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Abstract 

 

Purpose: Poor outcome of locally advanced cervical cancer is associated with extensive 

hypoxia and high interstitial fluid pressure (IFP) in the primary tumor. In this study, measures 

of tumor hypoxia and IFP were provided by DCE-MRI and related to treatment outcome. 

 

Methods and Materials: Fifty-four cervical cancer patients treated with concurrent cisplatin-

based chemoradiotherapy were studied. Low enhancing tumor volume (LETV) and peritumoral 

fluid flow velocity (v0) were used as measures of tumor hypoxia and IFP, respectively. 

 

Results: Poor disease-free survival (DFS) and overall survival (OS) were associated with large 

LETV and high v0. Multivariate analysis suggested that the prognostic power of v0 and LETV 

was independent of established clinical prognostic factors and that the prognostic power of 

v0 was strong compared with that of LETV. The outcome was particularly poor for patients 

showing high v0 in combination with large LETV and particularly good for those having low v0 

in combination with small LETV, with 5-year DFS and OS of 13% versus 100%. 

 

Conclusions: The outcome of locally advanced cervical carcinoma seems to be influenced 

strongly by tumor IFP and to a lesser extent by tumor hypoxia. DCE-MRI may have the power 

to provide important biomarkers of the outcome of cervical cancer.  
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Introduction 

 

Locally advanced carcinoma of the uterine cervix is generally treated with cisplatin-based 

concurrent chemoradiotherapy, and approximately two thirds of the patients are disease-free 

5 years after treatment (1-4). Poor treatment outcome is associated with a hostile physico-

chemical tumor microenvironment characterized by extensive hypoxia (5-7) and highly ele-

vated interstitial fluid pressure (IFP) (8-10). It has been suggested that the outcome may be 

improved by personalizing the treatment, for example by giving more aggressive treatment to 

patients having developed a particularly hostile tumor microenvironment (11). Personalized 

treatment may require sensitive noninvasive methods for identifying the patients that are 

expected to benefit from an aggressive treatment strategy (4). Dynamic contrast-enhanced 

magnetic resonance imaging (DCE-MRI) could be a useful method, since it has been revealed 

that DCE-MRI may provide tumor biomarkers associated with poor outcome in cervical cancer 

(12-19). 

 

Studies in our laboratory have revealed that a DCE-MRI parameter termed low-enhancing 

tumor volume (LETV) has strong prognostic power for cervical cancer patients treated with 

chemoradiotherapy (20). This parameter represents the tumor volume that shows low contrast 

enhancement during the first 60 s after contrast administration, and it is assumed to be a 

measure of the extent of tumor hypoxia. Large LETV was associated with poor disease-free 

and overall survival rates, and LETV was shown to provide significant and independent prog-

nostic information for the outcome of treatment (20). 

 

Furthermore, we have established a novel method for assessing tumor IFP from DCE-MRI 

series (21). In this assay, the outward peritumoral fluid flow velocity at the tumor surface (v0) 

is recorded, and the assay is based on the assumption that v0 reflects the difference in fluid 

pressure between a tumor and its surrounding normal tissue and thus is an adequate measure 

of tumor IFP. This assumption has been validated in preclinical studies, which have shown 

strong correlations between v0 measured by DCE-MRI and IFP measured by invasive met-
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hods (21). We have also revealed that v0 is a significant prognostic factor for locally advanced 

cervical carcinoma (22). In that study, high v0 was found to be associated with elevated inci-

dence of lymph node metastases and poor disease-free and overall survival rates in patients 

treated with chemoradiotherapy.  

 

Although there is significant evidence that poor outcome of cervical carcinoma is associated 

with severe hypoxia and interstitial hypertension in the primary tumor (5-10), no study assess-

ing hypoxia- and IFP-related MRI parameters in the same patient cohort has been reported 

thus far. In the investigation reported here, LETV and v0 were measured prior to treatment in 

54 patients with locally advanced cervical cancer. The main purpose of the investigation was 

to provide information on the relative importance of hypoxia and IFP for the outcome of cer-

vical carcinoma and to identify clinically useful biomarkers for guiding precision medicine in 

this disease.  
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Methods and Materials 

 

Cervical cancer patients  

The study included 54 evaluable patients (46 squamous cell carcinomas, 7 adenocarcinomas, 

and 1 undifferentiated carcinoma) with untreated locally advanced cervical carcinoma (FIGO 

stage IB through IVA) from a cohort of 62 consecutive patients recruited to the chemoradio-

therapy protocol at the Norwegian Radium Hospital during a period of 30 months. Eight patients 

were excluded from analysis due to poor signal-to-noise ratio and/or severe motion artifacts. 

The study was approved by the regional committee of medical research ethics in southern 

Norway and was conducted in accordance with the Declaration of Helsinki. Written informed 

consent was obtained from each patient. 

 

Standard diagnostics and staging involved T2-weighted MRI, T1-weighted MRI, and Gd-DTPA-

based DCE-MRI of the pelvis in addition to gynecological examination and biopsy. Primary 

tumor volume and lymph node status were determined by examining MR images in the open 

source dicom viewer Osirix (23). A region of interest (ROI) encompassing the tumor area was 

drawn in T2-weighted images. Tumor volume was calculated in two ways: it was reconstructed 

and calculated from these ROIs with a built-in function of Osirix and it was calculated from 

three orthogonal diameters using the formula of an ellipsoid. Similar results were obtained with 

the two methods, and the numerical values reported here refer to the latter method. Lymph 

node status was determined by examining the internal, external, and lower common iliac 

chains. A lymph node was scored as metastasis-positive when its shortest diameter in the 

T2-weighted images was longer than 1.0 cm and the T1-weighted images showed a contrast 

enhancement pattern similar to that of the primary tumor. Fine-needle aspiration cytology 

was used to assess lymph node status if assessment from MR images alone proved difficult. 

 

The patients were treated with concurrent chemoradiotherapy with curative intent. External 

beam radiation therapy was given in 25 fractions during a period of 5 weeks to a total dose 

of 50 Gy to the primary tumor, parametria, and adjacent pelvic wall and 45 Gy to the rest of 

the pelvic region. In addition, 5 to 6 fractions of intracavitary brachytherapy with a dose of 
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4.2 Gy per fraction were given to Point A. Chemotherapy with cisplatin (40 mg/m2) was given 

weekly with a maximum of 6 courses during the radiation therapy period. 

 

The patients were followed up by clinical examinations every third month for the first 2 years 

and thereafter every sixth month. The primary endpoints were disease-free survival (DFS), 

defined as the time to local or distant relapse or death from any cause measured from the 

date of diagnosis, and overall survival (OS), defined as the interval from diagnosis to death 

from any cause. DFS and OS curves were generated by using the Kaplan–Meier method. 

 

Magnetic resonance imaging  

A 1.5-T whole-body scanner (Signa; General Electric) and a 4-channel phased-array surface 

coil were used for MRI. The entire pelvic region was scanned with an axial T2-weighted fast 

spin echo sequence (TR = 4960 ms, TE = 84 ms, field of view: 20 × 20 cm2, image matrix: 

512 × 512, number of excitations: 1.5, slice thickness: 5 mm, slice spacing: 6 mm). DCE-MRI 

was carried out by using an axial T1-weighted spoiled gradient recalled sequence (TR = 160 

ms, TE = 3.5 ms, T1 = 90, field of view: 20 × 20 cm2, image matrix: 256 × 256, number of 

excitations: 1, slice thickness: 5 mm, slice spacing: 6 mm). Three T1-weighted images were 

acquired before a bolus of 0.1 mmol/kg Gd-DTPA was administered, and T1-weighted images 

were recorded at a temporal resolution of 29 s after the Gd-DTPA administration. The MRI 

was carried out before treatment was initiated. 

 

Image processing and assessment of LETV and v0   

Voxel-by-voxel analyses of MR images were carried out by using in-house-made software 

developed in Matlab. TGS (medical physicist) and KVL (radiologist) performed the analyses 

jointly after the patients were treated, and they were blinded to the patient outcome. Minor 

tumor movements during the DCE-MRI were corrected for by coordinate mapping. Relative 

signal intensity was calculated as the ratio of post- to pre-contrast signal intensity, using the 

mean of the three pre-contrast voxel values and the mean of the first and second post-contrast 

voxel values, corresponding to 29 and 58 s after contrast administration. LETV was defined as 
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the volume of voxels having a post-contrast signal enhancement of < 4.0 times the standard 

deviation of the pre-contrast voxel signals, and this definition is identical to that used in our 

previous study (20). 

 

The procedure used to measure v0 was similar to that reported earlier (21). Briefly, the T1-

weighted image recorded immediately after contrast administration showed a high-signal-

intensity rim in the tumor periphery, and this rim moved outward with time. The rim displace-

ment (S) relative to its position in the first post-contrast image was measured as a function of 

time (t), and curves of S(t) = S0(1 − e−bt) were fitted to the data by regression analysis to deter-

mine S0 and b, where S0 represents the maximum distance the interstitial fluid can flow and 

b describes the decrease in fluid flow velocity with time. Each curve fitting was based on ~20 

points, one for each time frame of the DCE-MRI series. Fluid flow velocity was calculated as 

v(t) = dS/dt = S0be−bt = v0e
−bt, and the velocity at the tumor surface as v0 = v(t = 0) = S0b. 

 

Measurements of v0 were conducted in 1–3 central sections in each tumor, depending on the 

tumor size. In each section, 3–5 ROIs were examined, and these ROIs were positioned per-

pendicularly to the tumor periphery in regions where a well-defined high-signal-intensity rim 

could be identified throughout the entire DCE-MRI series. Mean v0 was calculated from the 

v0 of these ROIs and used as a measure of tumor v0.      

 

Statistical analysis  

The Spearman rank order correlation test was used to search for correlations between para-

meters. Data comparisons were performed by using the Mann–Whitney rank-sum test. Asso-

ciations between treatment outcome and DCE-MRI–derived parameters were investigated by 

dividing the patient cohort into two groups consisting of one third and two thirds of the patients 

(20). Thus, the outcome of the 18 patients with the largest LETV was compared with that of 

the 36 patients with smallest LETV, and similar comparisons were carried out for v0. Kaplan–

Meier curves were compared by using the log-rank test. Univariate and multivariate Cox pro-

portional hazard analyses were used to evaluate prognostic parameters with respect to DFS 

and OS. P values < 0.05 were considered significant. 
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 Results 

 

Intertumor heterogeneity in LETV and v0 and their associations with tumor volume and 

lymph node status  

LETV and v0 differed substantially among the primary tumors of the 54 patients included in the 

study. There was a significant but weak correlation between LETV and tumor volume (Fig. 1A, 

P < .0001, R2 = 0.28) and between v0 and tumor volume (Fig. 1B, P = .0003, R2 = 0.23). Meta-

static growth in regional lymph nodes was detected in 26 of the 54 patients, whereas the other 

28 patients showed no evidence of lymph node metastases. LETV did not differ between the 

metastasis-positive and metastasis-negative patients (Fig. 2A, P > .05), whereas the meta-

stasis-positive patients showed significantly higher v0 than the metastasis-negative patients 

(Fig. 2B, P = .0028).  

 

LETV and v0 and their associations with outcome of treatment  

The actuarial DFS and OS at 5 years were 65% and 72%, respectively. Univariate Cox regres-

sion analysis showed that the two DCE-MRI–derived parameters LETV and v0 had strong 

impact on DFS and OS, while similar analysis of clinical parameters revealed that DFS and 

OS were influenced significantly by FIGO stage and tumor volume, but not by lymph node 

status, tumor histology, and patient age (Table 1). Multivariate Cox regression analysis in-

cluding tumor volume, FIGO stage, lymph node status, and LETV showed that none of the 

clinical parameters were independent prognostic factors, whereas the independent prognostic 

power of LETV was of borderline significance (P = .087 for DFS and P = .041 for OS). Further-

more, multivariate analyses including the clinical parameters and v0 or the clinical parameters, 

LETV, and v0 revealed that v0 was the only independent prognostic factor and that the prog-

nostic power of v0 was substantial (P < .0001), regardless of whether DFS or OS was con-

sidered (Table 2).  

 

Kaplan–Meier curves for DFS and OS based on LETV or v0 are presented in Figure 3. Patients 

with large LETV did worse than those with small LETV, with a 5-year DFS of 38% versus 83% 
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(P = .0008) and a 5-year OS of 39% versus 86% (P < .0001). Furthermore, DFS and OS 

were worse for patients with high v0 than for those with low v0. The 5-year DFS was 22% versus 

89% (P < .0001) and the 5-year OS was 33% versus 89% (P < .0001). 

 

LETV is plotted versus v0 in Figure 4A and B, and there was no significant correlation between 

these two DCE-MRI–derived parameters (P > .05). Two dashed lines are drawn in the panels, 

and the dots above the horizontal line refer to the 18 patients having the highest LETV values, 

whereas the dots to the right of the vertical line refer to the 18 patients having the highest 

v0 values. The white and black dots in Figure 4A refer to the patients with events and those 

without events, respectively, where an event is local relapse, distant relapse, or patient death. 

In Figure 4B, green dots refer to patients with small LETV and low v0 (Group 1, 26 patients), 

black dots refer to patients with large LETV and low v0 or small LETV and high v0 (Group 2, 

20 patients), and red dots refer to patients with large LETV and high v0 (Group 3, 8 patients). 

Kaplan–Meier curves for DFS and OS of these three patient groups are compared in Figure 

4C and D. The 5-year survival rates were 100% (Group 1), 44% (Group 2), and 13% (Group 3) 

for DFS and 100% (Group 1), 55% (Group 2), and 13% (Group 3) for OS. The survival curves 

were significantly different (Group 1 versus Group 2: P < .0001 for DFS and P = .0002 for 

OS; Group 1 versus Group 3: P < .0001 for DFS and OS; Group 2 versus Group 3: P = .027 

for DFS and P = .0018 for OS). 

 

 

 

 

 

 

 

 

 

 



P a g e  | 9 

 

Discussion 

 

Fifty-four patients were included in our study, and this cohort was divided into two groups, one 

consisting of one third of the patients (the 1/3 with largest LETV when hypoxia was considered 

and the 1/3 with highest v0 when IFP was considered) and the other group consisting of the 

remaining two thirds. We have shown previously that this way of splitting a patient cohort is 

optimal for locally advanced cervical cancer (20), and it is consistent with the overall obser-

vation that standard first-line treatment fails in approximately one third of the patients (1). 

 

The investigation showed that poor outcome was associated with large LETV as well as high 

v0, suggesting that severe hypoxia and high IFP in the primary tumor indicate poor prognosis 

in cervical carcinoma. Importantly, the prognostic power of LETV and v0 was independent of 

conventional prognostic factors such as lymph node status, FIGO stage, and tumor volume. 

Our study also revealed that the prognosis was particularly poor when the primary tumor 

showed both severe hypoxia and high IFP and particularly good when it had a small hypoxic 

volume in combination with low IFP. Moreover, the prognostic power of IFP appeared to be 

stronger than that of hypoxia – a possibility that needs to be validated in an independent 

cohort of cervical carcinoma patients. 

 

Clinical studies reporting measurements of the extent of hypoxia and interstitial hypertension 

in the same tumors are sparse. However, Fyles et al measured fraction of hypoxic tissue with 

the Eppendorf pO2 histograph and IFP with a wick-in-needle apparatus in cervical cancer 

patients prior to primary radiation therapy, and IFP was found to have strong prognostic im-

pact for DFS whereas the prognostic impact of hypoxia was of borderline significance and 

was limited to patients without imaging evidence of lymph node metastases (9). The results 

from our study are thus in accordance with the study of Fyles et al (9). Taken together, these 

studies provide evidence that tumor IFP may be a strong prognostic factor and the extent of 

tumor hypoxia a weaker prognostic factor for the outcome of cervical carcinoma. 
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There are numerous biological observations providing possible explanations of a link between 

poor outcome of cancer and a highly abnormal physicochemical tumor microenvironment 

(24, 25). The dose of ionizing radiation required for inactivation of tumor cells is ~3-fold higher 

under hypoxic than under normoxic conditions, and tumor hypoxia may promote metastatic 

dissemination and growth by activating hypoxia-inducible factor-1, nuclear factor-κB, activator 

protein-1, and other transcription factors (26-28). High IFP may inhibit the uptake of chemo-

therapeutic agents in tumors (29) and cause decreased radiocurability by hypoxia-independent 

mechanisms (30). Moreover, preclinical studies have revealed that high IFP is associated with 

high metastatic propensity in cervical carcinomas (31) and other cancer types (32), possibly 

because the IFP-driven peritumoral interstitial fluid flow transports proteolytic enzymes, angio-

genic factors, and other metastasis-promoting molecules from the primary tumor into the 

surrounding normal tissue (33, 34). 

 

Improved outcome of locally advanced cervical carcinoma may require novel biomarkers as 

well as novel treatment strategies. Our study suggests that DCE-MRI has the potential to 

provide adequate biomarkers, as LETV may be an important biomarker for tumor hypoxia 

and v0 may be an important biomarker for tumor IFP. Both biomarkers are needed because 

different treatment strategies may be required to overcome the problems associated with 

these microenvironmental abnormalities.  

 

Potentially useful novel strategies for the treatment of advanced cervical cancer are under in-

vestigation, and some strategies focus on the use of hypoxia-targeting therapy in combination 

with chemoradiotherapy. Our investigation suggests that treatments targeting the causes 

of high IFP may be even more beneficial than hypoxia-targeting treatments, implying that 

significant efforts should be made to identify interstitial hypertension-targeting treatments. 

High IFP in tumors is primarily a consequence of high resistance to blood flow, low resistance 

to transvascular fluid flow, and highly impaired lymphatic drainage (35), and it has therefore 

been suggested that antiangiogenic treatment may be a useful modality for decreasing the 

IFP of tumors (29). Interestingly, studies of the effects of antiangiogenic agents in patients 

with advanced cervical carcinoma have been initiated, and a recent review concludes that 
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antiangiogenic treatments provide promising clinical results and may have an exciting potential 

in the future management of cervical cancer (36). 

 

It should be noticed, however, that our study has some significant limitations. First, the DCE-

MRI was conducted at a low temporal resolution of 29 s. Correct assessment of v0 requires 

high signal intensity, and therefore, a T1-weighted sequence providing high signal intensity 

rather than high temporal resolution was chosen for this study. Because of the low temporal 

resolution, the peak signal intensity may have been missed, providing an uncertainty in the 

assessment of LETV. To reduce the magnitude of this uncertainty, LETV was calculated from 

the mean voxel signal intensities in the first and second post-contrast images.  

 

Second, the calculation of LETV requires threshold values for signal intensity, and signal in-

tensities vary depending upon the MR scanner, the strength of the magnetic field, and the MR 

protocol being used as well as several experimental factors, including the dose, relaxivity, and 

administration rate of the contrast agent. Threshold values for tumor signal enhancement can 

therefore not be transferred between radiology departments, implying that different imaging 

centers have to establish and use their own individual signal intensity threshold values.  

 

Third, the calculation of v0 was conducted in regions of interest positioned manually in image 

areas showing a well-defined high-signal-intensity rim throughout the DCE-MRI series. This 

procedure is not suitable for routine assessment of v0, which may require a fully automated 

procedure considering the entire three-dimensional tumor surface.  

 

In summary, this study confirmed that LETV and v0 are significant prognostic factors for the 

outcome of cervical carcinoma treated with concurrent chemoradiotherapy, and moreover, 

multivariate analysis suggested that v0 may be a stronger prognostic factor than LETV. 

DCE-MRI may have the power to provide important biomarkers of the outcome of cervical 

cancer patients, and consequently, DCE-MRI may be a useful imaging modality in attempts 

to develop novel microenvironment-targeting treatment strategies and for guiding precision 

medicine in cervical carcinoma. 
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Figure Legends 

 

Fig. 1. LETV, v0, and tumor volume. LETV (A) and v0 (B) versus tumor volume for patients 

with locally advanced cervical cancer. Dots represent individual patients. Curves were fitted to 

data by linear regression analysis. 

 

Fig. 2. LETV, v0, and lymph node status. LETV (A) and v0 (B) versus lymph node status for 

patients with locally advanced cervical cancer. Dots represent individual patients. Horizontal 

lines show median values. P values were determined by the Mann–Whitney rank-sum test. 

 

Fig. 3. Disease-free and overall survival. Kaplan–Meier curves for disease-free and overall 

survival for patients with locally advanced cervical cancer stratified by LETV (A and B) or v0 

(C and D). P values were determined by the log-rank test. 

 

Fig. 4. LETV, v0, and treatment outcome. Fifty-four patients with locally advanced cervical 

cancer were treated with concurrent cisplatin-based chemoradiotherapy. (A and B) LETV 

versus v0. The dots above the horizontal dashed line refer to the 18 patients having the highest 

LETV values, whereas the dots to the right of the vertical dashed line refer to the 18 patients 

having the highest v0 values. The white and black dots in (A) refer to the patients with events 

(relapse or death) and those without events, respectively. In (B), green dots refer to patients 

with small LETV and low v0 (Group 1, 26 patients), black dots refer to patients with large LETV 

and low v0 or small LETV and high v0 (Group 2, 20 patients), and red dots refer to patients with 

large LETV and high v0 (Group 3, 8 patients). (C and D) Kaplan–Meier curves for disease-free 

and overall survival for these three patient groups.    



Table 1    Univariate Cox regression analysis of clinical and DCE-MRI parameters 

 
Disease-free survival 

P value 

Overall survival 

P value 

Tumor volume .032 .0044 

FIGO stage .014 .0075 

Lymph node status .096 .17 

Tumor histology .25 .20 

Patient age .36 .20 

LETV .0036 .0006 

v0 <.0001 <.0001 

Abbreviations: LETV = low enhancing tumor volume; v0 = peritumoral fluid flow velocity. 

 

 

Table 2    Multivariate Cox regression analysis of clinical and DCE-MRI parameters  

 Disease-free survival  Overall survival 

 P values  P values 

Tumor volume .64* .053† .066‡  .75* .88† .75‡ 

FIGO stage .12 .29 .26  .14 .35 .33 

Lymph node status .34 .50 .48  .78 .71 .72 

LETV .087  .56  .041  .59 

v0  <.0001 <.0001   <.0001 <.0001 

Abbreviations: LETV = low enhancing tumor volume; v0 = peritumoral fluid flow velocity. 
Based on *clinical parameters (tumor volume, FIGO stage, lymph node status) and LETV, 
†clinical parameters and v0, and ‡clinical parameters, LETV, and v0. 
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