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Abs t rac t lThe  objectives of this study were to analyze the decay constant (~-) of the Doppler flow waveform in 
ovarian tumors; to determine if differences in this constant can discriminate between malignant and benign 
ovarian tumors; and to compare the decay constant to the known resistive index (RI), in order to determine its 
potential prognostic application. Patients with ovarian masses (46) were evaluated in a retrospective study; 13 
had malignant tumors, 7 showed tumors with low malignant potential (LMP), 11 had benign masses, 4 had 
secondary ovarian metastases and 11 had functional ovarian masses. Doppler flow waves measured in the ovary 
before operation were analyzed from archival videotapes. The RI was calculated preoperatively, and the decay 
constant of the flow waveform was analyzed retrospectively. We approximated the decaying portion of the flow 
waveform from the systolic peak to the diastolic level to an exponential curve. Then, the decay constant associated 
with the flow signal was compared for different types of ovarian pathology. Ovaries with malignancies showed 
significantly higher mean values for the decay constant (89.7; 95% confidence interval 60.0-119.3) than those 
with benign tumors (41.8; 25.7-57.9) (p < 0.007), where T is provided in pixels (in this study each pixel equals 
approximately 11.4 ms). The mean RI value for malignant tumors was 0.44 - 0.12 whereas, in benign tumors, 
it was 0.622 -+ 0.11. For the benign tumors, both ~- and RI did not differ significantly from the measured indices 
in LMP tumors, metastases and functional ovarian findings. In addition, when the cutoff value of 7 was set at 48, 
92.3% of all malignancies were identifiable using only ~-. This preliminary study indicates that the decay constant 
of the Doppler flow waveform is able to discriminate between malignant and benign masses and may, thus, 
provide substantial assistance as an additional parameter in the diagnosis of malignant ovarian tumors in 
postmenopausal patients. © 1997 World Federation for Ultrasound in Medicine & Biology. 
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I N T R O D U C T I O N  

Ovarian malignancies represent the primary cause of  
mortality due to gynecological cancer (Cramer 1986). To 
overcome the difficulty in distinguishing between benign 
and malignant ovarian findings, improved morphology- 
based classifications have been developed (Benacerraf et 
al. 1990; Herrman et al. 1987; Sassone et al. 1991). Such 
techniques somewhat enhance the predictive ability; nev- 
ertheless, in many cases, diagnostic uncertainty is still 
common. 

Malignant tumors typically present increased angio- 
genesis (Folkman 1985) and, thus, display neovascular- 
ization. This results in lowered impedance in malignant 
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ovarian tumors compared to that of  benign ones (Kawai 
et al. 1992; Kurjak et al. 1992; Tepper et al. 1995; 

Weiner et al. 1992). 
The Doppler flow technique offers a noninvasive, 

qualitative and quantitative measure of blood flow in the 
target organ. In recent years, it has increasingly been 
used to evaluate blood-flow resistance in the pelvic or- 
gans under different pathologic conditions. It provides 
more information in cases of  adnexal torsion, malforma- 
tion of  pelvic blood vessels, myometrial perfusion for 
infertility investigations and, in cases of  identification of  
pathologic waveforms, a means to distinguish between 
malignant and benign processes (Goswami et al. 1988; 
Shimamoto et al. 1987; Tepper et al. 1994, 1995, 1996). 
The ultrasound Doppler waveform is used to obtain an 
indirect indication of  resistance. Although the values of  
computed resistance to flow have been found to correlate 
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with the degree of neovascularization in various gyneco- 
logical tumors (Taylor et al. 1988; Tepper et al. 1995), in 
many cases the information may not be adequate to 
establish the desired differentiation (Bourne et al. 1989; 
Bromley et al. 1994; Tepper et al. 1995; Valentin et al. 
1994). The diagnostic power is enhanced by the combi- 
nation of functional information (supplied by the Dopp- 
ler technique) and morphological data (from B-scan ul- 
trasonography). 

The objective of the present study was to estimate 
the decay constant of the flow waveform in ovarian 
tumors, based on the delineation of the postsystolic de- 
cay curve, and to investigate its ability to characterize the 
tumor. We, thus, strove to obtain an additional functional 
parameter to improve the discrimination between benign 
and malignant findings in the ovary. 

MATERIALS AND METHODS 

The Doppler flow waveforms in ovarian tissue were 
evaluated retrospectively in a group of 46 women, aged 
from 27 to 79 y, in the ultrasound unit of our gynecology 
department. Inclusion criteria for the study group were as 
follows: the maximum period for performance of the 
Doppler test on the women was 4 days prior to ovary 
excision; all tumors were examined histologically ac- 
cording to the World Health Organization classifications. 
Complete histological data on the excised ovaries was 
available, and video documentation of the examination 
was available, permitting retrospective investigation of 
the blood flow in the ovarian tissue. 

The women were divided retrospectively into 5 
histological groups: Group A: 13 women with malignant 
ovarian findings and mean age of 54 _+ 12.7 y; 8 women 
were postmenopausal, 6 were in stage 1 and 7 in stage 3 
of the disease. Group B: 14 women with benign ovarian 
findings and mean age of 62.7 _+ 15.7 y; 9 women were 
postmenopausal. Group C: 7 premenopausal women with 
low malignant potential (LMP) ovarian findings; mean 
age was 38.7 - 5.1 y; all were in stage 1 of the disease. 
Group D: 4 women with secondary ovarian metastases; 
mean age was 58.5 _+ 6.6 y. Group E: 8 premenopausal 
women with functional ovarian findings; mean age was 
40.0 -+ 7.3 y. 

Patients were scanned transvaginally using an 
Aloka SSD 680 (Aloka Co. Ltd., Tokyo, Japan) with a 
5-MHz transvaginal probe. Pulse repetition frequencies 
were 1-25 kHz, and the gate width 1 mm. Wall filters 
were set at a minimal 50 Hz. Spatial peak temporal 
average intensity was less than 80 mW/cm 2. Color-flow 
Doppler arterial waveform studies were performed to 
identify several areas of blood flow within the tumor or 
on its margins. The value of the resistive index (RI) was 
calculated from the envelope of the Doppler shift fre- 

Fig. 1. Image of Doppler spectral waveform from ovarian 
tumor (before image processing). Positive flow is upward. The 

image was magnified for display. 

quencies. The RI was defined as the ratio of the differ- 
ence between the frequencies at peak systole and end 
diastole to the frequency at systole. The representative 
value used for the mean RI was obtained by averaging its 
values for 3 consecutive waveforms with the lowest RI. 

W A V E F O R M  DELINEATION AND 
C O M P U T A T I O N  OF DECAY CONSTANT 

Waveform delineation 
The technique fGr waveform delimitation was based 

on brightness differentiation of the pixels comprising the 
Doppler flow picture. Automatic flow waveform detec- 
tion was achieved by simple mathematical manipulation 
of the pixel grey levels, as described below. Our aim was 
to approximate automatically as closely as possible the 
typical flow waveform obtained manually by a skilled 
clinician during an examination. The technique consisted 
of 3 phases: 

Image grabbing. The flow waveform patterns were 
selected from the video recordings and sampled into an 
IBM-compatible PC, using a DT2851 frame-grabber 
(Data Translation, Inc., Marlboro, MA, USA), achieving 
a resolution of 512 × 512 pixels and 256 gray levels. 
Sampling was performed while freezing the image on the 
videoplayer. An example of the obtained waveform is 
provided in Fig. 1. 

Image smoothing. After sampling, the image was 
smoothed by a square median filter, to remove noise in 
the region of the Doppler signals and to facilitate detec- 
tion of its borders. The median, a nonlinear filter, was 
found to be more suitable than any linear low-pass filter, 
because it removed noise but still preserved the sharp 
edges of the Doppler signals. This edge was actually the 
flow waveform that we sought to delineate. 

Waveform detection algorithm. To obtain the shape 
of the flow curve, we designed an algorithm to detect the 
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tion of the waveform decay constant. This constant is a 
mathematical parameter reflecting the rate of postsystolic 
decay of the flow wave. The decay constant was calcu- 
lated by approximating the obtained waveform to an 
exponential curve according to the following expression: 

17V(t) = Ke-'/" + C ( 1 ) 

Fig. 2. Result of automatic processing of waveform from Fig. 
1, after smoothing and edge detection. The white curve is the 
waveform W(t). Next, exponential decay curve is fitted to the 
postsystolic decay of the flow wave. The image was magnified 

for display. 

upper frequency observed or the y-coordinate of the flow 
curve (the x-coordinate was simply time). First, the user 
was required to point out the baseline level of Doppler 
signals (zero flow). Then, the user selected the region- 
of-interest (ROI) in the bright region for which border 
detection was to be made. 

The basic approach of the detection algorithm was 
to identify the region of Doppler waveform signals as a 
bright continuous region on a dark background. Then, 
automatically, the algorithm scanned vertically from 
baseline, searching the end of the bright region (y-coor- 
dinate) in column after column (for every x-coordinate). 
The smoothing procedure previously performed on the 
image enabled adequate detection of the transition from 
bright to dark. After subtracting the y-coordinate of the 
baseline level from the y-coordinate of the transition, we 
obtained the waveform W(t) of the flow signal as a 
function of time (see Fig. 2). This difference was then 
saved as an ASCII file, to be used as the input for 
computation of the exponential decay. 

To evaluate the automatically processed waveform 
W(t) and to assess its deviation from the original (man- 
ually determined) value described in the presurgical ex- 
amination, the RI parameter was automatically com- 
puted. This allowed us to estimate the degree of corre- 
spondence between the original and the computed 
parameters. To compute RI, the same criteria were ap- 
plied as during a manual evaluation performed in the 
initial examination, that is, by computing the maximum 
and minimum values along the boundary line and calcu- 
lating the ratio between these amplitudes. 

Calculating the decay constant 
After finding the W(t) curve, which digitally de- 

scribes the flow, a number of waves with the lowest RIs 
were selected for each subject to perform the computa- 

where ~-= the postsystolic waveform decay constant, 
C = the constant to which the waveform tends at infinity 
(C = 0, assuming the curve tends toward zero), t = time 
from systolic peak, and K = a mathematical constant 
describing initial flow level. 

Several attempts were made to calculate the decay 
constant (~-) in terms of the parameters, such as various 
values of the C constant, or various parts of the diastolic 
decay curve. The most reproducible results were ob- 
tained for C = 0 and using the entire diastolic curve 
(from peak systole to end diastole) to calculate the decay 
constant. 

Figure 3a, b, c presents the results obtained for the 
3 waves shown in Fig. 2. For each wave, + represents 
the detected flow waveform [the curve W(t)] and • pro- 
vides the exponential curve formed using the obtained 
value of ~- for the wave [the curve W(t)]. The values of l- 
computed for the leftmost, middle and rightmost waves 
in Fig. 2 (related to Fig. 3a, b and c, respectively) are 
37.5, 37.9 and 39.7, respectively. These values of r are 
provided in pixels where, for this study, each pixel 
equals approximately 11.4 ms (88 pixels equal 1 s). This 
time-scale is illustrated by the ruler at the top part of 
Figs. 1 and 2, where the distance between 2 large marks 
on this ruler represents 1 s. 

DATA ANALYSIS 

Of 46 patients retrospectively evaluated in the 
study, 21 (45.6%) were postmenopausal. The evaluations 
entailed color-flow images and histologic analysis of the 
pelvic mass. Pathologically, there were 13 malignant 
(Group A), 14 benign (Group B), 7 LMP (Group C), 4 
metastastic (Group D) and 8 functional ovarian (Group 
E) tumors. 

Postoperatively, off-line, each image was grabbed 
as a still frame from the videotape. The above algorithm 
was applied for waveform delineation, and a continuous 
waveform W(t) was plotted automatically. Then, the al- 
gorithm automatically performed 2 independent proce- 
dures: fitting the flow waveform W(t) to an exponential 
curve W(t), thus obtaining ~-, and computing an auto- 
matic evaluation of RI, from the fitted waveform W(t). 
This automatically obtained RI value was compared with 
the original RI value manually obtained preoperatively 
by RT. 
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The Decay Curve 
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Fig. 3. The exponential fit for the 3 waves shown in Fig. 2. For 
each wave, + represents the detected flow waveform [the curve 
W(t)] and - provides the exponential curve formed using the 
obtained value of T for the wave [the curve ITV(t)]. In Fig. 3, a, 
b and c correspond to the leftmost, middle and rightmost waves 

in Figs. 1 and 2, respectively. 

The positive and negative predictive values for the 
patients were determined on the basis of  both parameters 
extracted from the Doppler  flow curve, namely the decay 
constant T and RI. 

R E S U L T S  

The automatically computed RI value was com- 
pared to the initial RI value measured manually by one 

examiner (RT) prior to surgery. The manually computed 
(MC) RI values and computer-calculated (CC) RI values, 
listed by morphological  type, are presented in Table 1. A 
high degree of  correlation (r = 0.925) and no significant 
difference in the mean values were found between the 
manually calculated RI values and those calculated au- 
tomatically after the waveform processing. 

In this study, an automatic exponential  fit was com- 
puted to the blood-flow curve, assuming the constant C 
to be zero. To assess the validi ty of  ~- according to its 
estimate obtained from a single wave, we tested its 
reproducibil i ty in a subgroup of  31 subjects by using a 
number of  successive waves originating from the same 
ovary in each of  these cases. An excellent agreement was 
found between the ~- measurement obtained for the var- 
ious waves for the same individual. The standard devia- 
tion ~r, observed between the various ~- values for each 
individual ranged from 0.32 to 5.3 (on the average, ~r, 
was 2.75) for this test group of  subjects, in which ~- 
ranged from 35 to 70. We therefore assumed that l- 
obtained from a single randomly chosen wave, was a 
reliable representative of  the decay rate of  the remaining 
waveforms measured in the same ovary and, thus, per- 
formed our analysis on the patient groups described. 

The 1- and RI evaluations were performed separately 
for the malignant and benign tumor groups, by treating 
each wave as described above. The results of  the Doppler  
flow waveform indices are shown in Tables 2 and 3; 
significant pairwise differences are indicated by aster- 
isks. The mean ~- obtained for the malignant group 
(Group A [A1 to A3], 89.7 _+ 49.0) was significantly 
greater (p  < 0.007) than that calculated for the group 
with benign histology (Group B [B1 to B5], 41.8 + 
24.0), but not significantly different from the LMP group 
or those with secondary ovarian metastases (Groups C, D 
or E [El  to E2]). 

In addition, the correlation between the decay con- 
stant values and the surgical stage was assessed. In 6 
women at Stage 1 (different histology), the mean value 
for T was 60.83 (-+ 26.7) compared to a mean value of  
102.2 ( +  49.5) in 8 women in Stage 3 of  the disease (7 
with similar histology). A tendency towards increased ~" 
was observed among women in more advanced malig- 
nant stages, but the difference was not significant. 

The correlations between RI values and ~-were  
examined in the different pathologic groups (Table 2). 
Pearson 's  correlation between ~- and RI values in the 
malignant group was not significant (r = -0 .33 ) .  There 
was also a lack of  correlation between these parameters 
in the benign group (r = -0 .459) .  

When 1- was assessed only in postmenopausal  pa- 
tients and its cutoff value set at 48, PPV was 100% and 
NPV 57%. For the combined pre- and postmenopausal  
group (A), when ~-'s cutoff value was set at 48, the 



Doppler flow waveform decay and ovarian tumors • R. TEPPER et al. 

Table 1. Manually computed (MC) vs. computer computed (CC) resistive indices for 
4 different tumoral histologic groups 
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Group A Group B Group C Group D 
malignant benign LMP metastastic 
(n = 13) (n = 14) (n = 7) (n = 4) 

RI-MC RI-CC RI-MC RI-CC RI-MC RI-CC RI-MC RI-CC 

Mean 0.438 0.382 0.579 0.535 0.508 0.496 0.52 0.478 
-+ SD 0.117 0.135 0.112 0.139 0.06 0.07 0.09 0.123 
95% CI 0.376-0.409 0.31-0.453 0.53~3.63 0.474-0.597 0.441-0.568 0.421-0.571 0.349-0.691 0.25-0.70 

CI = confidence interval; RI = resistive index. 

positive predictive value (PPV) was 80.7% and the neg- 
ative predictive value (NPV) was 47.4%. 

When discriminating according to RI for the detec- 
tion of ovarian pathology in postmenopausal patients, 
PPV was found to be 75% and NPV 40% when consid- 
ering the cutoff RI value of 0.47. This RI cutoff of 0.47 
was chosen because, based on previous experience, this 
value represents the border value best differentiating 
between benign and malignant ovarian tumors, with an 
88% malignancy detection rate and a 14% false-positive 
rate (Tepper et al. 1995). 

DISCUSSION 

Adopting Folkman's theory, the angiogenosis ap- 
pearing in the hyperplastic cells acts as a preliminary 
marker of neoplastic transformation (Folkman et al. 
1989). In contrast to healthy tissue, neovascularization in 
tumoral mass continues as long as there is angiogenic 
induction. In animal experiments (Folkman 1985; Folk- 
man and Kalgsbrun 1987), tumor genesis has been 
shown to be affected by angiogenic inhibitors. 

The systolic peak of the flow waveform is a func- 
tion of cardiac contraction, whereas diastolic flow de- 
pends mainly on vascular peripheral resistance (Thomp- 
son et al. 1988). It can, therefore, be assumed that flow 
between systole and diastole is strongly affected by pe- 

ripheral resistance specific to the investigated tissue. This 
is true for some, but not for all, malignant tumors where 
neovascularization lowers the resistance to flow, and a 
higher end-diastolic flow is recorded, thus causing a 
slower postsystolic waveform decay compared with 
waveform decay in healthy tissue. 

Currently, the relationship between systolic and di- 
astolic flow levels is expressed by generally accepted 
formulas to assess the resistance (PI, RI), whereas the 
rate of postsystolic waveform decay has not yet been 
assessed. However, a significant overlap has been ob- 
served between the flow characteristics of benign and 
malignant ovarian tumors when described by PI and RI 
(Hamper et al. 1993; Tekay and Joupilla 1992). 

In this study, we developed a computerized ap- 
proach that can be used to analyze the flow waveform 
and compute its decay constant. We tested whether or not 
our computer-defined curve fits the original curve, and 
found good agreement between the RI values measured 
manually during the clinical examination and those com- 
puted automatically from the curve fitted to the recorded 
Doppler flow images. We may, therefore, conclude that 
the image processing and line search were performed in 
a way such that the fitted waveform obtained after pro- 
cessing is a good representation of the original examina- 
tion curve, normally drawn by the physician. 

Table 2. Comparison of Doppler waveform examinations by ovarian pathology 

Group A Group B Group C Group D Group E 
malignant benign LMP metastastic functional 
(n = 13) (n = 14) (n = 7) (n = 4) (n = 8) 

T 

mean 89.7 t 41.8 + 54.4 56 67.2 
95% CI 60-119.3 25.7-57.9 34.5-73.4 - 43.7-90.7 

RI 
mean 0.45 t 0.62 * 0.51 0.52 0.52 
95% CI 0.374).52 0.54-0.69 0.45-0.57 0.35~).69 0.46-0.58 

CI = confidence interval; RI = resistive index; -r = decay constant; t significant difference (p < 0.05) between benign (Group B) 
and malignant tumors (Group A). 
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Table 3. Intraovarian wave form decay  (~-) in ovarian masses  arranged by histo logic  diagnosis .  

Group Diagnosis n Mean _+ SD 
95% Coefficient 

interval 

A1 Serous adenocarcinoma 9 103.5 51 
A2 Undifferentiated Ca 2 41.3 25 
A3 Endometrial Ca 2 75.8 20 
B1 Inclusion cyst 4 25.7* 16 
B2 Serous cystadenoma 4 48.8 17 
B3 Fibrothecoma 1 82.7 
B4 Adenofibroma 2 51.4 34 
B5 Endomedrioid 3 40.97 23 
C1 Mucinous and serous 7 54.37* 21 

cystadenoma (LMP) 
D1 Metastases to ovary 4 55.4 44 
E1 Hemorrhagic cyst 3 85.5 37 
E2 Follicular cyst 5 72.0 35 

64.1-143 

0.8-51 
21.1-76.4 

34.5-74.3 

63.5-107.5 
27.6-116.3 

* Significant difference (p < 0.03) between A I and C1; * Significant difference (p < 0.012) between A 1 and Bj. 

As commonly practiced when computing flow re- 
sistance, the average of 3 waves is taken as a represen- 
tative index of flow resistance in the trace recorded. We 
found that the decay constant of  successive waves was 
highly consistent. This supports the validity of  accepting 
a single-wave decay constant as representative of  a series 
of  postsystolic decay curves, as further applied in this 
study. 

The decay constant was significantly higher (mean 
89.7, 95% confidence interval (CI) 60-119.3)  in the 
group with malignant ovarian tumors (Group A) than in 
the group of benign tumors (Group B) (mean 41.8, 95% 
CI 25.7-57.9; p <0.007). This did not apply to LMP 
tumors (Group C) or to ovarian metastases (Group E). 

As a single index representing the contribution of 
the flow processed for the identification of a malignant 
finding, independent of  the examinee's age, 1- > 48 
showed higher sensitivity and specificity than RI < 0.47. 
The low correlation value between RI and ~- computed on 
the same wave (r = -0 .33 )  suggests a degree of inde- 
pendence between these parameters. Thus, not only the 
relationship between systolic and diastolic flow (RI), but 
also the mode of decay (1-), provides information useful 
for the interpretation of the ovarian flow waveform. 

Our results seem to indicate that diastolic flow in 
malignant tissue will be higher, with slower postsystolic 
flow waveform decay and larger ~- than in benign tissue 
flow, as a function of the extent of  neovascularization. 
We estimate that the rate at which the flow decays to its 
diastolic level (i.e., the decay constant) may be of highly 
predictive value in postmenopausal ovaries (sensitivi- 
ty = 80%, specificity = 100%). Due to the overlap in ~- 
for premenopausal malignant tumors (~- 89.7; 95% CI 
60-119.3) and premenopausal benign functional tumors 
(Group E) (1- 67.2; 95% CI 43.7-90.7), we chose to 
evaluate ~- in the postmenopausal group, because indi- 

viduals in this group are not expected to display neovas- 
cular alterations of physiological origin, such as ovula- 
tion or luteal process. 

Our results indicate that this additional method of 
analyzing the Doppler flow waveform contributes valid 
clinical information for the differential diagnosis of  ovar- 
ian tumors. Further investigation is warranted in ovarian 
and other neoplasms to establish the diagnostic signifi- 
cance of 1- as an acceptable index, in addition to the 
established RI and PI indices, and to identify which 
combination of these indices would yield optimal results 
in ovarian diagnoses. 
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