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Abstract
Rationale and Objectives—Early detection of lung cancer can be problematic. While current
imaging methods can identify lung cancers, they are limited in the size of nodules detectable.. There
is also lack of evidence that these methods can correctly classify nodules <7 mm as malignant since
lung cancer can be mimicked in appearance by benign lesions that lower specificity. Therefore, there
is a need for enhanced sensitivity/specificity of detection for small lung cancers.

Materials and Methods—We have developed a nanosized (~100nm) immunolipsome complex
for delivery of molecular medicines to tumors. In this complex an anti-transferrin receptor single-
chain antibody fragment (TfRscFv) decorates the surface of a cationic liposome encapsulating the
payload. We have previously shown that this systemically administered complex (scL) selectively
targets, and efficiently delivers its payload into, tumor cells. We have also encapsulated MRI contrast
agent gadopentetate dimegulamine (“gad-d”) within this complex resulting in increased resolution
and image intensity in a mouse model of primary cancer. Here we examine the ability of the scL-
gad-d complex to increase the sensitivity of detection of lung metastases.

Results—These MRI studies show that the scL-gad-d nanocomplex is able to improve detection,
and increase enhancement of, small lung cancers (400 microns and as small as 100 microns), when
compared to that of uncomplexed gad-d.

Conclusions—Because of its tumor targeting specificity, deliver of an MRI contrast agent via this
nanocomplex has potential for use as an agent that can identify small lung cancers, thus improving
early detection and possibly increasing survival.

Keywords
Tumor-targeting; nanoimmunoliposome complex; early detection; lung cancer; enhanced MR
imaging

INTRODUCTION
Lung cancer is the 2nd leading cause of cancer and the leading cause of cancer deaths for both
men and women, with the number of cases in women on the rise. The American Cancer Society
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estimates that in 2008 there will be over 215,000 new cases of lung cancer in the US with more
than 161,000 related deaths (1). The ratio of deaths to new cases (0.75) is significantly higher
than the 0.4 ratio for cancer in general, indicating the dire prognosis of individuals who develop
lung cancer and the importance of new approaches for early detection and diagnosis.

Currently the principal methods used for early identification of primary lung carcinoma are
chest radiograph and chest computed tomography (CT). Although both methods are somewhat
effective in identifying curable lung cancer (2–4), they possess a major drawback in that they
commonly result in false positives, i.e. nodular areas that could indicate lung cancer, but are
in fact due to scars or focal inflammatory/infectious processes (5–8). For small lung nodules
this is a frequent occurrence and a serious problem. While there are various diagnostic methods
to distinguish between true malignancies and false positives (9), for small lung nodules, the
primary method is to obtain serial images over time to assess growth, a very inefficient, and
costly process. Moreover, a recent report has associated the higher radiation dose from CT with
an increased risk of cancer (10). Consequently, the need for multiple CT scans to confirm
diagnosis may have a negative impact. There is also a risk entailed by delay in diagnosis. Cases
with delays of 1 year have been associated with a change in stage (although delays of less than
6 months have not). This change in stage implies a worse prognosis (11–18). Furthermore,
some small NSCLC can metastasize early (18).

In some cases contrast enhanced CT or MRI is used to determine the vascularity of the suspect
area, although increased vascularity is not cancer specific. Moreover, a report by Bach, et al
on the results of a multicenter trial concluded that lung CT may not meaningfully reduce the
risk of advanced lung cancer or death (19). Thus, there is a pressing need for a new means of
specifically identifying lung cancers at an early stage and predicting those nodules most likely
to be malignant.

We have previously reported the use of an immunoliposome complex carrying contrast agent
gadopentetate dimegulamine (“gad-d”) (Magnevist®, Berlex Laboratories, Wayne, N.J.) that
enhanced MR Imaging of larger primary tumors in mouse models of cancer (20). This complex
is a nano-sized construct of ~100nm in which the contrast agent is encapsulated in a cationic
liposome (20). The surface of the liposome is decorated with an anti-transferrin receptor (TfR)
single chain antibody fragment (TfRscFv) that serves to target the complex specifically and
efficiently to tumor cells. This immunoliposome complex (scL) has also been used for systemic
delivery of gene therapy to various types of tumors in mouse models including human
pancreatic, breast, and mouse renal cell carcinomas (21–28). Our previous studies have shown
the tumor-targeting specificity of this nanoimmunoliposome complex (21,23,24,27–29),
clearly showing the enhanced uptake of the full complex as compared to that minus the targeting
ligand both in vitro and in vivo (21,23,24,27–29). The use of this system to deliver wt p53 gene
therapy is currently in Phase 1 clinical trials. By placing gad-d into this tumor specific
immunoliposome complex, new and unique capabilities result from delivering MRI contrast
media directly into tumor cells. This is accomplished via binding of the TfRscFv on the surface
of the complex to the transferrin receptor (TfR) on the tumor cells with subsequent uptake of
the gad-d bearing complex into the cell by receptor mediated endocytosis, an efficient process.
Most tumor cells, including lung, prostate, ovarian, oral, colon, pancreatic, and breast cancer,
express high levels of the transferrin receptor and have increased receptor recycling (30–35).

Here we assessed the ability of the complex to target and deliver the MR Imaging contrast
agent gad-d to lung nodules in syngeneic mouse models of lung tumors. Our results show the
requirement for the targeting ligand and demonstrate that scL-gad-d was able to target and
deliver gad-d to lung nodules, as small as 100 microns in size. More significantly, we show
the the enhancement of these lung nodules is greater with the scL-gad-d nanocomplex than
with the uncomplexed (free) gad-d as currently used in the clinic.
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METHODS
Cell lines

Mouse renal cell carcinoma cell line (RenCa) (36,37), was maintained in RPMI 1640
(Invitrogen, Carlsbad, CA) supplemented with 0.1mM non-essential amino acids (Invitrogen,
Carlsbad, CA), 1mM sodium pryuvate (Invitrogen, Carlsbad, CA) 10% Fetal Bovine Serum
(Quality Biological, Inc., Gaithersburg, MD), plus 2mM L-glutamine and 50mg/ml each of
penicillin, streptomycin and neomycin (PSN).

Complex Formation
Cationic liposome (DOTAP:DOPE) was prepared by the ethanol injection method as
previously described (24). The TfRscFv/Lip/gad-d complex (scL-gad-d) and the unliganded
form of the complex (L-gad-d) (scL minus the TfRscFv tumor targeting moiety) were prepared
as previously described (20).

Animal Models
Two different syngeneic mouse models of lung metastases were used in these studies. In the
metastatic RenCa mouse model, 7.5 × 104 cells were intravenously tail vein injected in to 5–
6 week old female BALB/c mice. For the small lung nodules (1–4 pixels, 100–400 microns in
diameter) the animals were imaged 7–9 days post inoculation. For larger nodules the animals
were imaged at 2–4 weeks post inoculation. In the B16/F10 mouse model, 1 × 105 cells were
intravenously tail vein injected into 8–10 week old female C57Bl/6 mice. Two to three weeks
post-inoculation the animals were used for imaging. All animal experiments were performed
in accordance with and under approved Georgetown University GUACUC protocols.

Animal Imaging
The animal imaging was done with a 7T with a Bruker Biopsin (Billerica, MA, USA), using
a respiratory gated (BioPac Physiological Data Monitor) T1-Weighted, 2 dimensional Turbo
Multislice Multiecho imaging sequence. Animals to be imaged were anesthetized and placed
in a proprietary, in-house designed, animal management system which incorporates a warm-
water heating system that maintains the temperature at 37°C, as well as a four-channel, thermal
optical monitoring system used to monitor animals’ skin temperature, ambient temperature,
and wall temperature of the device. For imaging, the animal was maintained under anesthesia
with 1.5% isoflurane with a 66% oxygen and 30% nitrous oxide mixture. The anesthetized
animal was positioned inside a cylindrical, variable RF resonant antenna (birdcage resonator
volume coil) and tuned to a center frequency of approximately 300 MHz (the resonant
frequency of water molecules when subject to a field strength of 7 T). The imaging parameters
were: T1-Weighted 2D, TE 10.21 ms, TR400ms, Flipback off, 8 averages with a field of view
of 2.56 × 2.56 cm and a 256 × 256 matrix. Depending on the size of the mouse, up to 22 slices
were obtained with a usual slice thickness of 0.5 mm.

Pre-contrast injection images were obtained. After the baseline image was acquired, the animal
was kept immobilized in the animal holder following which tail vein injections of free gad-d,
L-gad-d or scL-gad-d, all at a dose of 5mg gad-d/20g mouse, were administered. Post injection
imaging started within 90 seconds of the completion of injection. In each experimental
comparison the amount of gad-d, uncomplexed or encapsulated within the liposome complex,
was the same. For the small metastases, we determined that the pixel values of the nodules had
returned to baseline within 24 hours. The injection sequence of gad-d or L-gad-d and scL-gad-
d was varied with the alternate agent injected one to three days later. Image analysis was
performed primarily with ImageJ Software (Wayne Rasband, National Institutes of Health,
USA http://rsb.info.nih.gov/ij/)..
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Statistics
Nodules were identified on the MRIs of 13 mice who received gad-d and 12 mice who received
scL-gad-d. When combining the paired and unpaired studies, the p values were obtained using
the Mann-Whitney U Test. Seven of the 13 mice were studied in a paired design using the
Wilcoxon Matched Pairs Signed Ranks Test for analysis. One mouse was studied with and
without TfRscFv targeting of the complex. For this descriptive statistics were used. All of the
statistical analyses were done in SPSS (SPSS Inc. Chicago, IL)

RESULTS
Enhanced Contrast in a nodule 16 pixels in diameter with scL-gad-d

In Figure 1, we compared the pre-contrast images with the matched post-contrast studies for
a 16 pixel in diameter (1.6 mm) RenCa nodule in the left lung (Figure 1A). While the pixel
intensity increases from the baseline study of 6313 to 8034 (1721 units) with uncomplexed
(free) gad-d, the increase was from 5413 to 10137 (4724 units) after i.v. injection of scL-gad-
d. The change in pixel intensity, representing the level of enhancement for this lung nodule is
shown in Figure 1B. The increase in pixel value is 2.7 times greater with scL-gad-d than with
uncomplexed gad-d in this large lung nodule. Pleural metastases also showed increased
enhancement with scL-gad-d.

Enhanced Contrast in nodules 4 pixels in diameter with scL-gad-d
Having determined that the scL-gad-d complex could bind to and enhance the imaging of the
large lung nodules as compared to uncomplexed gad-d, we began to assess the limit of
sensitivity of this approach by imaging progressively smaller RenCa lung tumors. These
murine renal carcinoma cells, when i.v. inoculated, will reproducibly produce lung metastases.
By decreasing the time between the cell injection and imaging, the sensitivity of detection of
the scL-gad-d in progressively smaller lung nodules can be assessed.

In Figure 2A, two smaller nodules, ~4 pixels in size (400 micron), are identified. Although
only the upper nodule can be visualized after free gad-d injection, both nodules are evident
after injection of the scL-gad-d complex. Neither of the two nodules can be seen on the pre-
contrast base studies. Where the nodules could not be seen, the expected location of the nodule
was used for pixel value measurements. On the base (pre-contrast) view for the scL-gad-d, but
not on the post contrast view, there was some atelectasis in the region of the upper nodule.
Therefore, an area 1mm posterior to the visualized nodule was used for pixel values, since this
was free from atelectasis.

The post-contrast pixel intensity of the upper nodule with free gad-d was 1857, while that with
scL-gad-d complex was 2848, a difference of 991 units. For this upper nodule, the increase in
intensity with contrast compared to the pre-contrast images is shown graphically in Figure 2B.
The increase from the pre-contrast values was 2.1 times greater with scL-gad-d compared to
free gad-d (1743 vs 844).

The lower nodule, with an intensity of 2938 was evident only after administration of scL-gad-
d. While not detectable with free gad-d, the region where this nodule should be located
measured 1121 post-injection, a value which corresponded closely to the pixel intensity of the
pre-contrast images for both free gad-d and scL-gad-d. Thus, scL-gad results in greater
enhancement than free gad-d of one small 4 pixel nodules and enables the visualization of an
additional nodule not seen with free gad-d.

In the analysis of the images, we reviewed histograms of regions containing the nodule and
pixel intensity profiles through the mid portion of the visible nodules. Figure 3 shows these
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for the upper nodule and confirms its degree of enhancement and its diameter in pixels.
Histograms of the regions of interest surrounding and including the upper lung nodule are given
in Figure 3A. These histograms show that there are a group of pixels of higher value (near the
peak of 2848) with the scL-gad-d than with uncomplexed gad-d (peak near 1857).

The corresponding profiles through the upper nodule at the center of the region of interest
(ROI) with both free gad-d and scL-gad-d are shown in Figures 3B and 3C, respectively. The
two profiles in each figure are one pixel apart in the superior/inferior axis. Both the pixel values
(on the y-axis) and the number of adjacent pixels (on the x-axis) can be compared. The highest
intensities in Figure 3B with free gad-d are 1609 and one just below 1609 in the left profile;
while in the right profile the highest intensity is 1847. In comparison, when examining the
profiles after injection of scL-gad-d (Figure 3C), the highest intensity in the left profile is 2662
with three pixels at approximately this value. The right profile has three pixels at or close to
2848.

Visualization of nodules 1–2 pixels in diameter by scL-gad-d
To determine the minimal nodule size detectable by the scL delivered gad-d, we imaged mice
eight days after i.v. injection of the RenCa cells. In these studies free gad-d was not used since
we were not able to visualize nodules less than 4 pixels in diameter with free gad-d (data not
shown). One study revealed three extremely small lung nodules (Figure 4A). The two smaller
nodules (N1 and N2) measure 1–2 pixels in size on the MR images (full width at half max in
the profiles) and thus are approximately 100–200 microns.

The changes in pixel value of these three small nodules are graphically represented in Figure
4B. Nodules 1 and 2 could not be identified on the pre-contrast images. As a control we also
measured an area on the same slice where no nodule could be identified either without or with
scL-gad-d. The pre-contrast values at the locations of the nodules are all approximately the
same (Figure 4B) and are slightly (but not significantly) higher than the nodule free area used
for comparison. Post contrast, minimal enhancement is shown in the area with no nodule.
However, for all three nodules the change in pixel intensity (the difference between baseline/
pre-contrast values and post-contrast values) from the pre-contrast values is 2.6, 4.8 and 6.6
fold greater with the scL-gad-d complex than the difference observed pre and post-contrast in
the nodule-free lung parenchyma (1518 to 1663).

A histogram (Figure 5A) of the region of the 100 micron Nodule 1 indicates that there is only
one outlier pixel and that either this enhances with scL-gad-d or a new pixel has increased
sufficiently to be identified on the image. The Y-axis on the left chart is 3 pixels maximum,
while that on the right chart is 2 pixels maximum. The profile, drawn through the mid portion
of Nodule 1 (Figure 5B), shows that only a single pixel reaches the intensity of 1946 seen on
the histogram in Figure 5A.

Similar analysis post contrast with scL-gad-d was performed on Nodules 2 and 3 from Figure
4A. The histograms and profiles through the center of these nodules are shown in Figures 6A
and B, respectively. The histogram for the larger Nodule 3 shows that there are two pixels close
to 2542 (solid edged oval), with three pixels nearby (dotted edged oval) (Figure 6B). The profile
through the center of the nodule shows that there are two pixels that are close to 2542 (pixel
intensity 2532, 2475) and three that are near, but with lower intensity (pixel intensity 2254,
2254, 2187). The diameter of this nodule is 4 pixels, approximately 400 microns, estimating
full width at half max from the profile.

A summary of the increase in pixel intensity with scl-gad-d of the two small (1–2 pixel, 100–
200 micron) metastatic lung nodules (Nodules 1 and 2) and the 4 pixel Nodule 3 shown in
Figure 4A is given in Table 1. This Table indicates the mean, standard deviation (SD), and
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maximum pixel intensity of the nodules. For each nodule it also gives the Z-score of the
maximum pixel value and the expected frequency of pixels at or above this Z-score. The
increase in maximum pixel intensity for Nodule 1 is 1.1 SD, for Nodule 2 it is 2.3 SD, and for
Nodule 3 it is 3.4 SD above the pre-contrast SD of the mean for the respective nodule. For
Nodules 2 and 3, this increase is statistically significant (p< 0.02)

Histology Studies
To confirm that the extremely small images seen with scL-gad-d on MRI Figure 4A were in
fact tumor nodules, after completion of the MRI, H&E stained sections through the lobe of the
lung where the nodules were observed by MRI were examined. The results are shown in Figure
7. Two renal cell metastases (arrows) were identified. These two small metastases correspond
to the approximate location of the nodules identified post-contrast with scL-gad-d by MRI and
measure < 100 microns in size. They are also approximately 650 microns apart. These histology
findings are similar to the prospective measurements on the MRI of two 100–200 micron
nodules separated by approximately 700 microns. Other serial sections show that the second
tumor is attached to the lung and is not a free fragment (data not shown). No other small tumor
nodules were observed in any of the sections examined.

Comparison between targeted and untargeted complex
To demonstrate the importance of the targeting molecule, MRI contrast enhancement in the
same mouse was compared between scL-gad-d and the complex minus the TfRscFv molecule
(L-gad-d). Two small nodules could be matched between the studies. The first nodule increased
from 4436 to 4503 pixel intensity units with the non-targeted L-gad-d (Figure 8A), and from
2201 to 3998 units with the targeted scL-gad-d (Figure 8B). This represents an increase of 67
compared to 1797 pixel units over baseline values, for L-gad-d and scL-gad-d, respectively.
For the second nodule (not shown), the L-gad-d resulted in an increase from 3996 to 4164 pixel
intensity units (an increase of 168 units over baseline values) and while the scL-gad-d increased
from 2155 to 2893 pixel intensity units (an increase of 738 units over baseline value). The
increase for both nodules is presented graphically in Figure 8C. Thus for both lung nodules
there is greater enhancement with scL-gad-d compared to that seen with L-gad-d.

DISCUSSION
Worldwide, it is estimated that lung cancer causes nearly one million deaths annually (38).
Overall, in the United States, 90% of the 190,000 new cases (86% of which are non-small cell
(NSCLC) will die within two years (38,39), However, for pathologic stages 1A and 1B, the
five year survival is much greater (67% and 57%, respectively) (40).

Chest X-Ray and lung CT are the most common methods of lung cancer detection. With both,
a major problem is due to findings that could represent cancer, but that, on further evaluation,
are actually benign. These are usually considered to be “false positives.” In lung CT screening,
the false positive rate for all lung nodules is as high as 96% (8). For example, the report of the
prevalence screen from the PLCO, indicates that among the 5991 radiographs suspicious for
lung cancer all but 206 were shown to not have cancer prior to biopsy. Of the remaining 206
cases that were biopsied, only 61% actually had lung cancer (38). Thus, only 126 cases were
identified with cancer from the 5991 positive suspicious radiographs, or only about 2% of the
total. Additionally, in a recent report of 5 years of CT screening (8), only 68 lung cancers were
present among the 3359 non-calcified nodules that were identified by CT. The remaining 98%
were false positives.

Assessment of possible malignancy can be based on lack of change from prior studies,
structural features of nodules, their size, growth over time and patterns of contrast
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enhancement. Contrast enhanced Contrast enhanced CT imaging of nodules for assessment of
vascularity has high sensitivity, but only medium specificity, for the diagnosis of cancerous
nodules greater than 7 mm, (41–47). It is less effective for smaller nodules. We estimate that
a 7 mm nodule would likely be 10 or more pixels in diameter. However, at least 44% of CT
detected lung nodules are less than 4 mm (8). Thus, there is a serious need for increased
specificity of diagnosis, and techniques that can correctly classify these smaller nodules would
have significant clinical impact.

The studies described above were performed to assess if the scL-gad-d targeted to the TfR
would show greater enhancement than the non-targeted complex, and the non-complexed (free)
gad-d.. Once this was demonstrated (Figure 1), studies continued to determine the smallest
lung metastases in which contrast uptake could be identified. Pixel intensity was used to
compare 1) pre-contrast to contrast enhanced images, 2) TfR targeted and non-targeted
contrast, and (3) free gad-d to scL-gad-d. Although pixel intensity is not in linear relationship
to the concentration of gadolinium based contrast agents, in the contrast ranges used, a higher
pixel value does represent a greater accumulation of contrast media (20). We were able to show
MR enhancement of nodules in mice as small as 1–2 pixels in diameter (0.1 to 0.2mm). This
would translate to a nodule of approximately 0.7–1.4mm in humans, significantly smaller than
those reported to enhance with contrast by CT. Unlike standard CT contrast, scL-gad-d targets
and is actively taken up into cancer cells (20); higher uptake and longer persistence of contrast
in the nodule via the scL delivery system should increase the likelihood of classifying a nodule
as a malignancy. Thus this approach would allow most benign nodules to be differentiated
from potentially malignant nodules at a size approximately 5 times smaller than shown with
current contrast enhanced CT.

To control for the possibility that image noise was simulating nodules 1–3 pixels in size several
techniques of analysis were combined. First, the small nodule must be visible to the human
observer at least on the post contrast image. Second, the histogram of a small region
surrounding the nodule should show that the peak intensity was more than two standard
deviations above the mean. Third, a two-dimensional profile through the visible nodule should
show the same peak pixel values as those demonstrated on the histogram. Fourth, for nodules
two or more pixels in size, these high value pixels should be shown to be contiguous on the
profile. Last, the nodule size detected by imaging should be consistent with the nodule size
measured on histology, matching the region of imaging and histology as closely as feasible.
Because the RenCa model can reproducibly produce lung metastases, the size of the nodules
is quite uniform even when small (36–37).

We showed that enhancement was, on average, greater with the scL-gad-d, p < 0.02 (Mann-
Whitney U Test). In total, seven mice were studied in a paired design. Of these, contrast
enhancement was greater with scL-gad-d in 6, and less in 1 (p < 0.05 by Wilcoxon Matched
Pairs Signed Ranks Test).

The nodule identified in Fig 4A which was determined to be approximately 4 pixels in diameter,
appears larger in the MR image when enhanced by scL-gad-d compared to free gad-d. The
histograms demonstrate a greater number of pixels at the upper end of the histograms for scL-
gad-d. With free gad-d, two pixels, almost superimposed on the histogram, are at the maximum
level. In contrast with scL-gad-d there are at least four pixels, and more likely eight pixels that
are enhanced when two profiles one pixel away are included. Thus, with scL-gad-d the nodule
appears on the image visibly larger and the change in histogram supports this interpretion. The
pixel values (x-axis on the two charts) indicate a higher degree of pixel intensity with scL-gad-
d than with gad-d. For free gad-d, the high pixel is 2.8 SD above the mean. For scL-gad-d, the
high pixel is 1.9 SD above the mean. This suggests that these outlying pixels are consistent
with small nodules, rather than representing random variation in pixel intensity, particularly
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given the small number of pixels in each measured region of interest. These data demonstrate
that small nodules of 4 pixels (~0.4 mm) are more greatly enhanced by encapsulating the gad-
d contrast agent in the scL nanocomplex.

We have also demonstrated the ability of gad-d, when encapsulated in the scL complex to
enhance lung nodules as small as 1–2 pixels in diameter. Histogram analysis (Fig. 5) of the
small nodules in Fig 4A show that for Nodule 1, the peak pixel value pre-contrast is 2.9 SD
above the mean, while the peak measurement post contrast is 3.3 SD above the mean. In
addition, the extremely small (0.1mm) Nodule 2 in Fig. 4A also showed only a single pixel
reaching peak value, which was 4.0 SD above the mean (Figure 6A). For the larger Nodule 3,
the peak pixel value was 2.3 SD above the mean. These data indicate that it is unlikely that the
highest pixel value is due to random noise variation, but represents a nodule that likely shows
some enhancement. Furthermore, while there was significant enhancement of the small nodules
after injection of scL-gad-d the fact that there was only minimal enhancement in the nodule
free parenchyma, as shown in Figure 4B, also demonstrates that the enhancement seen with
the scL-gad-d is tumor tissue specific.

A summary of the increase in pixel intensity with scL-gad-d of the two small (1–2 pixel, 100–
200 micron) metastatic lung Nodules (Nodules 1 and 2) and the 4 pixel Nodule 3 shown in
Figure 4A is given in Table 1. This Table indicates the mean, standard deviation (SD), and
maximum pixel intensity of the nodules. For each nodule imaged it also gives the Z-score of
the maximum pixel value and the expected frequency of pixels at or above this Z-score. From
this table, one can see that the pixel intensity of these small nodules is unlikely to be due to
random noise. In addition, one can see the increase in pixel intensity comparing scL-gad-d to
the pre-contrast image. The method used to identify very small lung nodules is based on
statistical image processing. This is a method adapted from the field of astronomy which has
previously been applied in pilot studies in digital mammography (48). The approach is based
on identifying statistical outliers, 3 or more standard deviations (SD) above the mean, i.e. Z-
score ≥ 3.0. The histogram data for the lung MRIs used in this experiment is basically Gaussian
with outlying pixels seen at the upper portion of the histogram (data not shown). For a Z-score
of 3, one would expect 1.4 pixels per 1000 above this cut point. For a Z-score of 4, one would
expect 3.2 per 100,000. When we measure the pixel intensity of the very small nodules
identified on the images, these have the Z-scores shown in Table 1. Thus, it is unlikely, given
the number of pixels included in the analysis of nodules and their surroundings that the pixels
we assign as representing nodules represent noise. When the same area can be seen on two
studies (pre-contrast and post contrast) or with two conditions (gad-d and scL-gad-d) the
likelihood of this occurring by chance is even less.

Although it is difficult to definitely distinguish image noise from very small lung nodules. In
this case, we have presented evidence that the small nodules we are detecting (1) consist of
pixel intensity value outliers, 2–4 SD from the mean, (2) that the area of suspected nodule does
enhance, whereas areas with no visible nodule enhance minimally, (3) that the same outlier
pattern we see with nodules 2–4 pixels in size is seen with the 1–2 pixel nodules, and (4) we
have provided histologic confirmation of nodule size and the distance separating two identified
nodules for this case where histology was obtained after carefully aligning the location for
histology with the identified location on the MRI. Therefore, based on histology and the care
we used to align the histology to the MRI, we believe that we have likely shown enhancement
in 100 micron metastases to the lung when gad-d is delivered to the tumors by the targeted scL
nanocomplex.

Thus, the data presented here suggests strongly that the use of scL-gad-d has the potential to
enable physicians to rapidly identify almost all of the cases that represent cancer through
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improvements in contrast enhancement of the lung nodules. Moreover, this approach could
also be used to identify small metastases in other places throughout the body.

CONCLUSIONS
The research reported here shows that a novel nano-sized tumor-targeting immunoliposome
complex carrying gad-d can successful enhance very small lung nodules 2–4 pixels in size and
even nodules only 1 pixel in size. The next step will be to apply this to a mouse model of
primary lung adenocarcinoma and models of small nodular scars in the lungs. Because of the
tumor-targeting nature of the complex we envision that this approach may also be able to
distinguish malignant nodules from the many small benign scars identified in the lungs on CT.
We are actively developing this nanotechnology as a clinically useful agent to improve early
detection of lung cancer.
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Figure 1. Metastases to lung in the RenCa lung metastasis model
In this composite figure/chart, we compare the image of the same mouse imaged with both free
gad-d and scL-gad-d. A-The base views show the respective pre-contrast images. PI = pixel
intensity of the lower left lung nodule. B-This is graphically shown in the Chart that shows the
enhancement from the precontrast images. The scL-gad-d complex shows greater enhancement
than free gad-d in this metastasis. Arrows indicate the nodule measured and the enhancing
pleural metastases.
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Figure 2. Detection of 4 pixel RenCa nodules
A- Pixel Intensity of upper nodule with free gad-d was 1857, while that with scL-gad-d complex
was 2848. This upper nodule does not show on base (pre-contrast image) with free gad-d and
either does not show or is hidden in atelectasis on base for complex. The lower nodule is not
visible except with complex. Its intensity is 2938. The region of the nodule measures 1121
with free gad-d, but the nodule itself cannot be identified. B-This chart demonstrates the
increase in peak pixel intensity in the region including the small (approximately 4 pixel—400
micron) upper lung nodule shown in A
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Figure 3. Histograms corresponding to the RenCa nodules in Figure 2
A-These histograms of the region of the nodule display the spread of pixel intensities (x-axis)
vs the number of pixels of that value (y-axis). The maximum y-axis for these images is 2 pixels.
The histogram charts provide both the mean and standard deviation levels. B- Standard gad-
d: Two profiles, one pixel apart, through the center of the upper nodule after enhancement with
gad-d. C- scL-gad-d. Two profiles, one pixel apart, through the center of the upper nodule after
enhancement with scL-gad-d.
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Figure 4. Detection of 1–2 pixel RenCa lung metastases
A-Three lung nodules are identified on the post contrast scL-gad-d images. The two smaller
nodules (N1 and N2) measure 1–2 pixels (approximately 100–200 microns) in size. They
measure about 700 microns apart. They are just barely visible on the pre-contrast images. The
Arrows indicate the lung nodules. B- Chart showing the change in pixel value of the three small
nodules identified in Figure 4A.
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Figure 5. Nodule 1 from Figure 4A, pre and post contrast with scL-gad-d
A- Histogram of pre and post- contrast with scL-gad-d. B-Profile through Nodule 1
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Figure 6. Data for Nodules 2 and 3 from Figure 4A post contrast with scL-gad-d with histogram
and profile through the center of the nodule
A-Histogram and profile for Nodule 2. B-Histogram and profile for Nodule 3.
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Figure 7. Histology section (H&E stain) of the lungs from the mouse described above (Figure 4A)
MR images were used to guide the sectioning of the lungs. Arrows point to the two small
metastases, each less than 100 microns in size.
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Figure 8. Comparison of MR image enhancement between targeted and unliganded complex
In this composite figure/chart, we compare the image of the same mouse imaged with both
scL-gad-d and unliganded gad-d (L-gad-d). A-The base view and post-contrast image after i.v.
injection of the unliganded L-gad-d. B- The base view and post-contrast image after i.v.
injection of the targeted scL-gad-d. C- A graph of the enhancement over baseline values with
both agents.
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