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Functienal MR imaging of tumor angiogenesis predicts outcome of patients

with acute myeloid leukemia

Leukemia (2006) 20, 357-362. doi:10.1036/8].lau. 2404066;
publishad online 15 Dacember 2005

[t is well recognized thal angiogenesis plays an imporant role
in tumor development, progression and mefastasis,’ and alsa

with aciive disease in comparison to normal candrals or patients
in remission.® However, MV} can only be measured in the very
limited area of the bone matrow needle bicpsy specimen and is
unable to assess global or in vive twmer angiogenesis. The
functional status of the bicod vesse! {e.g. permeability) could not
be determined by MVD. Marecver, MVD cannot datermine
whether a particular therapeutic campound is primarily directed
zgainst the angiogenic response of the tumar.? Thus, the needs
of a rapid and effective angindiagnastic imaging to establish
antiangiogenic drug dosage or monitor treatment response is
important.

Dynamic contrast-enhanced magnetic resonance imaging
(dMRI) techniques allow quantificazion of blaad perfusian and
alsa provide infarmation an the functional status of the blood
vessels, including blood flow and vascular permeability.®
Increased angiogenesis of the bone marrow was detectad by
dMR! in patients with multiple myeioma and ryelodysplastic
syndrame.® Tumor angiogenesis imaging assessment in AML
patients has nat been reported. In this study, we developed an
algorithm far dMRI to evaluate and visualize the in vivo mor
angiogenesis in patients with newly diagnosed acute: myeloid
leukemia (AML) and cerrafated it with clinicai cutcame.

From December 2001 to April 2003, a total of 17 aduft
patients with newly diagnosed AML were enrolled. The median
age was 37 years (range: 18-74 years). In ictal, 17 age and
gender matchad narmal volunteers were used a5 control. Every
patient received bone marmew examination {aspirationfcare
bicpsy) from the iliac crest. Diagnasis and classificatian of AML
were made according to the French-American-British (FAB)
criteria. All patients received dMRI fmedian of 1 day, range: 0-2
days) before induction chemotherapy of idarubicin 12 mg/m?
per day an days 1-3 and cytosine arabinoside (Ara-C) 100 mg/
m? per day on days 1-7. After complete remission (CR) was
achieved, the patients received consolidation chemotherapy
with either the same regimen a5 that of induction chemotherapy
or high-dose Ara-C. Ail patients were foflowed up to March
2005. A total of 15 patients (88%) obtained a CR and eight
(47%) remained disease free,

MR imaging of the spine was perfarmed in every AML patient
and normal conira! with a 1.5-T superconducting  system
(Magnetom  Vision Plus; Siemens, Erlangen, CGermany). A
phase-array spine-coil was used and dMR! study was perfermed
(section thickness, 10mm; field of view, 28cm) at the mid-
sagital plane of the veriebral bedies from T11 through the
sacrum as described in our previously studies,” An injection of
0.1 mmoltkg body weight of gadopentetate dimeglumine
{(Magnevist; Schering, Berlin, Germany) was administrated by
the pawer injecior through a 21-gauge inwravenaus catheter In
the right antecubiial vein. A constant injection rate of 2.0mi/s
wiis used. Dynamic scanining was started when the injection of
the contrast material commenced. The pulse sequence for the
dynamic scanning used was & turbo fast low-grade shot
gradient-echo sequence (B.5/4.0; prepulse inversion time,
160ms; flip angle, 10° acquisiticn matrix, 72 x 128). In tatal,
100 dynamic images were obtained at.one frame per second for
1005 in each subject.

Signal intensity values were measured in an operatar-defined
region of interests (ROIs) by the radiologist, covering the entire
vertebral body. The signal intensity values derived from the ROI
were then plotted against time to cbtain a time—signal imensity
curve (Figure 1a). The baseline value for signal intensity (Slpasel
on a time—signal intensity curve was defined as the mean signal
intensity from the first three images. The maximum signal
intensity (Slnad was defined as the maximum value of the
rapidly rising part or first pass of the time-signal intensity curve.

correlates with clinical outcome in cancer patients with
melanoma, prostate cancer, breast cancer, and recently in
leukemia and lymphoma.?

Microvessel density (MVD) shown by immunchistochemical
staining with anti-CD31 is a “gold standard” for the detection of
angiogenesis in wmor tissue. MVD is increased in AML patients

a Time-Intensity Curve
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Figure 1 Time-intensity curve and colorcoded bone mamow
bioad flow and perfusion images of AML patient and nommal controf.
{at Time-intensity curve from the jumbar vertebral MR, (b, © Color-
ceded bone mamow blood flow and tissue perfusion images of AML
patient and normal control. The blood flow image was the mapping for
initial enhancement slope of ons segment of veitebral body at early
increment phase. The tissue pedusion image was the mapping for peak
enhancement ratio at the mid-equilibrium phase. Obvious difference
could be identified between them by the visualization of angiogenesis
map,

After the peak, which usually cccurred about 405 after the start
of injection, the time-signal intensity curve entered an
equilibrium phase that lasted about 305 For the semigquanti-
tative analysis, the peak enhancement ratio (peald was
calculated for sach RO as (Sime—Slpace¥Sinae and initial
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Figure 2 Dynamic magnetic resonance imaging study in a 37-
year-old female with newly diagnosed AML. She remained disease
free after chemotherapy. {a} Time-intensity curve from the vertebral
dMR! showed slow, uprising increment during the first-pass, which
indicated low an, jogenesis of the bone marmow. (b} Color-coded
blood flow (slope} and perfusion (peak) images at eary increment
phase of the dynamic scanning, (c) Colur-coded blood flow (slope} and.
perfusion (peak) images -at mid-equilibrium phase of the dynamic
scanning. (b,c} The angiogenesis map of the vertebral bone marrow
was automatically displayed from C0to 100s of the dMRI: the red color
represented high angiogenesis, yetlow as intermediate and green color
as low angiogenesis, shawn in the color-cading bar chart.

maximum enhancement slope (slope) was measured as the most
steep uprising slope from the first pass, rapid-rising part of time
intensity curve, The peak indicated the concentration of contrast
material in the intravascular and extravascular interstitial space
and represented as the tissue perfusion of bane mamow. The
slope was most influenced by the MV within the tissue and
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Figure 3 Dynamic magnetic resonance imaging study in a 43-
yearold male with newly diagnosed AML. He relapsed after
chemotherapy. (a} Time-intensity curve showed rapid, high uprising
incsement during the first-pass, which indicated high angiogenesis of
the bone marrow. (b} Color-coded blood flow (slope} and perfusion
(peak} images at early increment phase of the dymamic scanning,
(¢} Color-coded blood fiow (sicpe) and perfusion (peak) images at mid-
equilibrium phase of the dynamic scanning. (b, ¢} The angicgenesis
map of the vertebral bone marrow was automatically displayed from ¢
to 100s of the dMRL the red color represented high angiogenesis,
yellow as intermediate and green color as low angiogenesis, shown in
the color-coding bar chart.

reflected the blood flow of bone marrow. We measured the peak
and slope of vertebral bodies from L1 ta LS of lumbar spine and
took the average to represent as the personalized marrow
angiagenesis.
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For visualization of the angiogenesis map of bane marrow, we
developed an easy to use computer program for color-coding
map of the dMRI parameters, The computer program uses state-
of-the-art information technologies to develop a comprehensive
test-bed, Its software architecture has several layers, including
an interface layer to visualize images, an analysis layer to
compule statistical data, a graphics processing layer to convert
image format, and an I/0 layer to retrieve/store information. The
interface layer uses several subwindows to enable image
visualization, show statistical analysis as line chairs, and adjust
parameters in an auxiliary interface.

Patient characteristics were compared using the Mann—
Whitney U test. Cut points for high bone marrow blood flaw
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Figure 4

excluded from the analvysis,

(slope) or tissue perfusion (peak) group versus low bone marrow
blood flow (slope) or tissue perfusion (peak) group of patients
were determined by the Classification and Regression Tree
(CART) method. CART is a nonparametric regression method
that uses the recursive partitioning methad to build a decision
tree structure and classifies subjects inta high- and low groups.
Survivals were calculated using the Kaplan-Meier method and
compared by the Log-rank test. The data were analyzed using
STATISTICA Data Miner software (version 6.0; StatSoft [nc.,
Tulsa, OK, USA) and MINITAB software (release 13; Minitab
Inc., State College, PA, USAL

Bone marrow angiogenesis in AML patients was significantly
higher than normal controls as measured by tissue peifusion

¢ Overall Survival Analysis and Bone Marrow Tissue Perlusion (p=17)
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Bone marrow angiogenesis and Kaplan-Meier survival curve of AML patients. Two patients who did not achieve complete remission
were also.excluded from the disease-free survival analysis. For (e} and (f), the low angiogenesis group was defined as tissue perfusion<1.79 and
blood flow'<1.90; high angiogenesis group as tissue perfusion=1.79 and blood flow>1.90. Two patients with either high bone marrow fssue
perfusion (peak) or high bleod flow (slepe), but did not have both high bone marrow blood flow (slope) and high tissue perfusion {peak), were
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{peak of AML 2.04+0.69 {(mean +s.d.) versus peak of control
0.42+0.27) {P<0.001}) and blood flow {slope of AML
2.41+1.15 versus slope of control 0.87+0.53) (P<0.001).
The time-intensity curve derived from dMRI of lumbar spine
was shown in Figure Ta. Color-caded angiogenesis map of bone
marrow blood flow and tissue perfusion of one vertebral bone
marrow in AML patient and normal control were shown in
Figure 1b and c. The dMRI time-intensity curve and color-coded
bone marrow blood flow (slope) and tissue perfusion {peak)
images in two representative patients were shown in Figures 2
and 3.

The cut-point for high versus low bone marrow tissue
perfusion (peak) was set at 1.79 and for blaod flow (slape) at
1.90 as determined by the CART analysis. AML patients with
high bone mamow tissue perfusion (peak> 1.79) or high blood
flow (slope>1.90) had decreased disease-free survival (DFS)
and overall survival {OS) compared to patients with low bone
marrow tissue perfusion (peak) ar blood flow (slope) as shown in
Figure d4a-d. AML patients with high tumor angiogenesis as
indicated by both high bone marrow bload flow (slope) and high
tissue perfusion {peak) had significantly decreased DFS
(P=0.03) and OS5 (P=0.03) as compared to the patients with
low tumor angiogenesis (Figures 4e and f). AML patients (83%)
with fow tumor angiogenesis remained disease free at 36
morths compared to 13% of the patients with high tumor
angiogenesis. [n total, 83% of AML patients with low tumor
angiogenesis remained alive at 40 months compared to 15% of
the patients with high tumor angiogenesis.

This is the first report of functional MR imaging of wmor
angiogenesis in AML. Our findings that bone marrow angiogen-
esis is increased in newly diagnosed AML patients and increased
bone marrow blood flow and tissue perfusion can predict adverse
clinical outcome of AML patients, confism that angiogenesis may
play an important role in the pathogenesis of AML.?

There is increasing evidence that AML may be an angiogen-
esis-dependent disease with progressive recruitment of hlood
vessels in the bane marrow.® Current surrogate markers of
angiogenesis can only partially reflect the angjogenesis of
hematolagical malignancies. dMRI may be a better alternative
than MVI3 in bone marrow biopsy specimen because it is
noninvasive and can evaluate much bigger bone marrow
volumes.® Functional imaging of tumor angiogenesis by dMRI
may have a special fole in the assessment of bone marrow
angiogenesis, predicting the clinical outcome, selection of
antiangiogenic therapy or monitoring of response to treatment
in AML. dMRI can provide noninvasive, convenient, repradu-
cible serial evaluations of global hone marrow angiogenesis
diagnostics with only 1803’ scanning time and total preparation
time less than 15 min. A prospective study using repeated dMRI[
to manitor the tumor angiogenesis befare and after treatment in
AML patients is currendy ongoing in our institution. The real
significance of dMRI tumor-angiogenesis parameters as inde-
pendent prognostic factors in AML or their interaction with other
known progrostic factors in AML may need future large clinical
investigations.

dMRI measurements of bone marrow blaod flow and tissue
perfusion, which integrated the total blood vessel density and
vasculature functional status (permeability) reported in this study
may give a more informative evaluation of global bone marrow
angiodiagnosis in AML. [n the bone marrow, the enhancement
of contrasts is influenced by concentration of contrast agent in
the macrovascular {for example, from paired segmental arteries
to intravertebral small arteriole), microvascular (from arterial
capillary to sinusoid) factors, and also the exiravascular or
interstitial compartments. Mainly tissue microvascularization

and perfusion determine the first pass or rapid-rising past (wash-
in phase). After the first pass, capitlary permeability and
interstitial space components contribute to the characteristics
of the curve and then yield a further increase, a plateau or an
early wash out phase. As shown in the Figures 1a, 2a and 32, the
rapid-rising part or first pass in the time-intensity curve (from the
point at Slpase 10 Slinax) represented the flushing in of the contrast
medium from the arterial capillaries into the extracellular space
of the bone marrow cavity within the vertebral body.

The peak enhancement ratio {represents tissue perfusion in
this study) has to be regarded as a complex process, including
blood inflow, outflow, transit and permeability factors that affect
gadolinium concentration at extracellular compartment, reflect-
ing the summation of vessel density and permeability factors.
The initial enhancement slope (represents blood fiow) was the
maximum slope during the injtial uprising part of the time-
intensity curve and would be most influenced by the MVD
within the tissue. The measurements of bone marrow blood flow
and perfusion using this dMRI method are practical and
reproducible in our previous clinical studies” For better
visualization of the angiogenesis map, we develop a Weh-
based system, which will enable muitiple users to use our tool
simultaneously from remote computers. The color image
presentation of tumor angiogenesis in AML patients by dMRI is
easily interpretable by physicians compared to standard MRI
time—intensity curves or data.

In conclusion, bone marrow angiogenesis is increased in AML
patients as measured by dMRL Increased hone marrow
angiogenesis can predict adverse clinical outcome in AML.
Functional MR imaging of tumor angiogenesis may help to
identify the best candidate patients for tailored antiangiogenic
therapy and monitor treatment response,
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