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Rationale and Objectives. The purpose of the present study was to evaluate a near-infrared (NIR) laser breast imaging
system (Computed Tomography Laser Mammography [CTLM]) as an adjunct to mammography by means of receiver-
operating characteristic (ROC) analysis. The NIR technique used in this study is based on the absorption of NIR light by
hemoglobin. Malignant tumors can be detected by imaging their neovascularization.

Materials and Methods. Eighty-two patients were examined by both CTLM and mammography. Seventy-nine of the 82
patients underwent biopsies, and three patients had 2-year follow up. Three-dimensional scans were acquired with an NIR
laser computed tomographic scanner (the CTLM system) at a slice thickness of 4 mm. Mammograms were analyzed alone
and together with CTLM images.

Results. Histology revealed 37 benign and 42 malignant lesions. For the combination of mammography and CTLM, the
area under the ROC curve was significantly larger than for mammography alone. In addition, it was shown that the
difference in area under the ROC curve between the combination of both methods and mammography alone was consider-
ably larger for dense breasts than for radiolucent breasts, although these differences were not statistically significant.

Conclusion. CTLM, used as an adjunct, may serve as a feasible tool to improve the diagnostic capabilities of mammogra-
phy.
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Breast cancer is the most frequent malignancy in women
worldwide (1–4). Statistically, in the United States, one
in seven women will develop breast cancer during her
lifetime (5). Diagnostic mammography has been shown to
have an average sensitivity for the detection of cancer of
75%, and 60 to 80 of every 100 biopsies are negative for
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cancer. In specific cases, magnetic resonance imaging
(MRI) can solve some of these problems, increasing sen-
sitivity to about 95%, but with a presently significantly
lower specificity than mammography (6). In addition,
MRI examinations are still very expensive. For these rea-
sons, a different approach to breast imaging is desirable.

In theory, optical methods based on near-infrared
(NIR) imaging have high potential to become valuable
diagnostic tools in breast imaging (7,8). There are several
reasons for this. First, the breast is fully accessible for
imaging with optical methods because of its surface loca-
tion, relatively small size, and absence of bony structures.
Second, at 800 nm, it is possible to exploit the difference

in absorption between total hemoglobin and water or fat
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as an intrinsic contrast. Hemoglobin will then act as a
natural contrast medium, and computed laser tomography
of the breast will therefore produce a “hemoglobin angio-
gram,” revealing the normal vascular structures of the
breast. In addition, because all tumors require new blood
vessels to survive and grow (neoangiogenesis), NIR to-
mographic imaging can detect tumors within the breast.
Third, no ionizing radiation is needed, and the majority of
optical systems work without compression, factors that
increase its acceptance by patients. Finally, the method is
rather inexpensive and easily deployed.

Despite these theoretical advantages, the first research
devices based on NIR imaging were mostly disappointing
and all less accurate in detecting breast cancer than estab-
lished imaging methods (9–11). However, considerable
advances have been made recently in optical imaging
(12–19). We intend to demonstrate the feasibility of a
commercially available system (Computed Tomography
Laser Mammography [CTLM]; Imaging Diagnostic Sys-
tems, Inc., Plantation, FL) to detect neoplastic lesions in
the human breast.

MATERIALS AND METHODS

The study was approved by the institutional review
board. Patients provided informed consent to the study.

Technique
The CTLM scanning mechanism consists of a continu-

ous-wave laser source and an array of 84 collimated pho-
todiodes arranged in third-generation computed tomo-
graphic geometry about an aperture that will accommo-
date most breast sizes (Fig 1). A pair of linear photodiode
array cameras is used to map the position of the laser
beam on the surface of the breast to the physical location
of the beam–breast interface within the scanning cham-
ber, thereby creating an accurate measurement of the
breast’s perimeter at the interrogated slice.

The laser’s wavelength is 808 nm, which is the ap-
proximate wavelength in the medical optical spectral win-
dow (Fig 2 [20,21]) at which the optical absorptions of
oxyhemoglobin and deoxyhemoglobin are equivalent (22).
At this wavelength, the primary contrast absorber in
breast tissue is hemoglobin (both oxyhemoglobin and de-
oxyhemoglobin) (23), allowing CTLM to produce images
of all blood-containing structures, both normal and abnor-
mal, within the breast.

During the CTLM procedure, the patient lies prone on

the table with one breast pendant in the scanning cham-
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ber. The CTLM exam is a free-space measurement: there
is no coupling medium between the scanning gantry and
the breast, and no part of the scanning mechanism con-
tacts the breast. The scanning mechanism rotates 360°,
initially in a plane near the chest wall, and measures the
light diffused by the breast at a number of views in a sin-
gle slice. After completing its rotation, the scanning

Figure 1. Gantry of the Computed Tomography Laser Mammog-
raphy system using a third-generation computed tomography de-
sign. There is an array of 84 collimated photodiodes and a near-
infrared laser operating at 808 nm.

Figure 2. Medical optical spectral window demonstrated by the
absorption spectra of the major chromophores in skin (20,21). The
absorption factor is equivalent to the optical absorption coeffi-
cient, �a. OxyHb, oxyhemoglobin; DeoxyHb, deoxyhemoglobin.
(From Chance (21), with permission).
mechanism automatically descends a predetermined dis-
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tance and acquires the next contiguous slice of data. This
procedure is repeated until the end of the breast is en-
countered. The average time required to scan one breast,
using a standard slice spacing of 4 mm, is 12 minutes.

Reconstruction of the CTLM images is performed slice
by slice. Using the diffusion approximation of the trans-
port equation (24), an estimate of the average optical ab-
sorption is computed for each slice (the “forward model”)
using the data collected by the collimated photodiodes
and the measured perimeter. The forward model is com-
pared to the measured data to extract the equivalent of an
x-ray computed tomographic fan-beam measurement of
the absorbing perturbations in the slice. These perturba-
tion data are then reconstructed into slice images using a
highly modified proprietary filtered back-projection algo-
rithm that converts the fan-beam data into standard com-
puted tomographic (sinographic) data, corrects for geo-
metric distortions due to bulk light-tissue interaction, and
compensates for a spatially variant blurring effect that is
typical of diffuse optical imaging (25,26).

The contiguous individual reconstructed slices for a
single breast scan are combined to form a volumetric data
set using standard processing techniques. The CTLM sys-
tem’s image display software provides interactive viewing
of both multiplanar reconstructions and volumetrically
rendered representations of the distribution of total hemo-
globin throughout the breast.

For the majority of cases in this study, the slice thick-
ness was set to 4 mm, with acquisition times varying
from 10 to 25 minutes depending on the size of the
breast.

Patients
Eighty-two patients were included in this study, 79 of

whom had unclear lesions on mammography, ultrasound,
or MRI or had palpable masses on physical examination
(see Table 1). Seventy-nine patients were biopsied after
their NIR scans were performed.

Three patients with benign findings were not biopsied
but were still included in the study because they had
2-year mammographic follow-up. Patients’ ages ranged
from 30 to 90 years (mean, 56.3; standard deviation, 12.4
years). All patients had undergone mammography within
the past 2 months. Exclusion criteria were (1) bloody dis-
charge, ulcers, or wounds of the breast; (2) a biopsy or
breast surgery had been performed within the 6 months
before the optical tomography; and (3) the patient was
undergoing current irradiation of the breast or chemother-

apy.
Analysis
On the basis of our own observations and earlier stud-

ies (27), we determined that there are only two normal
vascularized structures in the breast that are visible on
CTLM: (1) blood vessels (veins and arteries), which ap-
pear as tubular structures, frequently anastomosing with
other blood vessels, widening from the nipple to the base
but with some “flattening” due to the reconstruction algo-
rithm, giving a ribbonlike appearance; and (2) pyramidal
structures, which match with the location of lobes. There
are therefore only two normal shapes on CTLM studies:
tubular and pyramidal.

Any structure that appears on a CTLM image (and
therefore contains blood) that is not tubular or pyramidal
must be read as abnormal and is usually caused by some
form of angiogenesis. This angiogenic structure is fre-
quently, but not invariably, very “bright” (white) on the
CTLM study. However, there is considerable variation in
the vascularity of tumors depending on their histologic
types and stages and on their sizes. Tumors larger than
1.5 cm begin to outgrow their blood supply and necrose
in the center, causing a decrease in vessel count. The di-
agnosis of an angiogenic structure is therefore made as
frequently from its abnormal shape as from its intensity.

The most common shapes for angiogenesis to assume
include (1) roughly spherical (on rotation, the three-di-
mensional image does not flatten out), (2) ovoid, (3) fusi-
form, (4) saccular, and (5) discoid (convex-concave).

Reading Mammograms and CTLM Studies
First, the 82 mammograms were read alone. The lesion

Table 1
Seventy-nine of 82 Patients Included in This Study Had
Biopsies on the Basis of Findings on Mammography,
Ultrasound, Magnetic Resonance Imaging, Physical
Examination, or a Combination of These Methods; Three
Patients with Benign Findings Were Included on the Basis of
2-Year Follow-up

Basis for Biopsy Number of Patients

Mammography 47
Ultrasound 5
Mammography and ultrasound 7
Physical examination and mammography 10
MRI 5
Physical examination and ultrasound 2
Physical examination and MRI 2
Mammography and MRI 1

MRI, magnetic resonance imaging.
with the highest level of suspicion for malignancy was
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evaluated on a scale ranging from 0 to 100. After 3
weeks, mammograms and NIR images were read in con-
junction. The reader was asked first to record the position
of the lesion of greatest suspicion on the mammogram and
then to determine whether one or more of the aforemen-
tioned morphologic forms of angiogenesis were present on
the NIR image. Using the presence or absence of angiogene-
sis on the NIR image, the reader was then asked to reas-
sess the level of suspicion, on the basis of both the mam-
mogram and the CTLM image. Receiver-operating char-
acteristic (ROC) curves were then plotted for the
mammography-only readings and for the mammography-
plus-CTLM readings using the ROCKIT 0.9B program
(Charles E. Metz, University of Chicago, Chicago, IL).

Statistical Analysis
Differences between the areas under the ROC curves

(AUCs) for the mammography-alone readings and the
mammography-plus-CTLM readings were evaluated using
the �2 test. A P value � .05 was considered significant.
In addition, differences in the ROC curves were evaluated
with regard to different breast densities.

RESULTS

Histology
Histology in 79 patients and 2-year follow-up in three

Table 2
Histologic Findings in the 79 Patients Who Were Biopsied;
There Were 42 Malignant Cases in Total

Finding
Number of

Lesions
Size (mm),

Mean � SD

Malignant findings 16.7 � 14.1
Invasive ductal carcinoma 29
Invasive lobular carcinoma 4 19.3 � 7.0
Mucinous carcinoma 1 10
High-grade DCIS 6 22.4 � 23.9
Low-grade DCIS 2 36.5 � 47.4

Benign findings
Fibrocystic changes 12
Fibrosis 9
Fibroadenoma 7 17.0 � 11.0
Benign calcifications 3
Papilloma 2
Atypical ductal hyperplasia 2
Hamartoma 1
Chronic mastitis 1

Follow-up 3

DCIS, ductal carcinoma in situ; SD, standard deviation.
patients revealed 42 malignancies (51%) and 37 benign
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lesions (45%) (Table 2). The malignant lesions included
29 invasive ductal carcinomas (69%), four lobular carci-
nomas (10%), one mucinous carcinoma (2%) and eight
ductal carcinomas in situ (six high grade, two low grade)
(19%). The benign lesions consisted of 12 fibrocystic
mastopathies (30%), nine fibroses (23%), seven fibroade-
nomas (18%), two papillomas (5%), two atypical ductal
hyperplasias (5%), one hamartoma (2%), one chronic
mastitis (2%), and three microcalcifications (8%) without
any changes of the glandular tissue.

Mammography
The mammographic lesions were classified as masses

(n � 49), calcifications (n � 21), combinations of masses
and microcalcifications (n � 9), architectural distortions
(n � 2), and asymmetry (n � 1).

Statistical Analysis
ROC curve analysis revealed AUCs (mean � standard

error) for all breast densities of 0.722 � 0.056 for mammog-
raphy alone and 0.796 � 0.049 for mammography plus

Figure 3. Receiver-operating characteristic (ROC) curve analysis
between mammography and Computed Tomography Laser Mam-
mography (CTLM) plus mammography. The bivariate �2 statistic
of the difference between the two ROC estimates was statistically
significant, with a corresponding P value of .033. ACR, American
College of Radiology.
CTLM, resulting in a difference in AUC of 0.07 (Fig 3).



Academic Radiology, Vol 15, No 12, December 2008 LASER COMPUTED TOMOGRAPHY
The bivariate �2 test of the difference between the two
ROC curve estimates was statistically significant, with a
corresponding P value of .033.

Thirty-eight of the 82 cases were classified as Ameri-
can College of Radiology Breast Imaging Reporting and
Data System (BI-RADS) density 3 or 4. For this subset of
dense breasts, the improvement in the ROC curves was
even greater. The AUCs were 0.644 � 0.092 for mam-
mography alone and 0.831 � 0.070 for mammography
plus CTLM, a difference of 0.186 (Fig 4). However, be-
cause of the smaller number of patients in this subset, the
bivariate �2 test of the difference between the two ROC
curve estimates was not statistically significant, with a
corresponding P value of .073.

Forty-four cases were classified as BI-RADS density 1
or 2. For this subset, the AUCs were 0.740 � 0.074 for
mammography alone and 0.761 � 0.072 for mammogra-
phy plus CTLM (Fig 5). The difference in AUC (0.018)
was not statistically significant. The bivariate �2 test of
the difference between the two ROC curve estimates
yielded a P value of .205.

Mammography in combination with CTLM correctly
identified seven of the eight ductal carcinomas in situ and

Figure 4. For radiographically dense breasts, the difference be-
tween the area under the receiver-operating characteristic curve
was even greater. However, mainly because of the smaller num-
ber of patients in this subset, the difference did not reach statisti-
cal significance (�2 test, P � .073). ACR, American College of Ra-
diology; CTLM, Computed Tomography Laser Mammography.
two of the four lobular carcinomas. Seven of 13 false-
positive lesions (resulting from the mammography-plus-
CTLM readings) were caused by benign focal lesions.

Cases
In this section, we describe three patients with varying

types of malignancy to illustrate some particular facets of
CTLM imaging.

Case 1: Ductal Carcinoma in Situ and Invasive Ductal
Carcinoma

A 28-year-old patient presented with a palpable lesion
in her left breast. Mammography showed a spiculated
mass at 12 o’clock that was highly suspicious for breast
cancer (BI-RADS grade 5). On the CTLM image, there
was a circumscribed area of hypervascularity at 12
o’clock. Dynamic MRI provided a good correlation with
the CTLM image (Fig 6). Histology revealed an invasive
ductal carcinoma and a high-grade ductal carcinoma in
situ (overall tumor size, 30 mm).

Case 2: Invasive Ductal Carcinoma
A patient presented with a mass at 12 o’clock in the right

Figure 5. The difference in the area under the receiver-operating
characteristic curve between mammography and the combination
of Computed Tomography Laser Mammography (CTLM) and
mammography was not statistically significant for radiolucent
breasts (American College of Radiology [ACR] Breast Imaging Re-
porting and Data System density 1 or 2).
breast. Mammography showed architectural distortion in this
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area, which could be appreciated only on the craniocaudal
films (Fig 7). CTLM showed a distinct area of hypervascu-
larization, corresponding with the tumor. Histology revealed

Figure 6. Correlation between mammography, Computed Tomog
year-old woman with an invasive ductal carcinoma and ductal carc

Figure 7. Correlation between mammography and Computed
Tomography Laser Mammography (CTLM) showing an invasive
ductal carcinoma. On mammography, a architectural distortion at
12 o’clock was present. The CTLM images show a hyperintensity
(white arrows) indicating hypervascularity.
an invasive ductal carcinoma (tumor size, 14 mm).
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Case 3: Cystosarcoma Phyllodes and Fibroadenoma
A 54-year-old postmenopausal patient presented with a

palpable mass in her left breast. An MRI examination
revealed a large, well-circumscribed, and apparently en-
capsulated heterogeneous mass in the inner upper quad-
rant that was 37 � 36 � 53 mm in size. On T2-weighted
images, the tumor appeared mostly hyperintense. (Histo-
logically, this was a cystosarcoma phyllodes tumor.) Lat-
eral to this tumor, a smaller, less hyperintense, and more
homogeneous mass, 23 � 23 � 31 mm in size, was ob-
served (Fig 8). (Histologically, this was a fibroadenoma).
Following MRI, we performed a CTLM examination. Us-
ing CTLM, only the malignant mass was observed (Fig
8). The benign mass did not show angiogenesis on
CTLM.

Confirming the CTLM findings, immunohistologic ex-
amination using cluster of differentiation 31, a marker for
endothelial cells, demonstrated a low degree of vascular-
ization in the smaller tumor (Fig 9b) and dense tumor
microvascularization in the larger mass (Fig 9d).

DISCUSSION

In this preliminary study, we found that the combi-
nation of a commercially available continuous-wave
NIR laser mammographic system (CTLM) and mam-
mography is more accurate than mammography alone.
There was a statistically significant increase in the
AUC (difference, 0.07; P � .033) for mammography

Laser Mammography, and magnetic resonance imaging in a 28-
a in situ (high grade) in her left breast.
raphy
plus CTLM compared with mammography alone. In
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radiographically dense breasts (BI-RADS density 3 and
4), an even greater (0.19) increase in the AUC was
achieved. However, because of the smaller number of

Figure 8. Comparison of near-infrared mammog
[CTLM], three-dimensional surface rendering) (left)
(center), and the operation specimen (right). Both
cated medially (M). The smaller mass, located late
near-infrared mammography. Histologic examinat
mass and a fibroadenoma as the smaller mass. T
infrared image are probably caused by large vess

Figure 9. (a) Fibroadenoma with proliferation o
and eosin). (b) Immunohistochemical staining sh
cluster of differentiation 31 (CD31) (200 �, alkal
lignant phyllodes tumor with dense spindle-cell
histochemical staining demonstrating dense intr
phosphatase antialkaline phosphatase).
patients in this subset, the difference did not reach sta-
tistical significance. In patients with radiolucent breast
tissue (BI-RADS density 1 and 2), there was only a
slight increase in AUC of 0.02, which was also not

y (Computer Tomography Laser Mammography
netic resonance imaging (MRI; T2-weighted)
and MRI showed the larger mass that was lo-

(L), was seen only on MRI and did not appear on
vealed a malignant phyllodes tumor as the larger
uctures at the base of the breast in the near-
d dense glandular tissue.

omal cells around ducts (25 �, hematoxylin
g moderate intratumoral vascularization by
hosphatase antialkaline phosphatase). (c) Ma-
a (25 �, hematoxylin and eosin). (d) Immuno-

oral vascularization by CD31 (200 �, alkaline
raph
, mag
CTLM
rally
ion re
he str
f str
owin

ine p
strom
atum
statistically significant.
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To our knowledge, this is the first study to evaluate an
NIR scanner in combination with mammography by ROC
analysis. Because we tested the combination of an NIR
scanner and mammography instead of the NIR scanner
alone, there might be bias in interpreting the results, but
our approach best reflects a clinical scenario in which an
NIR scanner would be used as an adjunct to mammogra-
phy. In addition, a study evaluating the feasibility of
CTLM alone has already been performed by Floery et al
(27). In their study, they showed that malignant lesions
were detected significantly more often by CTLM than
benign ones. However, they concluded that at that point,
using CTLM as a single modality would not suffice for
breast cancer detection (27).

In addition to their study, there have been many NIR
studies in recent years. Compared to established tech-
niques (mammography, MRI), none of these studies has
shown an acceptable detection rate for breast cancers by
NIR imaging when used as a single modality (28,29).
However, in combination with mammography, promising
results have been achieved (29–32). Although optical
methods lack spatial resolution, it is possible to measure
chromophores, such as hemoglobin, fat, and oxygen,
which is not feasible with other methods such as mam-
mography (for the present study, the wavelength in the
CTLM device was set up only to measure total hemoglo-
bin). In the future, using both spatial information by
mammography and physiologic information by NIR imag-
ing, increased accuracy is achievable. Using contrast
agents such as indocyanine green or more modern ones that
are currently applicable only for animal studies (33), a fur-
ther increase in diagnostic accuracy might be feasible (34).

Eleven of the 83 cases were false-positives on mam-
mography, and 14 cases were false-positives on mam-
mography plus CTLM. Of the cases that were positive on
mammography plus CTLM but not on mammography,
three were benign neoplastic lesions, such as fibroadeno-
mas and papillomas. In total, of the 14 false-positive
cases on mammography plus CTLM, seven lesions were
associated with higher neovascularization (three fibroade-
nomas, two papillomas, one hamartoma, and one masti-
tis). A certain percentage of benign lesions will show
some angiogenesis (33). This phenomenon is well known
from magnetic resonance mammography and is the main
reason for its rather low specificity. In total, seven lesions
were picked up by CTLM although there was no focal
lesion present. Also, by MRI, we learned that there are
some benign non-neoplastic structures that show increased

enhancement. Some of them are fibrocystic changes. We
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hypothesize that NIR imaging also depicts these changes
as increased absorption by NIR light. Other groups have
also reported the rather low specificity of optical methods
(35–37). This is not surprising, because benign focal le-
sion have a higher microvessel density compared to sur-
rounding tissue (38).

Study Limitations
Limitations of the present study include the reading of

mammograms without supplementary information, the
rather small number of cases, and a possible bias in the
statistics because of the mixture of cases used in the
study. The mammograms were read without the benefit of
patient histories or prior diagnostic results. Moreover,
only the breast bearing a possible lesion was read, so in-
formation obtained by comparison with the opposite
breast was not used. This approach probably lowered the
accuracy of mammographic reads. Eighty-two cases are
certainly not enough to fully evaluate the ability of a new
system to differentiate between benign and malignant
cases; however, the aim of this study was to demonstrate
the feasibility of the system, not to evaluate it as a diag-
nostic technique to be compared to other current diagnos-
tic standards.

The rather low AUC for mammography alone (0.722)
points to the fact that malignant neoplasms in our mam-
mographic set were harder to detect by mammography
alone, compared to other studies (39) with reported AUCs
of 0.75 and higher.

We intentionally did not include breast ultrasound as
an adjunct to mammography, although it is the first-line
imaging modality to combine with mammography. As a
feasibility study, this study aimed to clarify differences
between mammography and the combination of mammog-
raphy and CTLM. Further studies are needed to compare
combinations of methods, such as mammography and
ultrasound versus mammography and CTLM.

Conclusion
We have demonstrated that computed tomographic

laser mammography, used as an adjunct, is a feasible tool
to improve the diagnostic capabilities of mammography.
The improvement in diagnostic accuracy for the combina-
tion of mammography and CTLM compared to mammog-
raphy alone was statistically significant. The diagnostic
improvement shown in this small series using CTLM as
an adjunct to mammography needs to be confirmed in a

larger study.
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