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Abstract. Vessels supplying malignant tumors are abnormally shaped. This pa-
per describes a blinded study that assessed tumor malignancy by analyzing ves-
sel shape within MR images of 21 brain tumors prior to surgical resection. The 
program’s assessment of malignancy was then compared to the final histologi-
cal diagnosis. All tumors were classified correctly as benign or malignant. Of 
importance, malignancy-associated vessel abnormalities extend outside appar-
ent tumor margins, thus allowing classification of even small or hemorrhagic 
tumors.  

1   Introduction 

Despite the development of new imaging techniques, noninvasive determination of 
tumor malignancy remains a difficult task [1], [2], [3], [4]. An intriguing observation 
made by those working from histological section is that blood vessels associated with 
malignant tumors exhibit characteristic shape abnormalities. As stated by Baish, such 
vessels display a “…a profound sort of tortuosity, with many smaller bends upon each 
larger bend” [5]. This abnormal tortuosity may be related to increases in nitrous oxide 
induced by VegF [6], and is found in many malignant tumors including those of the 
breast [7], brain [8], colon [9], and lung [10]. Moreover, changes in vessel tortuosity 
precede sprout formation, thus providing a potential marker for incipient malignancy 
[6]. Of equal importance, successful tumor treatment normalizes vessel shape [11]. 
All of the above observations were made from histological section. If one could quan-
tify such vessel shape changes from in vivo medical images, the approach could offer 
a new and potentially powerful means of estimating tumor malignancy and of moni-
toring treatment response noninvasively. Indeed, indirect measurements of vessel 
tortuosity within in vivo images have already been described by Jackson et al., who 
note that variation in the recirculation characteristics of a contrast agent bolus is re-
lated to the tumor grade of gliomas, and may represent vascular tortuosity and hypop-
erfusion in areas of angiogenic neovascularization [12]. 
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The current study originates from an accidental observation. Our group has focused 
upon the segmentation of vessels and tumors from magnetic resonance (MR) images. 
About two years ago, our vascular imaging protocols were upgraded to provide sub-
millimeter voxel spacing. Shortly thereafter, we noticed that vessels segmented from 
the vicinity of malignant tumors appeared abnormally “wiggly”. Since then, we have 
developed metrics to quantify the tortuosity of segmented vessels [13], and have 
performed a pilot study to define shape measures likely to be useful in characterizing 
vessels of malignancy [14].  

This paper describes a blinded study that used measures of vessel shape to diag-
nose malignancy from images of twenty-one brain tumors in patients scheduled for 
tumor removal. The goal was to noninvasively discriminate malignant from benign 
tumors including cases difficult to classify by other imaging methods.  Many “diffi-
cult” cases were included, such as hemorrhagic lesions, irradiated tumors, pinpoint 
abnormalities, and hypervascular benign lesions. For each tumor, the program’s clas-
sification of benign or malignant was compared to the final pathological diagnosis. 
All twenty-one tumors were classified correctly. A surprising and significant finding 
was that the vessel shape changes associated with malignancy seem to extend well 
outside of apparent tumor margins. Although this report analyzes only MR images of 
the brain, the method is extensible to vascular images of any anatomical location. 

2.   Background  

Detecting abnormal tortuosity within the intracerebral circulation is difficult because 
healthy intracerebral vessels are ordinarily tortuous. Most of the previous work on 
defining vessel tortuosity has been performed in 2D, focusing upon retinopathy of 
prematurity. The most common metric is the “Distance Metric” which provides the 
total path length of a vessel divided by distance between endpoints. Brey [15] ex-
tended this metric to 3D for analysis of vessels in histological section. A problem 
with the Distance Metric, however, is that it assigns a higher value to a healthy, long, 
“S” shaped vessel than to a short, abnormal vessel with tight coils. Baish [5] and Sabo 
[16] are attempting to stage tumor malignancy on the basis of vessel tortuosity within 
histological sections by using microvessal fractal dimension. 

The current study takes a different approach, and assumes that the clinical assess-
ment of “abnormal tortuousity” can refer to more than one type of shape abnormality. 
Webster’s dictionary defines “tortuosity” as “full of twists, turns; crooked” [17]. 
However, what precisely is meant by “tortuosity” in a medical sense is unclear.  

One can view “abnormal tortuosity” as comprising three different patterns [13]. 
Tortuosity type I occurs when a straight vessel elongates to form a “C” or “S”, and 
occurs with retinopathy of prematurity, anemia, and hypertension. Tortuosity type II 
is characterized by a “bag of worms” configuration, and occurs within many hyper-
vascular tumors and arteriovenous malformations. Tortuosity type III is characterized 
by high-frequency, low-amplitude coils or sine waves, and appears within malignant 
tumors. 



We have previously described two 3D tortuosity metrics that act upon sets of seg-
mented vessels [13]. The Inflection Count Metric (ICM) counts loci of minimum 
curvature along a 3D space curve, multiplies this number (plus 1) times the total path 
length of the curve, and divides by the distance between endpoints. The ICM detects 
abnormal tortuosity types I and II, but fails with type III. The second method, the 
Sum Of Angles Metric (SOAM), measures the curvature along a space curve and 
normalizes by total path length. The SOAM detects abnormal tortuosity type III, but 
fails with types I and II. Malignant tumor vessels, which exhibit “many smaller bends 
upon each larger bend” [5], tend to display a mix of tortuosity types II and III, and 
thus usually show increases in tortuosity as measured by both by SOAM and ICM. 
Figure 1 illustrates the typical tortuosity pattern of vessels within a malignant tumor.  

 
 

 

 

 

 

 

Figure 1. Typical vessel shape changes with malignancy. Left: T1, gadolinium enhanced 
section of a glioblastoma. Central images: Vessels color-coded with relationship to the tumor 
surface and with the tumor shown at full and at no opacity. Right: Magnification of tumor 
vessels. Arrows point to abnormal, high-frequency wiggles (tortuosity type III, detectable by 
SOAM). Many of the vessels also have somewhat of a “bag of worms” appearance (tortuosity 
type II, detectable by ICM).  

2.   Methods  

2.1 Patient selection and image acquisition  

Images of sixteen healthy subjects, ranging in age from twenty-two to fifty-four, were 
used to establish the healthy database. Tumor cases included twenty-one brain lesions 
in nineteen patients, each scheduled for total gross resection of their tumor or tumors. 

Images were obtained upon a head-only 3T MR unit (Allegra, Siemens Medical 
Systems Inc., Germany) or upon a 1.5T MR unit (Sonata, Siemens Medical Systems 
Inc., Germany). A quadrature head coil was employed. T1, T2, and MRA sequences 
were performed on all subjects, with tumor patients additionally receiving a gadolin-
ium enhanced T1 sequence.  

Vascular images employed a 3D time-of-flight MRA sequence. Velocity compen-
sation along both frequency and phase encoding directions was used to minimize 
signal dephasing induced by the flowing spins.  In addition, a magnetization transfer 
pulse was employed to suppress signal from brain parenchyma while maintaining 
signal from flowing spins. Images were obtained at 512 x 512 x ~120. Voxel spacing 



was 0.5 x 0.5 x 0.8 mm3 in the majority of cases (our current standard) but some early 
patients were scanned at 0.8 x 0.8 x 1.0 mm3 or at 0.4 x 0.4 x 1.25 mm3. 

 
2.2 Image processing 

Vessel segmentation was done by Aylward’s method [18]. Vessel extraction involves 
3 steps: definition of a seed point, automatic extraction of an image intensity ridge 
representing the vessel’s central skeleton, and automatic determination of vessel ra-
dius at each skeleton point. The output of the program provides sets of directed, 4-
dimensional points indicating the (x,y,z) spatial position of each sequential vessel 
skeleton point and an associated radius at each point. Extracted vessels were then 
postprocessed to produce connected vessel trees and to exclude noise [19].  
    Tumor segmentation was performed using either a fully automated method [20] or 
a partially manual program that segments tumors via polygon drawing and filling on 
orthogonal cuts through an image volume (http://www.cs.unc.edu/~gerig/).  

All images were registered via a mutual-information based, affine transformation 
[21], [22] into the coordinate system of the McConnell atlas [23] so that, via a combi-
nation of forward and backward mapping, the same region of interest could be de-
fined within each image. For each tumor patient, vessels were automatically clipped 
to the tumor margins and an automated analysis of vessel shape was performed only 
upon those vessels lying within the tumor boundaries. This same region of interest 
was then mapped into the coordinate space of each healthy patient, and a similar, 
regional analysis was performed upon each healthy subject’s vasculature. 

Three vessel attributes of interest were defined during an earlier pilot study [14], 
and consist of one vessel density measure and the two tortuosity metrics discussed 
earlier. The terminal branch count (TBC) counts the number of vessels entirely con-
tained within a region of interest. As described earlier, the SOAM is a tortuosity 
measure effective in detecting high frequency sine waves and tight coils, and the ICM 
is a tortuosity measure effective in detecting “bag of worms” tortuosity [13].  

Tiny or hemorrhagic lesions may contain no vessels visualizable by MRA. Our ap-
proach requires some minimum number of vessels for analysis. We arbitrarily de-
cided upon a minimum vessel number of 4. If an insufficient number of vessels were 
present within the tumor boundary as initially defined, we therefore expanded this 
boundary to include the edematous region around the tumor. For lesions without 
surrounding edema, the “tumor boundary” was dilated until it included 4 vessels. It 
takes 60-90 minutes to process each new case.  

2.3 Blinded study and subsequent discriminant analysis 

Nineteen patients with a total of twenty-one tumors were recruited, imaged by MR, 
and operated upon by a single surgeon. Image analysis was performed by a different 
individual who was blinded to the patient’s history and histology until after the analy-
sis was completed and reported to the surgeon. Each tumor was declared benign or 
malignant with results evaluated by comparison to the final histological diagnosis.  

We entered into this study with the belief that high-frequency wiggles detectable 
by SOAM were likely to represent the single most important measure of vessel shape. 

http://www.cs.unc.edu/~gerig/


Any tumor whose SOAM value was elevated by two or more standard deviations 
from the healthy mean was thus automatically defined as malignant. Any tumor 
whose SOAM value lay between one and two standard deviations above the healthy 
mean was viewed as suspicious, and the tumor was then declared malignant if the 
secondary ICM value lay more than two standard deviations above the healthy mean. 

After study completion, a formal statistical analysis was conducted of the twenty-
six tumors (five in the pilot study and twenty-one in the blinded study) to investigate 
whether a purely quantitative rule could be formulated that would automate diagno-
sis.  Each score was standardized relative to the mean and standard deviation for 
values in the corresponding region of interest of the healthy subjects. The exploratory 
analysis led to concerns about assuming a Gaussian distribution or common covari-
ance. A quadratic discriminant analysis and a nonparametric discriminant analysis 
were therefore performed. 

3. Results 

 Of the twenty-one tumors, twelve were malignant and nine were benign. All cases 
were classified correctly during the blinded study.  Potentially difficult cases such as 
a hypervascular benign tumor, a “pinpoint” metastatic lesion, a brain abscess felt 
preoperatively to be a malignant glioma, and a large intracerebral hemorrhage arising 
from an obliterated metastatic melanoma were properly labeled. Four benign and 
three malignant lesions had been treated by surgery and radiation therapy months or 
years earlier. History of prior irradiation therefore did not appear to disrupt vessel 
analysis. Figure 2 shows the vessels associated with two lesions, one benign and the 
second malignant, present in the same patient. 

 
 
 
 
 
 
 
 

Figure 2 Malignant tumor and associated vessels (left) and benign tumor with associated 
vessels (right) in the same patient. Note that the vessels associated with the malignant tumor 
have high-frequency wiggles, but that the vessels associated with the benign tumor are smooth. 

The study contained one example of a grade III glioma. Such tumors are malig-
nant, but do not display the vascular proliferation associated with tumors of higher 
malignancy. Vessel analysis appropriately noted the terminal branch count to be 
within healthy range in this case, but also accurately declared the tumor to be malig-
nant by the two vessel tortuosity measurements. This tumor is of interest, as its vascu-
lar pattern fits Folkman’s observation that increased vessel tortuosity precedes sprout 
formation during malignant tumor growth6. 



Although the majority of malignant tumors were hypervascular and the majority of 
benign tumors hypo- or normovascular, there was crossover in each group. Regard-
less of vessel density, malignancy was associated with vasculature bearing high-
frequency tortuosity abnormalities detectable by SOAM. Tumors displaying these 
vascular changes included glioma grade IV, glioma grade III, lymphoma, metastatic 
melanoma, metastatic breast carcinoma, and pinealoblastoma. 

Discriminant analysis, performed after completion of the prospective study, found 
the correlations between diagnosis (1 if malignant, 0 if benign) and the predictors to 
be {0.78 0.51, 0.30} for {SOAM, ICM, TBC}. Both quadratic and nonparametric 
discriminant rules classified all twenty-six patients correctly into the benign or malig-
nant group using {SOAM, ICM, TBC}. More specifically, the quadratic discriminant 
function is Y = .99*SOAM2 + 3.58*ICM2 + .36*TBC2 - .95*SOAM*ICM + 
.20*SOAM*TBC - 2.26*ICM*TBC + .83*SOAM + 7.05*ICM -2.09*TBC, with the 
tumor malignant for Y > 4.04 and benign otherwise. The scores of malignant and 
benign tumors are separated, as shown by Figure 3.  

 

  

 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 3. Quadratic discriminant scores for 26 tumors. The first 9 tumors are benign and the 
remaining tumors are malignant. The thick black line is drawn through the cutoff point 4.04; all 
tumors with a lower score are benign and all tumors with a greater score are malignant. 

4. Discussion 

This report describes a new, noninvasive method of determining tumor malignancy 
from high-resolution 3D images using a computerized analysis of vessel shape. Po-



tential advantages over other described methods include the capacity to deal with 
hemorrhagic lesions, resilience to the necrosis produced by prior surgery or radiation 
treatment, handling of small lesions, and ability to distinguish between malignancy 
and hypervascular benign lesions. The number of cases analyzed here is small, how-
ever, and the formal equation produced by the final discriminant analysis will require 
testing in a much larger series.  

At the outset of this study we hypothesized that different tumor types might 
possess distinctive vascular patterns. If this were the case, vessel analysis might help 
make a specific diagnosis (glioma v metastasis, for example). The series is too small 
and contains too many different malignant tumor types to permit significant 
comparisons between malignant subtypes. However, comparison of the four 
metastatic lesions to the eleven malignant gliomas indicates no obvious difference in 
vessel shape or distribution. If this observation holds for a larger series, it would 
support the concept of a single shape that characterizes “vessels of malignancy”.  

An important and surprising finding is that abnormal vessel tortuosity is found not 
only within the enhancing margins of malignant tumors but also in the surrounding 
tissue. How distantly these morphological changes extend is unknown, and is a topic 
for future research. An advantage of these relatively widespread changes is that even 
tiny lesions can be classified as malignant or benign via examination of vessels in the 
surrounding tissue.  

Another potentially important finding relates to Folkman’s observation that vessel 
tortuosity abnormalities precede sprout formation during malignant tumor growth [6]. 
Our series contains one case of a non-enhancing glioma grade III, which exhibited 
abnormal vessel tortuosity but no significant neovascularity. It therefore seems possi-
ble that vessel analysis could provide a means of early detection of incipient cancers. 
A longitudinal study would be needed to test this hypothesis. 

A limitation of the approach is the requirement for high quality, high resolution 
vascular images. The vessels of interest are small and contain high-frequency, low-
amplitude wiggles. Extension of the method to anatomical regions such as the lung is 
thus likely to require imaging techniques adapted to prevent blurring of vessels by 
respiratory motion.    
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