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Abstract: Bone is a favored site for solid tumor metastasis, especially among patients with breast, lung or pros-
tate carcinomas. Micro CT is a powerful and inexpensive tool that can be used to investigate tumor progression in 
xenograft models of human disease. Many previous studies have relied on terminal analysis of harvested bones 
to document metastatic tumor activity. The current protocol uses live animals and combines sequential micro CT 
evaluation of lesion development with matched histopathology at the end of the study. The approach allows for both 
rapid detection and evaluation of bone lesion progression in live animals. Bone resident tumors are established 
either by direct (intraosseous) or arterial (intracardiac) injection, and lesion development is evaluated for up to eight 
weeks. This protocol provides a clinically relevant method for investigating bone metastasis progression and the 
development of osteotropic therapeutic strategies for the treatment of bone metastases. 
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Introduction

Xenograft models of bone metastasis are pow-
erful tools that can be used to examine the 
interactions of human tumor cells within the 
bone microenvironment [1]. Breast and pros-
tate cancers are known to disseminate to bone 
and remain dormant [2, 3]. Loss of dormancy 
may be an explanation for known recurrence of 
these cancers, long after elimination of primary 
disease. Development of xenograft models wi- 
th the ability to longitudinally analyze the pro-
gression of metastatic bone lesions can be 
useful for identification of metastasis promoter 
or suppressor genes, along with factors related 
to conversion of micro-metastatic lesions to 
clinically significant lesions. This combination 
protocol was developed to investigate lesion 
progression using micro-computed tomogra-
phy (micro CT) and matched histopathology. 
Two different injection routes were also com-

pared; both have been used with success by 
our group and others [4-8].

Many studies using small animal bone metasta-
sis models have relied on Faxitron radiographic 
images to detect disease progression [9-11]. 
Faxitron analysis is rapid and inexpensive, but 
has limited resolution and cannot produce 
three-dimensional, quantifiable images of tu- 
mor induced bone loss. Micro CT is a cost effec-
tive x-ray based imaging method that provides 
high resolution (< 50 microns) three-dimension-
al images of bone [12], which is particularly rel-
evant for highlighting cancer induced changes 
in bone. Matching micro CT images to corre-
sponding histopathology sections can be tech-
nically challenging. The provided protocol de- 
tails procedures for optimal micro CT scanning, 
image collection and analysis, intraosseous 
and intracardiac injection, harvesting, fixation, 
embedding and sectioning for optimal histo- 
pathology.
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Materials and methods

Animals 

Severe combined immunodeficiency (SCID) 
male mice were obtained through the Ex- 
perimental Mouse Shared Services at the 
University of Arizona Cancer Center. All experi-
mental procedures were performed with proto-
col approval of the University of Arizona’s 
Institutional Animal Care and Use Committee 
(IACUC). Twelve Male SCID mice were at least 
8-weeks old and screened at the beginning and 
end of the study via ELISA to ensure that circu-
lating levels of IgG are less than 20 micro-
grams/ml (data not shown). 

Cell line and culture conditions 

The PC3-B1 cells are a subpopulation of the 
PC3 human prostate cancer cell line selected 
for their prominent bone homing phenotype 
and ability to produce progressive bone lesions 
in SCID mice as previously described [8, 13]. 
Cells were maintained at 37°C in a humidified 
atmosphere of 95% air and 5% CO2 with Iscove’s 
Modified Dulbecco Media (IMDM) (Mediatech 
Inc., cat. no. 10-016-CV) supplemented with 
10% fetal bovine serum (PAA Laboratories Inc., 
cat. no. A15-201). Cells were screened for 
mycoplasma prior to use and cell line identity 
was verified using twelve different genomic 
markers for DNA fingerprinting using tetranu-
cleotide motifs (STR profiles) (data not shown). 
Genomic verification was critical, as the identity 
of cell lines after passages in laboratories has 
been found to be problematic [14]. Cells were 
harvested with Dulbecco’s phosphate buffered 
saline (D-PBS) containing 5 mM EDTA, centri-
fuged at 500 g for 3 minutes and resuspended 
in sterile D-PBS at 2x107 cells/ml for intraosse-
ous injections or 5x106 cells/ml for intracardiac 
injections. 

Intraosseous injection 

Mice were anesthetized with isoflurane (Ph- 
oenix Pharmaceutical Inc., cat. no. 0010100), 
with an initial induction of 4%, maintained at 
1.5-2% and delivered through a nose cone with 
a 1 L/min flow rate. Both knee joints were 
shaved and approximately 1.0x105 PC3 cells in 
5 μL of DMEM were injected using a 100 μl 
Hamilton type syringe with a 27 gauge needle. 
The needle was inserted into the intra condylar 
notch of the femur using a spinning motion. 
Cells were injected into the medullary space 

(approximately 0.3 cm proximal to the epiphy-
seal plate), with no suturing required. Ease in 
advancement of the needle indicated success-
ful penetration of the medullary space. 
Unsuccessful insertion of the needle caused 
soft tissue surrounding the knee to expand 
upon cell injection. To control for surgical 
effects, 5 μL of DMEM was injected into the 
contralateral limb using the same technique. 
Following injection, 0.1 mg/kg buprenorphine 
(Western Medical, cat. no. 7292) was injected 
subcutaneously to minimize post procedure 
pain and animals were returned to cages for 
recovery.

Intracardiac injection 

Mice were anesthetized with isoflurane (induc-
tion with 4%, maintained at 1.5-2% delivered 
through a nose cone, 1 L/min flow rate) and 
approximately 0.5x106 cells in 0.1 ml of sterile 
D-PBS were injected using a 1 ml tuberculin 
type syringe with a 27 gauge needle. Mice were 
placed dorsally on the table with the needle 
inserted at the level of the elbow, between the 
3rd and 4th or 4th and 5th intercostal space. 
Care was taken to remain on the left side of the 
animal’s chest to ensure injection into the left 
ventricle. The presence of bright red arterial 
blood indicated a properly placed needle. If the 
left ventricle was not penetrated after three 
attempts, the mouse was excluded from the 
study. Following injection, 0.1 mg/kg buprenor-
phine was injected subcutaneously to minimize 
post procedure pain and animals were returned 
to cages for recovery.

Animal follow-up care 

Following recovery from anesthesia all mice 
were observed briefly. Incorrectly placed intra-
cardiac injections were indicated by early 
death, odd behavior or presence of chest tumor 
at necropsy. For intraosseous injections, ani-
mals were scanned by micro CT one day post 
injection to identify failed injections, indicated 
by needle tracks outside of the bone, soft tis-
sue calcification or extrinsic cortical scalloping 
(data not shown). Twice weekly, animals were 
observed for critical signs of morbidity and 
weight was recorded. Animals were euthanized 
and removed from the study if any signs of pain 
or suffering were indicated, including: rapid, 
slow, shallow, or labored breathing, anorexia, 
cachexia, rapid weight loss, hunched posture, 
hypo- or hyperthermia, constipation, diarrhea, 
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impaired ambulation, lethargy, paralysis, nasal 
or ocular discharge, or imminent pathologic 
fractures indicated on micro CT as interpreted 
by the radiologist. 

Micro CT equipment setup 

Progressive lesions were evaluated using 
Siemens Inveon Micro CT Scanner and Inveon 

Research Workplace Software (IRW). Scans 
were limited to the abdomen and hind limb 
region to optimize resolution and minimize radi-
ation exposure time. No correction was used 
for respiration and motion. Images were ac- 
quired at high resolution (Bin-4) with medium 
high magnification with conversion to Houns- 
field Units (HU). The scanning protocol required 
440 exposures over 220° with 375 millisec-
onds per projection with a 0.5 mm filter (filter 
wheel setting #2), 80 kV, 500 microA, and 
effective pixel width of 57 μm. Cobra software 
(Exxim, Pleasanton CA) was used to reconstruct 
images with downsampling of 1 and beam 
hardening correction. The Inveon Multimodality 
Imaging System (Siemens AG, Munich, Ger- 
many) utilized a standard CT camera with a 
high resolution, 12-bit x-ray imaging detector 
with 2048x3072 pixels configured for mouse 
imaging. The useable field was 8.4 cmx5.5 cm 
and the bed pallet was 38 mm. An isoflurane 
anesthetic portable vaporizer system (e.g. Vet- 
Equip Inc., Model. no. IT3) was utilized with a 
gas scavenging system (charcoal filtration) to 
prevent adverse health effects (e.g. central ner-
vous system damage) to the mouse. The CT 
Real-Time Reconstruction System involved a 
high speed modified Feldkamp cone beam 
reconstruction algorithm to provide recons- 
tructed image volumes within seconds of scan 
completion. 

Micro CT scanning and collection of optimal 
images 

Micro CT scans began at 1 week post-intraos-
seous injection and 3 weeks post-intracardiac 
tumor cell injection. All calibrations (e.g. center-
offset, light/dark calibration) were done prior to 
scanning test animals. Animals were placed in 
the prone position on the CT mouse bed, with 
the tail towards the inside of the CT machine 
and anesthesia delivered via nose cone (2% 
isoflurane at 1 L/min flow rate). The hind legs 
were stretched symmetrically behind the mo- 
use with flexed ankles gently anchored with 
tape. Consistent placement of animals was 
critical for accurate orientation and interpreta-
tion of sequential scans and scout images were 
obtained to establish scan parameters. After 
scanning, animals were injected subcutane-
ously with 1 ml sterile saline to aid in recovery 
from the anesthetic. Animals recovered for at 

Table 1. Micro CT detection of bone metasta-
ses following intra cardiac injection
Mouse Week 3 Week 4 Week 5 Week 6 Week 7
1 RDF RDFp RDFp *** ***

RPT RPTp RPTp
LDF LDFp LDFp
LF LFp LFp

***
2 RPT RPT RPTp RPTp RPTp

LDF LDF LDFp LDFp LDFp
LPT LPT LPTp LPTp LPTp

Pen Penp Penp
***

3 RDF RDF RDFp *** ***
RPF RPF RPFp
S3 S3 S3p

***
4 RDF RDFp *** *** ***

RPT RPTp
LDF LDFp
LPT LPTp

***
5 RDF RDF *** *** ***

 LDF LDFp
LPT LPT

***
6 RIC RIC *** *** ***

RPT RPT
LPT LPT

***
7 RPT RPT *** *** ***

RIC
LPT

8 LIC LIC LIC *** ***
9 LDF LDF *** *** ***

LIC
LDF, left distal femur; LF, left fibula; LIC, left iliac crest; LPT, 
left proximal tibia; Pen, os penis; RDF, right distal femur; 
RIC, right iliac crest; RPF, right proximal femur; RPT, right 
proximal tibia; S3, sacral vertebra 3; lower-case ‘p’ is a 
progressive lesion; *** mouse was euthanized.
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Figure 1. Micro CT analysis of progressive bone loss in a mouse femur directly injected with PC3-B1 prostate cancer 
cells. A. 3D micro CT analysis was performed at 1 week (a), 2 weeks (b) and 3 weeks (c) and 4 weeks (d) after direct 
tumor cell injection. Arrows demarcate tumor induced bone loss detected by 3D micro CT images. B. Quantifica-
tion of total bone loss in the mouse femur was determined using 3D image analysis and IRW software (Siemens). 
Progressive femoral lesions in the same mouse demonstrated an 8% and 27% increase in bone volume loss by 3 
and 4 weeks, respectively.

Figure 2. Micro CT analysis of progressive bone lesion in mouse femur following intracardiac injection. Identical 
sagittal sections from the same mouse containing a progressive bone lesion from week 3 to week 4 (top panel, 
Wk3-Wk4) and week 3 to week 8 (bottom panel, Wk3-Wk8). Aggressive lytic lesions appeared within the majority of 
animals by week 3 (top panel, Wk3, white circle) and breached the cortical bone by week 4 (top panel, Wk4), result-
ing in removal from the study (top panel, Wk5, X). In a minority of animals, a circular type lytic lesion increased from 
week 3 to week 6 (bottom panel, Wk3-Wk6). New bone growth (bottom panel, Wk7, white arrow) was first observed 
prominently at week 6, followed by cessation of lesion progression during week 6 to week 8.



Imaging of bone metastasis

352 Am J Transl Res 2015;7(2):348-355

least one hour before returning to the animal 
care facility. Each CT scan was completed in 
approximately 10 minutes and produced ap- 
proximately 400 mGy of radiation, which is 
below the level known to alter tumor cell growth 
in vivo [15]. 

Micro CT image interpretation and analysis 
using IRW software 

Micro CT images were reviewed weekly by a 
radiologist without knowledge of the treatment 
groups. Lesions were only recorded if observed 
in all three image views (axial, coronal, and sag-
ittal). Once pathological lesions were con-
firmed, the location was recorded (Table 1). A 
lesion was identified as progressive if it in- 
creased in size or if a pathologic fracture was 
identified. Once the lesions of interest were 
identified, bone volume changes were tracked 
(Figures 1-4) using the IRW software. The bone 
containing the lesion of interest was selected 
and the bone volume was calculated. While 
specific commands for bone volume quantita-
tion can vary by platform, utilization of the his-
togram and ‘Magic Wand’ tools were found to 

be the most useful with the Siemens IRW 
software. 

Tissue harvest, processing and slide prepara-
tion for histopathology 

At the end of the study, animals were eutha-
nized via inhaled CO2. Skin was removed from 
the hind limb and caudal portion of the mouse 
with a scalpel and forceps. The mouse was 
placed into a container with 500 ml of 10% 
neutral buffered formalin (Thermo Scientific, 
cat. no. 5725), at a 20:1 ratio of formalin to tis-
sue. Whole body fixation required three days at 
room temperature prior to dissection. Following 
fixation, soft tissues (e.g. muscle, ligaments) 
were kept intact to assist with correct orienta-
tion of the bone specimen during the embed-
ding process. An additional 24 hours were 
required for tissue decalcification with Surgi- 
path Decal I Solution (Leica Microsystems, cat. 
no. 00440). Tissues were embedded in paraf-
fin and processed for immunohistochemistry 
using Hematoxylin (Thermo Scientific, cat. no. 
22-050-112) and Eosin-y (Fisher, cat. no. SE23-
500D). Obtaining bone sections from the head 
of the femur to the patella was essential for 

Figure 3. Precise micro CT and histological correlation of metastatic bone lesions. (A) Sagittal image of two femo-
ral lesions (arrows) post intracardiac injection (A, top panel), histology of the same lesions (A, middle panel and 
inset) and 3D reconstructed image using the Siemens software (A, bottom panel). Another lesion near the patella 
breached the bone and another distinct lesion is present in the medullary space (B) Sagittal micro CT image of 
vertebral metastasis (B, left panel, white arrow) and corresponding histological section show tumor within one 
vertebral body (B, right panel, black arrow). The intervertebral discs are distinct (B, left panel, blue parallel stain). 
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matching to the micro CT image, with secti- 
ons oriented such that the length of the fe- 
mur was longitudinally sectioned into three 
micron slices. Consistent orientation and pla- 
cement of the specimen into the block requires 
practice, skill and is a critical element in the 
procedure.

Matched micro CT and histopathology 

Microscopy was used to ensure that each con-
secutive image overlapped the preceding 
image by a small amount (approximately 30 
micrometers or 2-3 cell widths). Images we- 
re knitted together using Adobe Photoshop CS5 
software. The sagittal CT images were vie- 
wed consecutively until a representative slice 
of the CT scan correlated with the knitted his-
tology image (Figure 3). Accurate orientation of 
the bone in the block was critical for obtaining 
optimal longitudinal sections (Figure 3). Micro 
CT images were also rotated in three dimen-
sions to match the histological sections. 

Results

Intraosseous injection resulted in lytic lesion 
formation

Following intraosseous injection of PC3B1 
cells, mice were evaluated each week, for 4 
weeks using sequential micro CT imaging. 
Three dimensional reconstruction of the femur 
demonstrated that lesions first appeared near 
the head of the femur, consistent with place-
ment of cells directly into the bone, approxi-
mately 0.3 cm proximal to the epiphyseal plate. 
By week 3, substantial erosion was observed at 
the epiphyseal region of the femur toward the 
patella (Figure 1A). Bone volume loss was 
quantified three weeks after the injection 
(Figure 1B), with distinct observable areas of 
eroded bone (Figure 1A, Inset b). All bone 
lesions resulting from intraosseous injection 
were lytic in nature and absent of new bone 
formation.

Figure 4. Intracardiac injection of PC3-B1 prostate cancer cells produced progressive axial skeletal lesions. (A) Mi-
cro CT images of lower vertebrae and hip region at 1 week (a) post tumor injection had detectable and progressive 
lesions in the iliac crest (arrows) at weeks 3 (b), 4 (c) and 5 (d) after tumor cell injection. (B) Micro CT images of 
mouse sacral vertebrae number 3 prior to injection (week 0, a) and weeks 3 (b), 4 (c) and 5 (d). Arrowheads dem-
onstrate bone lesion progression. (C, D) Quantitative analysis of the sacral lesion (B) was performed using the axial 
(a), sagittal (b) and coronal (c) views of 3D images (C) using IRW software (Siemens). The sacral vertebrae 3 was 
selected in a ROI using all three views (orange) and segmentation was used (blue) to compute bone volume through 
all 3D slices in the ROI. The percent bone volume loss in the sacral vertebrae lesion is shown graphically (D) and 
demonstrates a 23% loss by 4 weeks. 
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Intracardiac injection and the appearance of 
sclerotic lesions 

Following intracardiac injection of PC3B1 cells, 
bone metastases in the femur and tibia were 
detected by week 3 and most frequently 
observed at the epiphyseal plate The intracar-
diac injection route is a clinically applicable 
model, given that bone metastases occur pri-
marily in regions of active bone marrow in 
adults [16]. The majority of lesions produced 
via intracardiac injection were found to be pro-
gressive (Figure 2, Top); however, in a minority 
of cases, new endosteal bone formation was 
also observed in the intramedullary space, typi-
cal of a healing response (Figure 2, Bottom, 
white arrow) and observed in several animals 
by week 6 with apparent cessation of tumor 
progression by week 8. The intracardiac injec-
tion route was also found to produce lesions 
predominantly in the femur and tibial bones as 
early as three weeks (Table 1). Coinciding with 
other studies, lesions were also detected in the 
iliac crest and vertebral column [17]. In the ver-
tebral column, matched histology revealed 
tumor in the bone marrow, resulting in replace-
ment of the normal marrow elements with 
tumor in the affected section (Figure 3B). 

Micro CT and matched histopathology of le-
sions

Micro CT is useful for chronologically tracking 
lesions to calculate lesion progression and for 
detection of lesions prior to imminent fracture. 
Bone histopathology provides important valida-
tion of tumor growth within the bone and can 
be used to provide valuable insights into mech-
anisms of tumor interaction within the bone 
microenvironment. Figure 3 demonstrates the 
co-existence of two distinct lesions on the 
same bone; one lesion was observed to have 
breached the periosteum near the patella 
(arrow) and have osteolytic features; while the 
second lesion had sclerotic features and evi-
dence of new endosteal bone formation (arrow). 

Discussion 

The ability to detect both vertebral and femoral 
lesions within the same xenograft model could 
vastly benefit future clinical studies. Other stud-
ies have shown that the presence of both axial 
and appendicular bone metastases result in 
worse outcomes compared to the presence of 
solely axial lesions [18]. Additionally, the intra-

cardiac injection route produced lesions that 
mimic bone metastatic lesions known to occur 
in humans (e.g. sclerotic lesions). Clinically, 
sclerotic lesions observed in humans often sig-
nal a better prognosis and increased odds 
towards curative results following therapy [19], 
with approximately 50% of human prostate and 
breast tumors that arise in bone are described 
as sclerotic [20]. The current model allows for 
investigation into mechanisms of promoting or 
inhibiting sclerotic lesion growth, and could be 
exploited to determine histological and molecu-
lar features of lesions through matching histol-
ogy with micro CT. Additionally, this model could 
be used to refine imaging technology, given 
that sclerotic lesions are often a source of false 
positives on human bone scans [19]. 

The spontaneous appearance of these differ-
ing lesions within the same bone, in genetically 
identical SCID mice that received the same cell 
line, suggests that this model may be useful for 
identifying indolent clones in the injected tumor 
population or discovery of systemic factors [5] 
to prevent cancer progression. This matched 
combination protocol could be utilized to facili-
tate discovery of new strategies inducing scle-
rotic bone lesions and limiting lytic lesions, 
investigation of new therapeutics preventing 
bone metastasis, and research strategies 
aimed at understanding mechanisms of tumor 
dormancy in bone. 
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