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Epidermal growth factor receptor (EGFR) plays an important 
role in cell growth in non-small cell lung cancers (NSCLC). This 
tyrosine kinase receptor induces cellular proliferation leading 
to cancer through 3 main mechanisms: overexpression of EGFR 
ligands, amplification of EGFR, and mutational activation of 
EGFR.23

Deletions of the extracellular domain are the most frequent 
EGFR mutations among tumor types.16 These deletions have an 
activating effect on the receptor, giving cells expressing these 
truncated receptors a proliferative advantage. The most com-
mon truncated receptor is the variant III EGFR deletion mutant 
(EGFRvIII, 801EGFR, del2-7EGFR), which contains an inframe 
deletion of exons 2 through 7 (801 bp) from the extracellular do-
main.

The incidence of EGFRvIII expression in NSCLC increased 
when a new monoclonal antibody specific for this variant recep-
tor was used for its immunohistochemical detection.15 The sus-
tained activation of EGFRvIII is implicated in the pathogenesis 
of NSCLC and thus EGFRvIII is a potential therapeutic target in 
NSCLC treatment.

Currently, 2 main antiEGFR agents are used in the preclinical 
or clinical setting: antiEGFR antibodies and small-molecule EGFR 
tyrosine kinase inhibitors.14 These 2 types of agents have differ-

ent binding points: antibodies bind to the extracellular domain 
of EGFR and block activation of EGFR downstream signaling, 
whereas EGFR tyrosine kinase inhibitors bind to the intracellular 
catalytic domain of the EGFR tyrosine kinase, an enzyme that is 
part of the EGFR receptor, by competing with ATP. The tyrosine 
kinase inhibitor erlotinib (Tarceva) blocks tumor cell growth by 
targeting the EGFR protein and inhibiting EGFR signaling. Spe-
cifically, erlotinib targets tyrosine kinase and has been shown to 
produce stasis or regression of tumor growth in human cancer 
xenograft models, including NSCLC models. Recent studies 
indicate that erlotinib inhibits the EGFRvIII mutant at concen-
trations higher than those required for inhibition of wild-type 
receptor.10,19

Magnetic resonance imaging (MRI) is a powerful tool to evalu-
ate malignant tissues and organs, but imaging the lungs by using 
this technique is challenging due to the fact that almost 80% of 
the pulmonary volume is filled with air. In addition, the magnetic 
susceptibility of lung tissue is very different from that of air, and 
this difference makes the proton T2* in lung tissue shorter and 
results in a very low signal intensity. Back-projection MRI7 yields 
signal from lung tissues, but the technique is time-consuming 
because Nyquist sampling at the edge of k-space requires an an-
gularly over-sampled number of spokes, (there are more points 
sampled in the center than the edge of the k-space), and the image 
signal-to-noise ratio is not satisfactory.

The use of hyperpolarized gas (3He and 129Xe) in MRI is a novel 
and alternative way to image lung, but 3He MRI can image only 
regions to which the gas has distributed. The lack of ventilation in 
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verified by RT-PCR detection of EGFRvIII transcripts from lung 
RNA and Western blot analysis of phosphophorylated EGFRvIII 
(Y1068), AKT (S473), and extracellular signal-related kinase 1 and 
2 (T202 and Y204) in lung lysates from Tet-op-EGFRvIII/CCSP-
rtTA mice before and 1 wk after doxycycline administration. After 
receiving doxycycline-treated water continuously for 8 to 16 wk, 
Tet-op-EGFRvIII/CCSP-rtTA mice underwent MRI to determine 
total tumor burden.

Treatment with EGFR inhibitor. After prolonged doxycycline 
treatment, Tet-op-EGFRvIII/CCSP-rtTA mice were scanned by MRI 
to verify tumorigenesis. Then erlotinib (Tarceva, Biaffin, Kassel, 
Germany) was administered orally at 50 mg/kg daily, together 
with 2 mg ml−1 doxycycline. After treatment for 1, 2, or 4 wk, mice 
underwent MRI to determine the reduction in tumor volume. Er-
lotinib was formulated in 0.5% methylcellulose, 0.4% polysorbate 
80 and was administered daily by gavage.

MRI. Measurements were obtained by using a 4.7-T horizontal 
bore system (Bruker Avance, Karlsruhe, Germany) equipped with 
a 200-mm inner diameter gradient set to a gradient strength of 
30 G/cm. All mice were anesthetized with 1.5% to 2% isoflurane 
in an oxygen–air mixture via nose cone during the in vivo MR 
scan.

A spin-echo (rapid acquisition relaxation–enhanced; RARE)9 
sequence with a repetition time of 2035 ms and echo time of 10 
ms and a gradient-echo fast imaging (GEFI)8 sequence using a 
repetition time of 230.8 ms, echo time of 3.3 ms, and flip angle of 
22.5  were used throughout the study. The slice thickness was 1 
mm, and the number of slices was 16 to 18, which was sufficient 
to cover the entire lung so that tumor volume could be measured. 
The matrix size was 128  128, and the field of view was 2.56  
2.56 cm2. Both cardiac and respiratory gating were applied by 
using the Biospec system (BioTrig, Bruker BioSpin, Karlsruhe, 
Germany). For optimal results, respiration was limited to 25 to 35 
breaths per minute by adjusting the concentration of isoflurane, 
with 4 to 5 cardiac beats per respiratory cycle. All animals were 
scanned by using the described settings and parameters.

In addition, a fast gradient-echo sequence (referred to as 
SNAP4-6) was tested on 2 mice. The sequence uses ultrafast gradi-
ent echo, and the parameters were: repetition time, 12 ms; echo 
time, 2.7 ms; flip angle, 20 ; matrix size, 256  256; field of view, 
2.56  2.56 cm2; and slice thickness, 1 mm. Because this sequence 
uses a very fast gradient echo, it scans a single slice without trig-
gering any gating.

MRI scans using RARE and GEFI sequences were performed 
on all mice. Both RARE and GEFI sequences can display the tu-
mors’ location, size, and shape in both left and right lungs, as well 
as any invasion to the pleura, cardiac pericardium and hilus of 
lung. In addition, the RARE sequence can elaborate details within 
the tumor and provides clear boundaries with normal lung tissue. 
It also can distinguish tumors from blood vessels, muscle, and 
heart. The images obtained from GEFI sequence highlight not 
only tumor but also blood vessels and heart, and it provides high 
contrast, which makes it easier to distinguish the smaller nodules 
and tumor spread to peripheral structures. Figure 1 shows the 
RARE (image A) and GEFI (image B) scans of a same slice from 
a mouse.

A third image from the same mouse also is displayed in Figure 
1 (image C). The SNAP sequence identifies the heart and main 
blood vessels as bright areas, but the intensities of tumor and 
muscle are very similar, making it difficult to distinguish them or 

lung tumors makes it possible to estimate tumor location and size, 
but other ventilation obstructions might appear as well.In addi-
tion, airway constrictions may block the gas from reaching cer-
tain parts of the lung. 129Xe is soluble in blood and tissue, which 
makes this gas a potential agent to identify not only ventilation 
obstructions but also blood vessels and tumors.1,11 However, this 
method needs further development to enhance signal intensity 
because of the low polarization of xenon gas and low xenon con-
centrations in tissues. Other difficulties for lung MRI are motion 
effects, including respiratory and cardiac motion, but these effects 
can be minimized by respiratory and cardiac gating. When fast 
gradient-echo sequences are applied, a single slice can be scanned 
with increased number of averages to increase the signal-to-noise 
ratio without gating.4-6

Despite the difficulties of lung MRI, lung tumor can be visual-
ized easily because of its large fractional water content, given 
that once a malignant tumor reaches a certain size, it has its own 
blood supply network. Recently 2D and 3D MRI were used to 
accurately detect mouse pulmonary solitary tumors based on 
gradient echo and spin-echo sequences, which can distinguish 
tumor from surrounding tissues or lesions.13 Multishot spin-echo 
echo-planar imaging has been applied to achieve rapid scans of 
tumor in murine models of lung cancer.2

Here we used a noninvasive MRI method to investigate the 
role of an EGFRvIII mutant in mouse lung tumorigenesis and 
tumor maintenance as well as its response to EGFR small-mol-
ecule inhibitors (for example, erlotinib). In this work, we used a 
respiratory- and cardiac-gated T1-weighted spin-echo sequence, a 
respiratory- and cardiac-gated gradient-echo sequence, and a fast 
gradient-echo sequence without any gating to assess their utility 
as a supplemental method to monitor the tumor volume change 
and regression due to treatment with a tyrosine kinase inhibitor 
in a very invasive mouse model of NSCLC.

Materials and Methods
A transgenic mouse model of doxycycline-inducible NSCLC 

driven by EGFRvIII was used in this study. Lung adenocarcinoma 
was induced in 17 mice, of which 11 were treated with tyrosine ki-
nase inhibitor. Doxycycline administration was withdrawn in the 
remaining 6 mice to evaluate whether the doxycycline-induced 
EGFRvIII mutant is essential for lung tumor development and 
maintenance. All mice were euthanized after completion of the 
MRI experiments. All mice were housed in a pathogen-free facil-
ity (Dana Farber Cancer Institute, Boston, MA) under appropriate 
temperature and humidity. All animal experiments and housing 
conditions were approved by the Harvard Medical Area Standing 
Committee on Animals and Harvard Medical School IACUC.

Animal model. To examine the role of the EGFRvIII mutation 
in lung tumorigenesis and tumor maintenance in vivo, the Tet-
op-EGFRvIII12 transgenic mouse was generated to provide tet-
racycline-inducible expression of EGFRvIII. The Tet-op-EGFRvIII 
mouse then was crossed with the CCSP-rtTA mouse,12,17,22 in 
which the expression of the reverse tetracycline transactivator 
protein is targeted to lung type II pneumocytes to generate bi-
transgenic mice.

To induce EGFRvIII expression, adult (age, 6 wk) bitransgenic 
mice (n = 17) were provided with fresh drinking water containing 
2 mg/ml doxycycline (Sigma, St Louis, MO) and 5% (w/v) su-
crose, whereas the control mouse (n = 1) received a 5% sucrose so-
lution without doxycycline. Induction of EGFRvIII expression was 

MRI of mouse lung tumor
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Figure 1. Lung slice images around heart from a mouse with invasive lung tumors. (A) Spin-echo (RARE) image. (B) Gradient-echo (GEFI) image. (C) 
Fast gradient-echo (SNAP) image. Images A and B are from the same slice, with arrows pointing to tumors; C is from a different slice, in which blood 
vessels are clearly shown.

to mark the boundary of tumors that attach to the chest wall. The 
disadvantages of this sequence are obvious: motion effects are still 
observable; the scan is very time-consuming because only 1 slice 
is scanned each time; and a large number of averages are required 
to achieve sufficient a signal-to-noise ratio. In our SNAP experi-
ments, the scan time for a single slice with 40 averages was about 
2 min. Although this pulse sequence doesn’t require gating, in our 
experiments, we only used it as a supplemental method to locate 
the main blood vessels when such information was not available 
in the images obtained by using the RARE or GEFI sequence.

Measurement and analysis of tumor volume. Volume measure-
ments of the tumors were performed by using inhouse custom 
software20. Both RARE and GEFI images were registered on 
the same image stack to locate the tumor and outline the tumor 
boundary. The tumor volumes for each mouse were averages of 
3 separate manual volume measurements by 2 observers (a radi-
ology MD with 7 y clinical experience and a radiology research 
fellow) from RARE scans. Statistical analysis was performed by 
using the Student t test function in Excel 2003 (Microsoft, Red-
mond, WA).

Results
MRI of lung relative to doxycycline treatment. Histologic tests 

(data not shown) confirmed that within 6 to 8 wk of doxycycline 
administration, Tet-op-EGFRvIII/CCSP-rtTA bitransgenic mice 
developed atypical adenomatous hyperplasia. Sustained doxy-
cycline induction resulted in the growth of large lung adenomas 
after 12 wk and adenocarcinomas after 16 wk in these bitrans-
genic mice.

Withdrawal of doxycycline for 7 d resulted in dramatic tumor 
regression as revealed by MRI (Figure 2). Interestingly, no tumor 
regrew even after a 6-wk period of doxycycline withdrawal, in-
dicating that lung tumor maintenance depends on continued 
expression of EGFRvIII. Therefore, the EGFRvIII mutant is onco-
genic in the lung compartment in vivo and is essential for lung 
tumor development and maintenance.

Tyrosine kinase inhibitors treatment on EGFRvIII-driven lung 
tumors. To evaluate the effects of small-molecule EGFR inhibitors 
on EGFRvIII-driven lung tumors in vivo, Tet-op-EGFRvIII/CCSP-

rtTA, Ink4A/Arf–/– mice were treated with continued doxycycline 
combined with daily oral administration of vehicle only or erlo-
tinib at 50 mg/kg. Six animals with invasive lung tumors were 
selected to monitor drug treatment efficacy during a time course. 
Animals responded to the inhibitor dramatically within 3 wk. 
Histology (Figure 3) revealed adenocarcinomas before treatment 
(16 wk after initiation of doxycycline administration) and tumor 
regression after treatment.

The tumor regression was monitored by MRI, and as expected, 
the number and size of lung tumors decreased with erlotinib 
treatment. The detailed tumor changes for typical slices in MRI 
are given in Figure 4. Figure 4A represents the scan of a mouse 
prior to inhibitor treatment—nearly half of each lung was covered 
with tumors. Figure 4B shows the same mouse after 7 d of daily 
treatment with 50 mg/kg erlotinib and shows a marked decrease 
in tumor. Animals continued to be treated for an additional 2 wk 
and were imaged on days 14 and 21 to determine tumor response 
for the longer drug exposure. Figure 5 displays the tumor volume 
(mean  1 SD) of the MRI-scanned mice. Initial tumor volume 
was 369  151 μl compared with 54  62 μl 14 d later. Therefore 
14 d of erlotinib treatment led to an average reduction of 85.4% in 
tumor volume in the treated mice.

Three-dimensional rendering of MRI images. To better view the 
invasion and distribution of tumors in lung, we constructed 3-di-
mensional images based on 2-dimensional RARE and GEFI im-
ages. Tumors location, size, and shape in both left and right lungs, 
as well as tumor invasion to the pleura, cardiac pericardium, and 
hilus of lung can clearly be viewed in the 3-dimensional images. 
The volume-rendered 3-dimensional images again demonstrated 
the decrease in the number and size of lung tumors after erlotinib 
treatment, as shown in Figure 6.

Discussion
The MRI results demonstrated that the EGFRvIII mutation-

driven tumor was generated and maintained with the presence 
of doxycycline. The overexpression is switched off by withdraw-
ing doxycycline, causing lung tumor regression. Treatment with 
small-molecule EGFR tyrosine kinase inhibitor caused a dramatic 
response for mice bearing tumors carrying mutations in EGFR 
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Figure 2. Transverse scans demonstrating the effects of withdrawal after long-term doxycycline administration in a bitransgenic mouse. (A) In a mouse 
fed with a doxycycline diet for 16 wk, the pleura of the right lung is invaded by tumors in the right lung, and the left lung contains multiple small 
nodules. (B through D) The effects of doxycycline withdrawal by feeding of a normal diet for (B) 1 wk, (C) 3 wk, and (D) 6 wk, with no observable 
tumors at the 6-wk point.

Figure 3. Histology of mouse lung with EGFRvIII-driven tumor before and after erlotinib treatment. (A and B) Adenocarcinomas before treatment; (C 
and D) tumor regression after erlotinib treatment.

MRI of mouse lung tumor
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ing property of erlotinib. Reportedly the irreversible inhibitor 
HKI-272 covalently binds to the EGFR kinase domain cleft and 
can overcome resistance,18,21 thus suggesting that HKI-272 may 
be more effective for treating cancers that harbor the EGFRvIII 
mutation.

In this work, noninvasive mouse lung tumor monitoring was 
accomplished by using 2-dimensional MRI with and without car-
diac and respiratory gating. Spin-echo (RARE), gradient-echo 
(GEFI), and fast gradient-echo (SNAP) sequences were imple-
mented to scan the entire lung for tumor volume measurements. 
However, the contrast between tumor and surroundings can vary 
under different sequences (see Figure 1).

Other lesions frequently coexist with tumor during the de-
velopment of lung carcinoma, and some of these additional le-
sions can have similar signal intensity as tumor in MRI scans. 
Inflammation-related lesions such as consolidation, pleuritis, and 
peribronchial vascular inflammation may complicate the iden-
tification of tumor, but they can be ruled out by histopathology. 
Atelectasis can be identified in MRI scan by its relatively lower 
signal intensity, which can be further proved by histology test-
ing after treatment. However, in our study, 16 wk of continuous 
doxycycline administration ensured that all the mice developed 
diffuse adenocarcinoma; MRI did not reveal any complicating 
lesions; and histopathology checks confirmed that the dominant 
lesion was tumor.

In conclusion, the present work demonstrates volume variation 
in EGFRvIII mutation-driven lung tumor as evaluated by both 
spin-echo and gradient-echo sequences. Combining sequences 
to identify tumor and to simplify its complexity is important in 

kinase domains. Tumor monitoring by MRI showed that erlotinib 
can inhibit tumor growth in vivo due to inhibition of the growth 
of cells harboring EGFRvIII mutations.

Erlotinib is a reversible EGFR inhibitor to which patients with 
NSCLC eventually develop resistance.3 Two mice undergoing 
erlotinib treatment had obvious tumor regenesis within 4 wk 
continuous treatment, and this tumor volume fluctuation during 
long-term drug administration may indicate the reversible bind-

Figure 4. Transverse sections through the thorax of a bitransgenic mouse at various days of erlotinib treatment. (A) Before treatment. (B through D) 
After treatment for (B) 1 wk, (C) 2 wk, and (D) 4 wk. Notice the regression of the 3 nodules in right lung. Vertical arrows indicate the heart; horizontal 
arrows indicate examples of tumor nodules.

Figure 5. Lung tumor volume before and after 1, 2, and 4 wk of treat-
ment with a tyrosine kinase inhibitor. Compared with tumor volume 
before treatment, tumor regression was significant after 2 wk (P = 0.047) 
and 4 wk (P = 0.017) of treatment.

Figure 6. Three-dimensional renderings of lung and tumor volumes from 2-dimensional MRI slices of a bitransgenic mouse. (A) Before treatment and 
after (B) 1 wk, (C) 2 wk, and (D) 4 wk of treatment with erlotinib. Blue areas indicate tumors.
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mouse MRI, because a single sequence is inadequate to collect 
sufficient information in complicated cases.
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