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a b s t r a c t

Background and purpose: A major challenge in CT screening for lung cancer is limited specificity when
distinguishing between malignant and non-malignant pulmonary nodules (PN). Malignant nodules have
different mechanical properties and tissue characteristics (‘stiffness’) from non-malignant nodules. This
study seeks to improve CT specificity by demonstrating in rats that measurements of volumetric ratios
in PNs with varying composition can be determined by respiratory-gated dynamic CT imaging and that
these ratios correlate with direct physical measurements of PN stiffness.
Methods and materials: Respiratory-gated MicroCT images acquired at extreme tidal volumes of 9 rats
with PNs from talc, matrigel and A549 human lung carcinoma were analyzed and their volumetric ratios
(d) derived. PN stiffness was determined by measuring the Young’s modulus using atomic force micro-
scopy (AFM) for each nodule excised immediately after MicroCT imaging.
Results: There was significant correlation (p = 0.0002) between PN volumetric ratios determined by
respiratory-gated CT imaging and the physical stiffness of the PNs determined from AFM measurements.
Conclusion: We demonstrated proof of concept that PN volume changes measured non-invasively corre-
late with direct physical measurements of stiffness. These results may translate clinically into a means of
improving the specificity of CT screening for lung cancer and/or improving individual prognostic assess-
ments based on lung tumor stiffness.

! 2016 Elsevier Ireland Ltd. All rights reserved. Radiotherapy and Oncology 122 (2017) 313–318

Although advances in surgery, radiation therapy, and systemic
therapies in lung cancer have improved survival, clinical stage at
diagnosis remains the major determinant of survival after therapy
[1]. Screening for lung cancer with low-dose computed tomogra-
phy (CT) is a highly sensitive, non-invasive imaging modality that
has demonstrated mortality reduction through early detection of
the disease [2]. CT imaging has also been used to delineate lung
lesions by deformable image registration for more accurate radia-
tion treatment planning and therapy delivery [3–5]. However, the
key challenge for CT as a screening tool is limited specificity to dis-
tinguish between malignant and non-malignant pulmonary nod-
ules (PN) leading to a high false positive rate.

Imaging, particularly ultrasound, has improved the ability to
differentiate between malignant and benign tumors based on
mechanical properties in breast carcinoma [6,7], metastatic mela-
noma [8,9], head and neck carcinoma [10], and colorectal carci-
noma [6]. Differences in trajectory distortion can detect the
subtle changes in mechanical properties between malignant and
non-malignant tumors. Ultrasound imaging, however, is techni-
cally challenging for lung tissue, due to the opacity of air in the
lungs. In addition, MRI-based imaging techniques that assess tissue
stiffness in hepatic fibrosis [11,12] are also susceptible to artifacts
from air in the lung.

We previously developed a non-invasive CT-based imaging
methodology that differentiated the volumetric changes in malig-
nant PN from those of the surrounding lung tissue [13,14]. High
resolution dynamic CT imaging, in contrast to static imaging, cap-
tures temporal changes in lung and PN volumes during the respira-
tory cycle. We hypothesize that dynamic CT images acquired at
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various points in the respiratory cycle such as at the extremes of
tidal volume (peak-inhale and exhale) can differentiate PNs based
on mechanical properties revealed as differences in volume
changes of the PNs. Malignant tumors in various organs have
higher interstitial fluid pressure rendering them ‘stiffer’ relative
to the surrounding tissues [6–10]. Intuitively, they should undergo
significantly smaller volume changes from one respiratory phase to
another. Conversely, the less ‘stiff,’ non-malignant nodules would
be expected to undergo significantly larger volume changes.

This study seeks to demonstrate that volumetric ratios in PNs
with varying composition can be non-invasively determined by
respiratory-gated dynamic CT imaging and that these ratios corre-
late with direct physical measurements of PN ‘stiffness’. We used
atomic force microscopy (AFM) to measure the elastic properties
of malignant and benign lung lesions. Force-distance curves are
generated by AFM measurements where a cantilever indents a
sample and the deflection is measured to probe tissue elasticity
on a local scale [15]. This technique has been used previously to
determine Young’s moduli of biological tissues [16–18]. The study
is particularly important as it allows for comparisons of direct
physical vs. non-invasive imaging measurements of pulmonary
nodule properties in a preclinical model, a procedure that cannot
be performed in human subjects.

Materials and methods

Cell culture

A549 human lung carcinoma cells were obtained from ATTC
(CCL-185; Manassas, VA, USA). Cells were cultured in F-12 K med-
ium supplemented with 10% FBS and 1% penicillin–streptomycin
and incubated in 95% air/5% CO2 at 37 "C.

Animal models and pulmonary nodule generation

All experiments were conducted with approval by the Adminis-
trative Panel on Laboratory Animal Care (APLAC) of Stanford
University. A total of 18 (9 for non-invasive imaging and AFM stud-
ies; and 9 for histological studies) RNU female rats (Taconic Bio-
sciences, Petersburgh, NY) were anesthetized using 2% isoflurane
and placed inside the Spectral Ami X Optical imaging instrument
(Spectral Instruments Imaging, Tuscon, AZ). The scanner was used
to facilitate high-precision image guidance for injection and local-
ization within the lung. In each case, a 1 cc syringe with a 30G nee-
dle was introduced through the intercostal space and held in place
inside the lung of the anesthetized rat. Before injection, an X-ray
image was obtained to determine whether the needle was placed
within the desired location (Fig. 1).

Three different types of PNs were generated in the animals: (i)
Talc – 20 mg of talc/80 ll PBS (Sigma–Aldrich, St. Louis, MO) was
injected into the right lung of 3 rats. (ii) Malignant – to generate
orthotopic lung xenograft tumor models, 4 rats, 3 of which had
been previously injected with talc in the right lung, underwent
whole body irradiation (4 Gy). A total of 2 ! 106 A549 lung cancer
cells in matrigel (diluted 1:1 in PBS) in a final volume of 80 ll were
then injected into the intercostal space of the left lung 24 h after
irradiation. The rats were then monitored for 60 min to ensure
they showed no negative side effects from the procedure. (iii)
Matrigel – To simulate PNs with different mechanical properties
from malignant A549 lung tumors, matrigel (80 ll) was injected
into the right lung of another 5 rats. Injection was completed only
after X-ray images confirmed the needle had been placed in the
correct location within the lung. Time of imaging and AFM mea-
surements for PNs from malignant tumors and talc were 4 weeks
post inoculation and 1 h post injection for matrigel. To account
for the differences in volume sizes, volumetric ratios (normalizing

over the disparate volume sizes) were used in the study, rather
than the mean nodule volume.

Respiratory-gated MicroCT imaging and reconstruction

Scanning was performed with an eXplore Locus RS-150 MicroCT
rodent model instrument (TriFoil Imaging, Northridge, CA) fitted
with a nose cone for isoflurane anesthesia administration. The rats
were anesthetized, maintained under 2% isoflurane in oxygen and
subsequently placed prone on the MicroCT scanner bed with a res-
piratory sensor pad underneath the abdomen (Supplementary
Fig. 1A). X-rays were generated from a 70 kVp, 40 mA source with
the following acquisition parameters: 400 views over an angle of
increment of 0.7", averaging 2 frames per view; exposure time:
17 ms; resolution: 0.096 mm; with 4 ! 4 binning on the charge
coupled device detector. The gating instrument (Spin Systems Pty
Ltd., Queensland, Australia) converted pressure on the respiratory
sensor pad generated during breathing into a voltage signal. The
output voltage was used to trigger image acquisition on the
MicroCT scanner at any desired time point in the respiratory cycle
(Supplementary Fig. 1B). Peak-inhale and peak-exhale images were
consecutively acquired with a temporal resolution of 10 ms using
the Biovet software program (Spin Systems Pty Ltd., Queensland,
Australia).

Image reconstruction was performed using eXplore MicroView
(GE Healthcare, Fairfield, CT). Each scanned image was centered
in a 46.25 mm axial field of view (84.7 mm transaxial field of view).
Images were first calibrated and then corrected, and reconstruction
was performed at an isotropic voxel size of 97.3 lm.

Image analysis and derivation of a volumetric ratio parameter (d)

Post-acquisition nodule contouring for each of the 2 respiratory
phases was performed by 4 independent observers using MIM soft-
ware (MIM Software Inc., Cleveland, OH). To compensate for inter-
observer variability, the average volume of the PNs delineated by
the 4 observers was used in determining the volumetric change
of each nodule. Nodule delineation and volume changes were
determined through contouring: regions of interest (ROIs) were
drawn on every slice to delineate each nodule and subsequently
merged to form volumes for each tidal extreme (inhale or exhale).
A volumetric ratio parameter (d) was defined as the ratio of the vol-
ume of the PN on inhale to that at exhale (Eq. (1)).

d ¼ V inhale

Vexhale
ð1Þ

where V represents the volume obtained from image analysis.

Histology

A set of 3 animals each with talc, matrigel or malignant PNs
generated in a similar manner as previously described, were euth-
anized with carbon dioxide and the lungs harvested and placed in
4% paraformaldehyde for 24 h. They were subsequently enclosed in
a cassette and stored in 70% ethanol until they were embedded in
paraffin and sectioned. Hematoxylin and eosin (H&E) staining was
performed for 3 rats with each nodule type. Images were obtained
using brightfield microscopy. Although all animals underwent
MicroCT imaging, animals used for histology (9 in total) were dif-
ferent from those used for AFM measurements.

Atomic force microscopy

After microCT imaging, the rats were sacrificed, and the Young’s
modulus was determined for each nodule using atomic force
microscopy (AFM). Immediately after imaging, the nodules were
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harvested fresh from the lungs and kept in pre-warmed PBS at
37 "C. Force-distance (FD) measurements of excised tissues were
performed in a fluid cell 2–4 h after excision. Measurements were
taken either using an Agilent 5500 Scanning Probe Microscope
(Agilent Technologies, Santa Clara, CA) or a Park NX-10 AFM (Park
Systems, Santa Clara, CA) when temperature control was neces-
sary. Tips with a silicon oxide spherical indenter (950 nm radius,
k = 0.08 N/m as reported by the manufacturer) were used
(NanoAndMore USA, Lady’s Island, SC). The moduli were verified
and reproduced on both machines for all samples with the excep-
tion of the matrigel samples, which could only be analyzed using
the NX-10 at 37 "C in order to preserve solid gel properties. Sam-
ples were probed a minimum of 10 times in at least 3 distinct
regions 20 lm apart for obtaining a representative result. Young’s
moduli were calculated with SPIP software (Image Metrology,
Hørsholm, Denmark), which used the Hertz model for spherical
indenters to fit the initial indentation curve (Supplementary Fig. 2).Fig. 1. Representative spectral AMI X image-guided implantation of cells, talc, and

matrigel to form pulmonary nodules.

Fig. 2. Representative MicroCT images of the rat lung obtained at peak inhale showing pulmonary nodules formed from malignant A549 carcinoma cells (A), talc (B), and
matrigel (C). The arrows denote each nodule.

Fig. 3. (A) An overlay of respiratory-gated MicroCT images of the thoracic region of the rat at peak inhale (black and gray) and peak exhale (rainbow). (B): Schematic diagram
showing the derivation of volumetric ratios from pulmonary nodules. Values were generated by contouring regions of interest (ROIs) drawn on every Micro CT image slice to
delineate each nodule and subsequently added up to form a 3-dimensional volume representing the whole nodule.

F.M. Lartey et al. / Radiotherapy and Oncology 122 (2017) 313–318 315



Statistical analysis

Statistical analysis was performed using SAS 9.4 software (SAS
Institute Inc., Cary NC). Pearson’s correlation coefficient was deter-
mined to establish whether there was a significant degree of linear
dependence between the non-invasive nodule volumetric ratios
from respiratory-gated dynamic CT and their physical stiffness as
determined by AFM measurement.

Results

Image guidance for injection and localization using the Spectral
Ami X Optical imaging (Fig. 1) ensured successful PN establish-
ment in the left (matrigel or A549 tumor) and right (talc) lungs
(Fig. 2). Mean tumor and talc sizes, obtained from CT imaging were
0.4 ± 0.04 and 0.3 ± 0.03 cm3, respectively. Mean matrigel volume
was 1.6 ± 0.10 cm3. PNs formed from talc were particularly hetero-
geneous with some calcified nodules identifiable on MicroCT imag-

ing, but their volumes did not change over time. MicroCT gating
(Supplementary Fig. 1) ensured the acquisition of CT images only
at extreme tidal volumes (Supplementary Fig. 2). An overlay of
the images acquired at peak tidal volumes (Fig. 3) indicated that
the lung volume at inhale, on average, was 16% higher than the
lung volume at exhale. The mean volumetric ratios, inhale to
exhale, for matrigel, malignant, and talc PNs were 1.05, 0.96 and
1.01, respectively.

To validate our non-invasive method, AFM was used to deter-
mine the stiffness of PNs. FD measurements (Fig. 4A) were taken
to determine Young’s moduli, and our sample positioning and rep-
resentative test regions are shown in Fig. 4B. The range of elastic
moduli for malignant, talc, and matrigel PNs is shown in Fig. 4C.
The average Young’s modulus for malignant PNs was significantly
higher than those for matrigel and normal lung tissue but was
not significantly different from talc. The mean value for the malig-
nant PNs was 2552 Pa, in comparison to values of 2611, 1287 and
1304 Pa for talc, matrigel, and normal lung tissue, respectively.

Fig. 4. Measuring the elasticity of biological tissues using atomic force microscopy (AFM). (A) Schematic of AFM using a spherical tip for FD measurements. (B) Lung nodules
in the AFM sample holder and sites of modulus measurements. Samples were probed 10 times in each region for accurate measurements. (C) Young’s moduli of malignant,
talc, and matrigel nodules and lung tissue samples using the Hertz model. Bars represent standard error measurements.
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Malignant PN stiffness was thus a factor of 1.98 and 1.96 higher
than for matrigel and normal lung tissue, respectively. The higher
stiffness of talc over matrigel and normal lung did not reach statis-
tical significance. H&E staining showed the microscopic appear-
ance of the malignant, talc, and matrigel PNs in comparison to
lungs from control rats (Fig. 5). There was a significant correlation
between the nodule volumetric ratios determined by non-invasive
imaging and physical measurements of stiffness (Fig. 6).

Discussion

The present study sought (i) to determine volumetric ratios in
PNs with varying composition and physical characteristics by
non-invasive imaging in a rat model of orthotopic human lung can-
cer and non-malignant nodules, and (ii) to determine whether the
imaging-based volumetric ratios correlated with direct physical
measurements of individual nodule stiffness. We demonstrated
proof of principle that minute changes in PN volume during the
respiratory cycle could be determined and analyzed and that they
correlate with physical measurements of stiffness obtained from
AFM FD measurements.

Malignant solid tumorshavedifferentmechanical properties and
tissue characteristics from non-malignant tumors. Increased stress
due to uncontrolled proliferation of malignant cells and the contri-
bution of stromal cells to extracellular matrix reorganization and
deposition have been shown to enhance the stiffness of the tumor
microenvironment compared to benign lesions [19]. In addition, dif-
ferences in mechanical properties may be attributed to increased
interstitial fluid pressure inmalignant tumors as reported for breast
carcinoma [6,7], metastatic melanoma [8,9], head and neck carci-
noma [10], and colorectal carcinoma [6] with values as high as
60 mmHg. While the underlying mechanisms have not been fully
elucidated, they are thought to involve blood-vessel leakiness, lym-
phatic vessel abnormalities, interstitial fibrosis, and a contraction of
the interstitial space mediated by stromal fibroblasts, all of which
are hallmarks of cancer [20,21]. This results in uniform pressure
throughout the center of the nodule which then drops steeply
toward the periphery [22–24]. While increased interstitial fluid
pressure has not been directly shown for malignant lung tumors,
we hypothesized that they would exhibit similar properties.

While we previously demonstrated that dynamic CT in
patients could in principle be used to determine parameters
related to pulmonary nodule elasticity, there is no practical
method in human patients to validate the imaging measures with
a direct physical measurement of nodule stiffness. As such, we
turned to a preclinical model of implanted pulmonary nodules
with a variety of mechanical properties. An orthotopic lung tumor
model using A549 cells in rats was used [25]. These cells were
malignant, and the resulting tumors were expected to be stiffer
than the surrounding normal lung tissue. To create a non-
malignant model, matrigel, which is a solubilized basement mem-
brane preparation extracted from mouse sarcoma and enriched
with a number of growth factors [26], was injected into the rat
lung. At 37 "C, matrigel forms a gel within the lung, which
appears as a nodule upon CT imaging, indistinguishable from a
malignant nodule (Fig. 2). We hypothesized that the properties
of matrigel differ from the malignant tumor nodules such that
the interstitial pressure and resulting stiffness would be substan-
tially lower. Our third animal model involved the use of talc in
forming the PNs. Unlike matrigel or A549 lung cancer cells, which
consistently resulted in nodules with similar tissue characteris-
tics, nodules from talc ranged from deposits of hard crystal aggre-
gates to softer gel-like granulomas. We thus anticipated that their
volumetric changes would exhibit greater variability than those
for malignant or matrigel PNs. The Young’s modulus of each nod-
ule post imaging was measured ex vivo using AFM and correlated
significantly with the non-invasively determined volume ratio by
dynamic CT.

A primary limitation of this study involved generating the non-
malignant nodules. Clinically, benign nodules are a heterogeneous
group of neoplastic, inflammatory, or other soft tissue lesions.
These include but are not limited to granuloma, hamartoma,
lipoma, cysts, and intrapulmonary lymph nodes [27]. We were
unable to create animal models spanning all varieties and sources
of non-malignant nodules. Furthermore, the technical complexity
of this experimental system limited the overall sample size that
could practically be studied. A second limitation was the small
sample size of the rats within each sub-group of pulmonary nodule
type. However, 12 nodules of different types and mechanical char-
acteristics were sufficient to demonstrate proof of principle for our

Fig. 5. Hematoxylin and eosin stain (H&E staining) for pulmonary nodules derived from (A) A549 tumor cells, (B) talc, and (C) matrigel compared to (D) normal lung tissue.
Scale bar is 100 lm.
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hypothesis of correlation between nodule volume change by imag-
ing and stiffness by AFM.

A current limitation of CT screening for lung cancer is limited
specificity that leads to a high false positive rate, prompting follow
up imaging and/or invasive diagnostic procedures. Our results may
be clinically translated by adding information about pulmonary
nodule mechanical properties through a simple modification to
existing scanning protocols. This information may improve the
specificity of screening, leading to earlier diagnosis or decreased
invasive procedures. Furthermore, in established diagnoses of lung
cancer, the magnitude of tumor stiffness might correlate with bio-
logical aggressiveness, and this non-invasive imaging technique
may add individual prognostic or predictive information that
may improve personalized therapy. These are concepts that can
readily be tested in prospective clinical trials.

We demonstrated proof of concept that pulmonary nodule vol-
ume changes measured by non-invasive dynamic CT correlates
with direct physical measurements of nodule stiffness measured
by AFM in a preclinical model. These results may translate clini-
cally into a means of improving the specificity of CT screening
for lung cancer and/or improving individual prognostic assess-
ments based on lung tumor stiffness. Future goals involve using
this methodology to distinguish malignant from benign PNs in lar-
ger animals and humans.
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