001), differences became insignificant
when adjusted for age, sex, and contrast (P ≥ 0.28, respective-
ly). Notably, VDL1–3 in controls with pre-existing COPD,
asthma or prednisone use (81.44 ± 21.48) was lower than in
the remaining control cohort (141.69 ± 41.70) (P = 0.005).
Performing a sensitivity analysis to compare VD measure-
ments in patient and control CT scans without adjustment
for contrast demonstrated significantly higher VD in the pa-
tient cohort (P < 0.001, respectively).

No significant differences in VD were observed in patients
with prevalent or incident fractures compared with patients
without fractures (“overall” and “spine”, respectively) (P ≥
0.05, for VDL1–3 and VDL1, L2, L3, respectively) (Table 2).

However, statistical trends towards lower VD were observed
in the prevalent spine fracture subgroup, for the primary out-
come VDL1–3 and the secondary outcome VDL1 (P = 0.08 and
0.05, respectively). Moreover, patients with incident spine
fractures during follow-up interval showed a trend towards
lower VDL1–3 (143.48 HU ± 46.16 HU) compared with pa-
tients without incident spine fractures (187.42 HU ± 57.16)
(P = 0.05). Statistical trends suggesting a greater likelihood
of prevalent spine fractures were found per 1 SD increase in
VDL1–3 and the secondary outcome VDL1 (OR [95%-CI], P
value; 1.79 [0.91, 3.55], 0.09 and 2.11 [0.97, 4.60], 0.06,
respectively) (Table 2).

Patients with lower VDL1–3 at baseline showed significant-
ly increased likelihood of incident spine fractures during the
follow-up interval (OR, [95%-CI], P value; 3.00, [1.08, 8.32],

Table 1 Cohort characteristics

Control cohort
(n = 52)

Patient cohort
(n = 123)

Patients, prevalent
spine fracture (n = 25)

Patients, no prevalent
spine fracture (n = 98)

Patients, incident
spine fracture
(n = 12)

Patients, no
incident spine
fracture (n = 111)

Age (years, mean ± SD)a 67.04 ± 8.92* 59.19 ± 15.27* 67.44 ± 15.71* 57.08 ± 14.50* 68.17 ± 12.10* 58.22 ± 15.30*

BMI (kg/m2, mean ± SD)a 25.60 ± 5.56 25.93 ± 5.74 26.41 ± 4.55 25.81 ± 6.02 25.30 ± 3.25 26.00 ± 5.96

Sex (n (%))b

Women 35 (67.31)* 52 (42.28)* 10 (40.00) 42 (42.86) 3 (25.00) 49 (44.14)

Men 17 (32.69)* 71 (57.72)* 15 (60.00) 56 (57.14) 9 (75.00) 62 (55.86)

Follow-up time (months,
mean ± SD)a

58.50 ± 31.21* 10.11 ± 3.70* 10.84 ± 3.58 9.86 ± 3.80 11.67 ± 3.60 9.88 ± 3.76

LDH (U/L, mean ± SD)a – 308.13 ± 250.08 281.96 ± 199.78 314.53 ± 261.44 318.73 ± 226.14 307.03 ± 253.39

BMI body mass index, LDH lactate dehydrogenase

*P < 0.05
a Linear regression model
b Pearson’s chi-square test

Table 2 Baseline VD in patient cohort sub-groups and likelihood of associated spine fractures

Spine fracturea (HU) No spine fracturea (HU) P ORb 95%-CI P

Prevalent fracture n = 25 n = 98

L1 152.21 ± 55.53 196.42 ± 54.44 0.05 2.11 [0.97, 4.60] 0.06

L2 146.59 ± 48.38 192.56 ± 56.01 0.12 1.81 [0.81, 4.06] 0.15

L3 157.41 ± 64.75 186.31 ± 54.14 0.29 1.45 [0.72, 2.89] 0.30

L1–3 151.73 ± 61.12 191.15 ± 54.02 0.08 1.79 [0.91, 3.55] 0.09

Incident fracture n = 12 n = 111

L1 160.08 ± 46.67 192.97 ± 56.87 0.18 1.99 [0.79, 4.99] 0.14

L2 143.98 ± 47.22 189.31 ± 56.74 0.10 2.59 [0.85, 7.93] 0.10

L3 142.21 ± 50.30 185.03 ± 56.25 0.10 2.57 [0.87, 7.55] 0.09

L1–3 143.48 ± 46.16 187.42 ± 57.16 0.05 3.00 [3.15, 8.33] 0.04

Two participants in the “no spine fracture” group had other prevalent “overall” fractures, and two had other incident overall fractures. All analyses are
adjusted for age, gender, and contrast. Significant P values (< 0.05) are printed italics

HU Hounsfield unit, OR odds ratio, 95%-CI 95% confidence interval
a Data given as mean ± standard deviation (SD)
bOdds ratios indicate the likelihood of a fracture per SD change in VD. All analyses are adjusted for age, gender, and contrast
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0.04). In the secondary analyses, decreased VDL2 and VDL3

were also associated with an increased likelihood of incident
spine fractures. However, these findings remained statistical
trends (OR [95%-CI]; VDL2 2.59 [0.85, 7.93], 0.1; VDL3 2.57
[0.87, 7.55], 0.09). No significant associations were observed
for any baseline VD measurements and prevalent or incident
overall fractures.

Vertebral density loss and associations with incident
and prevalent fractures in patients

Significantly greater absolute VD loss (HU/year) was found in
patients for the primary (VDL1–3) and all secondary outcomes
(VDL1, L2, L3), compared with controls (P ≤ 0.02, respective-
ly), adjusted for age, sex, and contrast (Table 3). Differences
between cohorts were even more evident in percent VD loss
per year: Mean percent VDL1–3 loss in the patient cohort (−
20.96 ± 20.96) was significantly greater than in the control
cohort (− 2.10 ± 2.73) (P = 0.004), and similar results were
found for secondary outcomes (VDL1, L2, L3) (P < 0.001, re-
spectively). Percent VDL1–3 loss in controls with pre-existing
COPD, asthma, or prednisone use was not significantly dif-
ferent from the remaining control cohort (P = 0.75).
Performing a sensitivity analysis to compare VD measure-
ments in patient and control CT scans without adjustment
for contrast demonstrated also significantly higher VD loss
in the patients (P < 0.001, for absolute and percent loss, re-
spectively). The power of the analysis investigating differ-
ences in percent VDL1–3 loss between patients and controls
was found to be 1.00, and the minimal required sample size
was found to be 8 individuals per cohort.

In patient cohort sub-groups, percent VDL1–3 loss was
found to be significantly increased in the incident spine frac-
ture subgroup (− 25.71% ± 21.35%) compared with the no
incident spine fracture subgroup (− 15.83% ± 13.58%) (P =
0.04) (Table 4). VDL1 loss (%/year) was also greater in the
patient subgroup with incident spine fractures (− 24.87% ±
19.61%) compared with those without (− 14.92% ± 13.86%);

however, this result remained only a statistical trend (P =
0.08).

Investigating the associations between VD loss and risk of
incident fractures, percent VDL1–3 loss per year was found to
be significantly associated with an increased likelihood of
incident spine fractures (1.90 [1.03, 3.51], P = 0.04) during
the follow-up interval. Percent VDL2 loss was also associated
with a greater risk of incident spine fractures, but the associ-
ation remained a statistical trend (OR [95%-CI] 1.81 [0.92,
3.56], 0.09). No significant associations were found for per-
cent VD-loss per year during the follow-up interval and prev-
alent fractures at baseline, and no significant results were
found for the overall fracture sub-groups. Dropping the ad-
justment for contrast in the sensitivity analysis did not affect
the results: VDL1–3 loss (%/year) in the incident fracture sub-
group was significantly greater compared with the no incident
fracture subgroup, with and without adjustment for contrast
(P = 0.04 and 0.03, respectively).

Associations between vertebral density loss and
clinical parameters

Distribution of clinical parameters in the patient cohort is pro-
vided in Table 5. Patients with a high risk (IPI risk) had sig-
nificantly greater percent VDL1–3 loss (− 22.80% ± 16.98%)
compared with patients with low risk (− 14.01% ± 11.89%)
(coefficient, [95%-CI], P value; − 10.13 [− 17.87, − 2.40],
0.01), and patients with intermediate low risk trended to have
greater VDL1–3 loss than low-risk patients (− 5.46 [− 11.72,
0.80], 0.09). Moreover, a significantly greater percent VDL1–3

loss was observed per one increase in IPI score in patients (−
2.60 [− 4.58, − 0.63], 0.01).

Notably, elevated LDH levels, which are part of the IPI
scoring system, were not significantly correlated with in-
creased VDL1–3 loss (P ≥ 0.25, respectively). Neither NHL
subtype nor the chemotherapy regimen or stage of disease at
diagnosis was significantly correlated with VDL1–3 loss
(P > 0.05). Significant findings remained unchanged after

Table 3 Vertebral density change
per year in control and patient
cohort

Control cohort
(HU/year)a

(n = 52)

Patient cohort
(HU/year)a

(n = 123)

Pb Control cohort
(%/year)a

(n = 52)

Patient cohort
(%/year)a

(n = 123)

Pb

L1 − 3.20 ± 4.26 − 38.38 ± 41.89 0.02 −2.17 ± 2.76 −19.29 ± 20.74 0.004

L2 − 1.56 ± 6.53 − 38.74 ± 43.70 0.01 −1.53 ± 4.32 −20.12 ± 22.20 < 0.001

L3 − 2.54 ± 4.82 − 40.52 ± 43.00 0.003 −2.43 ± 4.88 −22.19 ± 22.67 < 0.001

L1–3 − 2.46 ± 2.47 − 31.02 ± 27.56 0.003 −2.10 ± 2.73 −20.96 ± 20.96 < 0.001

All analyses are adjusted for age, gender, and contrast. Significant P values (< 0.05) are printed italics

HU Hounsfield unit
a Data given as mean ± standard deviation (SD)
bP values of linear regression models
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dropping the adjustment for contrast in the sensitivity analysis
(IPI score: P = 0.01; IPI risk (high vs. low): P = 0.01), and the
trend towards greater VDL1–3 loss in patients with intermedi-
ate low risk versus patients with low risk persisted (P = 0.09).

Discussion

In this study, we analyzed VD loss in patients undergoing
chemotherapeutic treatment of NHL versus non-lymphoma
controls and its association with prevalent and incident frac-
tures during treatment. We found that VD loss in all vertebral
bodies was substantially greater in the NHL patient cohort
compared with the control cohort. Moreover, we were able
to identify two key factors, which provide novel information
on bone loss in NHL patients and associated fractures: (i)
Patients with low baseline VD were significantly more likely
to suffer spine fractures during the treatment interval, and (ii)
the international prognostic index score (IPI) was significantly
associated with VDL1–3 loss in patients undergoing therapy
and high-risk patients (initial IPI score ≥ 4) suffered signifi-
cantly greater treatment-associated bone loss, which itself is
also significantly associated with a higher fracture incidence.

Previous studies have shown that 30–60% of osteoporotic
fractures among men and around 30% among perimenopausal
women are connected to secondary causes [25, 26].
Chemotherapeutics, such as cyclophosphamide, doxorubicin
and prednisolone, which are being used in NHL treatment,
may induce secondary osteoporosis through different mecha-
nisms [9, 10, 12]: Cyclophosphamide is capable of inducing a
secondary hypogonadism, leading to substantial bone

resorption, while doxorubicin in contrast has been shown to
play a role in the direct inhibition of bone formation [27, 28].
Prednisolone induces osteoporosis by multiple, complex
mechanisms, including a reduction of gastrointestinal calcium
absorption and an increase of urinary calcium excretion [29].
Therefore, the 2017 American College of Rheumatology
guideline suggests preventive measures for adults taking
doses of prednisolone of ≥ 2.5 mg/day, doses that NHL pa-
tients receiving chemotherapy regimens including predniso-
lone (e.g., R-CHOP) regularly exceed. Recommendations for
this group include the optimization of calcium intake (1000–
1200 mg/day) and vitamin D intake (600–800 IU/day).
Furthermore, oral bisphosphonates are suggested for adults
of the age of 40 or older with a moderate or major fracture
risk, assessed using the fracture risk assessment tool FRAX
(https://www.shef.ac.uk/FRAX/tool.jsp) [30].

However, despite the fact that increased BMD loss in pa-
tients treated with R-CHOP for DLBCL is known, current
guidelines for the treatment of NHL, such as the ESMO or
NCCN guidelines, do not include recommendations on BMD
assessment or osteoporosis prophylaxis before and during
NHL treatment [9, 15, 16]. We found a significantly increased
likelihood of incident spine fractures in patients with low
baseline VDL1–3, which had received R-CHOP or similar che-
motherapy regimens. As these findings demonstrate, identifi-
cation of patients at vertebral fracture risk by assessing VD in
pre-treatment staging scans is feasible. This novel information
may further be used to determine whether fracture-preventing
action should be initiated.

Numerous risk factors for severe loss of BMD like age, sex,
previous fractures, and calcium deficiency have already been

Table 4 Change in VD in patient cohort sub-groups and likelihood of association with spine fractures

Spine fracturea

(HU/year)
No spine fracturea

(HU/year)
Pb Spine fracturea

(%/year)
No spine fracturea

(%/year)
Pb ORc 95%-CI P

Prevalent fracture (n = 25) (n = 98) (n = 25) (n = 98)

L1 − 28.27 ± 25.07 − 30.91 ± 28.49 0.95 − 18.63 ± 15.77 − 15.24 ± 14.38 0.44 1.31 [0.75, 2.31] 0.35

L2 − 29.46 ± 36.15 − 29.89 ± 28.30 0.68 − 18.61 ± 22.15 − 14.98 ± 13.97 0.31 1.40 [0.84, 2.34] 0.20

L3 − 36.39 ± 33.45 − 31.72 ± 28.19 0.40 − 21.79 ± 18.65 − 17.18 ± 15.36 0.29 1.34 [0.83, 2.17] 0.23

L1–3 − 32.21 ± 30.78 − 30.72 ± 26.84 0.52 − 20.07 ± 17.70 − 15.96 ± 13.81 0.25 1.35 [0.86, 2.12] 0.20

Incident fracture n = 12 n = 111 n = 12 n = 111

L1 − 38.66 ± 29.62 − 29.80 ± 27.82 0.41 − 24.87 ± 19.61 − 14.92 ± 13.86 0.08 1.82 [0.89, 3.72] 0.10

L2 − 37.59 ± 44.53 − 29.14 ± 28.05 0.31 − 23.70 ± 27.94 − 14.86 ± 13.93 0.11 1.81 [0.92, 3.56] 0.09

L3 − 37.84 ± 37.06 − 32.01 ± 28.36 0.47 − 24.38 ± 20.92 − 17.37 ± 15.42 0.23 1.63 [0.84, 3.17] 0.15

L1–3 − 37.66 ± 34.11 − 30.30 ± 26.84 0.32 − 25.71 ± 21.35 − 15.83 ± 13.58 0.04 1.90 [1.03, 3.51] 0.04

Two participants in the “no spine fracture” group had other prevalent overall fractures, and two had other incident overall fractures. All analyses are
adjusted for age, gender, and contrast. Significant P values (< 0.05) are printed italics

HU Hounsfield unit, OR Odds ratio, 95%-CI 95% confidence interval
a Data given as mean ± standard deviation (SD)
bP value for linear regression models
c Odds ratios indicate likelihood of a fracture per 1 SD change in VD change per year
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identified [31, 32]. Elevated LDH levels at the point of diag-
nosis have been reported to be associated with increased BMD
loss measured by dual x-ray absorptiometry (DXA) by Paccou
et al. [8]. LDH is one of five factors determining the IPI score,
which is used to initially determine an NHL patient’s progno-
sis. While we did not find elevated bone loss in subjects with
increased baseline LDH, we found a significant association
between initial IPI and percent VDL1–3 loss. Moreover, signif-
icantly greater VDL1–3 loss in patients with “high risk” com-
pared with “low risk”was found [19]. The interaction of LDH
and other factors (age, Ann Arbor stage of disease, Eastern
Cooperative Oncology Group (ECOG) performance status,
and extranodal lymphoma manifestations) may thus have a
stronger effect on VD loss than each factor individually.
Since assessment of IPI scores is already established,

identification of this score as risk factor for bone loss may
provide substantial benefits for patients. Thus, this novel find-
ing of an association between IPI and therapy-associated VD
loss may serve as subject of future investigations.

We found a tenfold greater percent VDL1–3 loss per year in
the patient cohort compared with the control cohort, providing
evidence for the severity of CHOP-like chemotherapy-in-
duced bone density loss. Similarly, high VD loss in NHL
patients has been reported previously; however, this study
did not include a control cohort [9]. By adding a control co-
hort, we were able to provide context to the severity of bone
loss NHL patients experience. This finding is also emphasized
by our control cohort’s mean age and sex distribution: Mean
age was significantly greater in controls compared with the
patient cohort, and the percentage of females in controls was

Table 5 Characteristics of the
patient cohort (n = 123) and
associations between patient
characteristics and VDL1–3 loss
(%)

Clinical parameter n (%)/mean ± SD b Coefficient 95%-CI P

BMI 25.93 ± 5.74 − 0.09 [− 0.39, 0.57] 0.71

Stage

1a 28 (22.76)

2 32 (26.02) − 3.72 [− 11.46, 4.01] 0.34

3 21 (17.07) − 2.60 [− 11.19, 5.99] 0.55

4 42 (34.15) − 5.97 [− 13.16, 1.22] 0.10

IPI scorec 1.94 ± 1.30 − 2.60 [− 4.58, − 0.63] 0.01

IPI riskc

lowa 48 (40.34)

intermediate low 34 (28.57) − 5.46 [− 11.72, 0.80] 0.11

intermediate high 20 (16.81) − 2.21 [− 9.47, 5.04] 0.55

high 17 (14.29) − 10.13 [− 17.87, − 2.40] 0.01

LDHc

< 250 U/I 74 (62.71)

250–500 U/I 23 (19.49) − 3.66 [− 10.30, 2.99] 0.28

> 500 U/I 21 (17.80) − 3.99 [− 10.79, 2.80] 0.25

Bone marrow involvement 22 (18.18) − 1.58 [− 8.43, 5.28] 0.65

Bone active medication 26 (21.14) − 2.05 [− 9.00, 4.91] 0.56

Chemotherapy regimen

R-CHOPa 71 (57.72%)

R-EPOCH 50 (40.65%) 2.75 [− 3.38, 7.53] 0.45

other 2 (1.63%) 10.79 [− 10.46, 32.30] 0.31

Response to first-line therapy

Complete responsea 109 (88.62%)

Partial response 9 (7.32%) − 8.47 [− 18.78, 1.84] 0.11

Progressive disease 5 (4.07%) 5.94 [− 7.47, 19.35] 0.38

Number of cycles 5.73 ± 0.77 − 0.57 [− 4.08, 2.95] 0.75

Significant P values (< 0.05) are printed italics

95%-CI 95% confidence interval, BMI bodymass index (kg/m2 ), IPI International Prognostic Index, LDH lactate
dehydrogenase
a Reference category
b n (%) is given for categorical variables; mean ± SD is given for continuous variables
c Baseline IPI scores were available in 119 of 123 patients and LDH in 118 of 123 patients
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significantly higher. Both of these characteristics are risk fac-
tors for bone loss; thus, our study design rather tended to
underestimate the severity of VD loss in patients.

The likelihood of incident fractures was significantly in-
creased in patients experiencing greater VDL1–3 loss during
the follow-up interval. Thus, VD monitoring during treatment
may also help in identifying subjects with substantial
treatment–associated bone loss at risk of fractures, enabling
preventive action. Possible measures to prevent fracture may
include, but are not limited to, calcium and vitamin D supple-
mentation and bisphosphonate use [33–35]. Moreover, the
monoclonal anti-receptor activator of nuclear factor κ B
(RANK)-ligand antibody denosumab has shown promising
results by reducing fracture risk and increasing BMD [36,
37]. However, these results were observed in postmenopausal
females undergoing breast cancer treatment and childhood
cancer survivors. To the author’s best knowledge, no similar
studies on the efficacy of denosumab in NHL patients have
been conducted yet; thus, the applicability remains unclear.

In our patient cohort, 15 patients suffered incident fractures
during the follow-up interval. The absolute number of frac-
tures in our cohort was comparably large to other studies [8,
38]. However, our relative fracture incidence matches previ-
ously reported incidences per year among cancer patients of
about 12–14% [9, 11]. Information on clinical and fracture
data were previously reported. This dramatically high fracture
incidence rate among cancer patients emphasizes the urgency
to find practical screening methods to identify individuals in
need of further diagnostic and therapeutic measures.

The measurement of VD in CT as a surrogate marker for
BMD is a validated method that has been shown to provide
reproducible results in previous studies [17, 39–41]. With de-
creasing radiation doses per scan and increasing number of
scans per year, CT data are becoming increasingly available
for larger patient cohorts [42]. Especially in cancer patients,
who regularly undergo staging CT exams, scans are widely
available and thus being investigated as possible opportunistic
osteoporosis screening methods [20, 39]. Results of the repro-
ducibility analysis for repeated VDmeasurements were excel-
lent. Thus, we used routine clinical staging CT scans and
digital colonography CT scans to assess VD measurements
in our cohorts. Moreover, we used a published and validated
method by Bauer et al. for fracture assessment, which was
performed by two readers in consensus [22].

We acknowledge some limitations of our study. Sample sizes
in our study sub-cohorts were relatively small. This may explain
observed trends in our analyses, which did not reach statistical
significance. However, the incidence of NHLs compared with
other cancer types is relatively low. Despite the number of cases,
we were able to demonstrate significant results regarding the
association between average VD and spine fractures, and we
could identify high IPI scores as potential risk factors for VD
loss, an association that to our best knowledge has not been

reported before. Future studies with bigger cohorts may be able
to further investigate these associations. One variable determin-
ing a patient’s IPI is age, and age is a well-known risk factor for
osteoporosis [31]. Age may have acted as confounder in associ-
ations found between VD loss and IPI in this study. However, all
analyses were adjusted for patient age, and significant associa-
tions between IPI risk andVD losswere confined to the high-risk
group, with IPI scores of 4–5. Thus, the impact of age on the
associations found should be very limited. Due to the study de-
sign, analyzing the impact of individual chemotherapeutics on
VDwas not feasible, and this topic requires further investigation,
particularly in light of possible dose reductions. However, from a
clinical view, CHOP-like regimens are commonly used to treat
NHL, and thus, particularly combined therapies with multiple
drugs seem relevant. As our analyses were not adjusted for radi-
ation therapy, scatter radiation may have impacted VDmeasure-
ments in our patient cohort. Previous studies have shown that
radiotherapy-induced bone loss strongly correlates with the radi-
ation site, and also demonstrated excellent precision in modern
radiotherapy [43, 44]. As patients with radiotherapy of the lum-
bar spine and pelvis were excluded from this study, the authors
chose not to adjust for radiation therapy in favor of avoiding
over-adjustment. Further, analyseswere not adjusted for the stage
of disease, possibly impacting the results of VD measurements,
which are not tissue specific. However, as IPI was investigated as
a clinical predictor, we preferred not to adjust for this clinical
parameter. We used VD measurements as a surrogate marker
for BMD. BMD measurements derived from DXA and quanti-
tative CT (QCT) remain the reference standard in the diagnosis
of osteoporosis. Nevertheless, VD has been shown to significant-
ly correlate with BMD in various scenarios [20, 39–41]. Thus,
especially in the context of opportunistic assessment, measuring
VD is a useful method to investigate osteoporosis. Study proto-
cols in control and patient cohort were different. However, VD
measurements derived from virtual colonoscopies (control co-
hort) and VD measurements from enhanced and unenhanced
routine abdominal CT exams have both been shown to signifi-
cantly correlate with DXA-derived BMDmeasurements [20, 40,
41]. Moreover, similar study protocols were used in each indi-
vidual for baseline and follow-up, respectively, further limiting
the impact of study protocols on calculated VD loss per year.

In summary, identification of non-Hodgkin’s lymphoma
(NHL) patients treated with CHOP-like chemotherapy regimens
at risk of fragility fractures of the spine using routine CT-scan–
derived vertebral density measurements is feasible. NHL patients
suffer from significantly greater VD loss compared with controls
and dramatically increased fracture risk under treatment. Fracture
riskwas found to be significantly increased in patients with lower
baseline VD and in patients with greater percent VD loss per
year, while high-risk individuals with an initial IPI score of 4–5
experienced significantly accelerated VD loss compared with
patients with low risk (IPI score of 0–1). Thus, early and thor-
ough clinical evaluation, necessary for the assessment of IPI,
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may help to identify patients at risk for therapy-induced bone
loss. Given that (PET-)CT exams are part of standard clinical
care in NHL patients, they may serve as opportunistic screening
methods, to identify patients in need of further osteoporosis-
specific diagnostic techniques (e.g., DXA, QCT) or drug treat-
ment. Furthermore, due to the severe treatment-associated bone
loss in NHL patients, intensified BMD surveillance of patients
receiving CHOP-like chemotherapy regimens may be
considered.
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