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Objectives

This study assessed the clinical value of parameters derived from dynamic contrast-enhanced (DCE) MRI with respect to correlation with angiogenesis and proliferation of cervical cancer, performance of diagnosis and reproducibility of DCE-MRI parameters across MRI scanners.



Materials and Methods

A total of 113 patients with cervical carcinoma from two centers were included in this retrospective study. The DCE data were centralized and processed using five tracer kinetic models (TKMs) (Tofts, Ex-Tofts, ATH, SC, and DP), yielding the following parameters: volume transfer constant (Ktrans), extravascular extracellular volume (Ve), fractional volume of vascular space (Vp), blood flow (Fp), and permeability surface area product (PS). CD34 counts and Ki-67 PI (proliferation index) of cervical cancer and normal cervix tissue were obtained using immunohistochemical staining in Center 1.



Results

CD34 count and Ki-67 PI in cervical cancer were significantly higher than in normal cervix tissue (p<0.05). Parameter Ve from each TKM was significantly smaller in cervical cancer tissue than in normal cervix tissue (p<0.05), indicating the higher proliferation of cervical cancer cells. Ve of each TKM attained the largest AUC to diagnose cervical cancer. The distributions of DCE parameters for both cervical cancer and normal cervix tissue were not significantly different between two centers (P>0.05).



Conclusion

Parameter Ve was similar to the expression of Ki-67 in revealing the proliferation of tissue cells, attained good performance in diagnosis of cervical cancer, and demonstrated consistent findings on measured values across centers.
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Introduction

Cervical cancer is one of the top three most common cancers in women under 45 years old worldwide. Approximately 570,000 new cases and 311,000 deaths from cervical cancer occurred in 2018 (1, 2). Studies have proved that intra-tumoral microvessel density (MVD) are related strongly to tumor aggressiveness (such as invasive growth, lymphatic metastasis, and disease-free survival) (3–5). However, tumor MVD and its proliferation is generally obtained by immunohistochemical staining, which could be expressed by CD34 and ki-67 proliferation index (PI) after biopsy or operation. It would be desirable to identify biomarkers that can be used to assess tumor biology and to monitor the effects of treatment in vivo.

Dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI) is a potential tool for characterizing tumor microcirculation. A variety of tracer kinetic models (TKMs) have been employed to diagnose various tumors and to assess the effects of anti-angiogenic and anti-vascular drugs in clinical trials (6–11). The Tofts model and the Extended Tofts (Ex-Tofts) model are frequently used for analysis of DCE-MRI data in clinical research or in clinical trials. A variety of two-compartment (the compartment of intravascular space and the extravascular extracellular space) models (2CXM) were proposed, which separately describe the intravascular transport using parameters blood (plasma) flow (Fp) and the exchange between the intravascular and the extravascular space using vessel permeability (PS), including the standard two-compartment model (SC), the adiabatic approximation to tissue homogeneity (ATH) and the distributed parameter model (DP) (12–15). Five DCE parameters (Ktrans, Fp, Vp, Ve, and PS) from above TKMs were obtained to assess tissue microcirculation. Interested readers can refer to Koh et al. (14) for a review on tracer kinetic modeling and the relevant clinical applications.

In spite of the advancement of tracer kinetic modeling and the promising results in various clinical studies, it remains challenging in developing robust imaging biomarkers, which require that imaging measurements sensitively capture the tissue biology of interest in a reliable and standardized fashion. A good quantitative biomarker should have three properties (16): biological relevance to the disease process under study, sensitivity to the disease process, and reliability (i.e., good reproducibility). Relevance and sensitivity could be established in single-center studies. Reproducibility of measurements might be good at single centers where the initial studies were carried out (to establish the sensitivity). However, at multiple centers, this will have to be established again.

Very few studies have been conducted to assess the kinetic parameters derived using DCE-MRI TKMs from the view of rigorous definition of biomarker, which has limited the widespread use of DCE parameters in clinical practice. This study attempted to (1) examine the relationship between DCE parameters and immunohistochemical indicators (CD34 and ki-67) in cervical cancer, (2) investigate the diagnostic performance of DCE parameters in differentiating cervical cancer and normal cervix tissue, and (3) evaluate the reproducibility of measured DCE parameters from various TKMs in cervical cancer patients using different scanners in a multicenter clinical setting.



Materials and methods


Subjects of study

This retrospective study was approved by the local ethics review boards in two institutions of this study. A total of 166 consecutive female patients, who were diagnosed with cervical carcinoma by histology and underwent MRI examination were reviewed in this study in the period of April 2016 to May 2021 in two centers. The inclusion criteria were: (1) patients diagnosed with cervical carcinoma by histology examination and (2) no history of chemoradiotherapy or surgery before MRI examination. Patients were excluded for the following reasons: (1) poor image quality of DCE-MRI such as significant motion artifacts or incomplete images (n=10), (2) patients with a history of targeted chemotherapy or radiation therapy before examination (n=16), (3) patients diagnosed with submucous myoma of uterus (n=5) and the endometrial carcinoma (n=4), and (4) no mass was identified for patients with stage Ia and Ib on DCE and other MRI sequences (n=18). Finally, 95 patients with cervix cancer and 18 cervical myoma were included in this retrospective study. ROIs (regions-of-interest) of normal tissue were obtained from cervical myoma and cervix cancer patients. ROIs for the tumor were obtained from cervix cancer patients.



Imaging protocol

All MRI examinations were performed using two scanners: a 3T GE scanner (Discovery 750, GE Healthcare, Waukesha, WI, USA) from Center 1 and a 3T Siemens scanner (Skyra, Siemens AG, Erlangen, Germany) from Center 2.

T1-, T2-weighted and diffusion weighted images were acquired before intravenous administration of a gadolinium-based extracellular contrast agent (0.2 mmol/kg). The injection rate was 2~3 ml/s, with a dose of 0.1 mmol/kg body weight, followed by a 20 ml normal saline flush. DCE images were acquired in the axial plane under quiet respiration. After that, a routine late contrast-enhanced T1-weighted scan was acquired in the sagittal plane. Parameter settings of DCE imaging protocols were implemented based on the recommendation of Quantitative Imaging Biomarkers Alliance (QIBA) (17) but with improvement on temporal resolution according to the Nyquist-Shannon sampling theorem as detailed in Table 1.


Table 1 | Parameters of DCE MRI acquisition protocol.





Immunohistochemical assessment and histomorphometry of CD34 and Ki-67

Whether to perform the immunohistochemical analysis or not was according to the requirement of diagnosis in pathology or the treatment direction from clinician. Thus, immunohistochemical analysis with CD34 and Ki-67 may not be available for all the cervix cancer. In this study, the immunohistochemical analysis was performed in 14 cervix cancer and 12 cervix myoma. Some cervix masses were too large to accurately identify the normal cervix tissue in the visual field when reviewing the immunohistochemistry slides. Under 400 × magnification, we would exclude the CD34 count of the normal tissue if the number of CD34 of the normal tissue neighboring to the cervix mass was 0. Comparing with Ki-67, CD34 count of the normal tissue was evidently affected by the material limitation. Finally, the CD34 count and Ki-67 PI of cervix cancer mass were obtained from 14 cervix cancer patients. CD34 was obtained from 11 normal cervix tissue samples, including six cervix cancer and five cervix myoma. Ki-67 PI was obtained from 23 normal cervix tissue samples, including 13 cervix cancer and 10 cervix myoma.

The samples were fixed in 10% formalin and embedded in paraffin, according to standard procedures. A 3 μm thick sections were cut and mounted on glass slides. For each case, the routine hematoxylin and eosin staining, toluidine blue staining and immunohistochemical analysis with CD34 and Ki-67 were performed. Negative control was performed in immunohistochemical analysis. A gynecological pathologist with more than 6 years of experience reviewed the immunohistochemistry slides. The immunohistochemical analysis enabled calculation of two parameters:

(1) Microvessel density (MVD). CD34 of each tumor nuclei was labeled with CD34 monoclonal antibody (Maixin, Fuzhou, China). Single endothelial cell or clusters of endothelial cells positive for CD 34 was considered as a microvessel. The presence of blood cells or fibrin without any detectable endothelial cells is not sufficient to define a microvessel. Vessels with muscular walls were not counted. For each tumor, four hot spots (areas with the highest density of microvessels) were identified at low magnifications (×100). Subsequently, MVD was counted in each field (×400). The counts were expressed as the average of the four fields examined for each tumor.

(2) Ki-67 proliferation index (PI). Ki-67 of each tumor tissue was expressed as the percentage of tumor nuclei labeled with anti-MIB-1 monoclonal antibody (Maixin, Fuzhou, China). Under 400 × magnification, 1000 tumor cells were counted in 10 high-power visual fields at random. The Ki-67 PI was then defined as the number of positive cells/total cell count.



Tracer kinetic models

DCE images were analyzed using a commercial software (MItalytics, FITPU Healthcare, Singapore). The following parameters were obtained: volume transfer constant (Ktrans, min−1) and extravascular extracellular volume (Ve, ml/100 ml) for Tofts; Ktrans, Ve, and fractional volume of vascular space (Vp, ml/100 ml) for Ex-Tofts; blood flow (Fp, ml/min/100 ml); permeability surface area product (PS, ml/min/100 ml), Vp, and Ve for ATH, SC, and DP. Details of the five tracer kinetic models (Tofts, Ex-Tofts, ATH, SC, and DP models) used in this study can be found in several review papers (13, 14, 18). For completeness, the operational equations of these models, which specify the dependence of tissue tracer concentration Ctiss(t) (as a function of time t) on AIF and relevant physiological parameters were listed as follows:

Tofts model:

 

Ex-Tofts model:



ATH model:

	



SC model:

 

where





and

DP model:

	





Image post-processing

For each patient, ROIs for the tumor and the normal tissue were manually delineated on the central slices of DCE images (to avoid possible effects of inflow and inhomogeneity near boundaries) by a radiologist with more than 10 years of experience in gynecological radiology. Routine T1-weighted, T2-weighted, and DW images were referenced to currently delineate ROIs. The size of ROI was no less than 10 voxels to ensure robustness of measurement. The normal ROIs were selected in the normal cervix tissue away from the lesions. The areas of necrotic, cystic, and hemorrhages were avoided when drawing the lesion ROIs. All ROIs were confirmed by a senior radiologist, and disagreements were resolved with consensus-based discussion. The arterial input function (AIF) was sampled from a voxel that clearly resided within the external iliac artery on one of the central slices. Desirable features for AIF selection included an early bolus arrival time, high peak value and signal-to-noise ratio. The sampled AIF and concentration-time curve of cervix cancer ROI and the normal tissue are showed in Figure 1. The concentration of normal tissue is higher than the tumor in each phase. In later phase, the enhanced pattern of normal tissue is “persist”, and the cancer is “wash out”.




Figure 1 | Example of a patient with stage IIb cervix cancer. (A) ROIs for cervix cancer (bred) and normal cervix tissue (blue) are shown for one slice of the DCE-MRI dataset, and the location within the iliac artery where the AIF was sampled was marked with a red dot. (B) Sample of AIF for the cervix cancer patient. (C) The concentration-time curve of cervix cancer (red) ROI and the normal tissue (black).





Statistical analysis

The median parameter value of voxels in tumor ROIs on multiple slices for each patient was taken as a representative statistic of the parameter. Kolmogorov-Smirnov test was conducted to analyze the normality of CD34 counts, Ki-67 PI in Center 1, and DCE parameters in two centers. Independent sample t-test was used to compare the differences of CD34 counts between cervix cancer and the normal tissue in Center 1. Mann–Whitney U test was used to compare the differences of Ki-67 PI between cervical cancer and normal cervix tissue in Center 1. Pearson correlation coefficient r was used to explore possible relationship between immunohistochemical indicators (CD34 and Ki-67) and DCE kinetic parameters from the five models (Ex-Tofts, Tofts, ATH, SC, and DP) of cervix lesion and normal tissue in Center 1. A strong correlation was assumed for 0.8 < r ≤ 1, a moderate correlation for 0.5 < r ≤ 0.8, a weak correlation for 0.3 < r ≤ 0.5, and no correlation for r ≤ 0.3 (19). Receiver operating characteristic (ROC) analysis was performed to examine the ability of each parameter of the two centers in discriminating cervix tumor and normal tissue, and the discriminating power of each parameter was quantified using the area under ROC curve (AUC). Interpretation of AUC values is application-dependent, and in general, it is appropriate that values ≥0.9 would be “excellent”, ≥0.8 “good”, ≥0.7 “fair”, and<0.7 “poor” (20). Mann–Whitney U test was used to compare the distribution differences of various parameters in two centers. P<0.05 indicated statistical significance. Analyses were performed using SPSS Statistics (version 21.0, IBM Corp., Armonk, NY, USA).




Results


Study population

Of the 166 cases, 113 cases met the criteria of inclusion and formed the final study cohort with age mean and range of 56 years (37–75 years) and 48.5 years (31–72 years) in Center 1 and Center 2, respectively (Figure 2). Characteristics for cervix cancer patients were summarized in Table 2.




Figure 2 | Flowchart of patient population.




Table 2 | Cervix cancer patient characteristics.





Cervical cancer microenvironment characterization in center 1

CD34 counts in cervical cancer (20.35 ± 5.82) were significantly higher than in normal cervix tissue (5.98 ± 2.77) (P<0.05). Ki-67 PI in cervical cancer (65% ± 29%) was significantly higher than in normal cervix tissue (1%) (P<0.05) (Figure 3). Pearson correlation between immunohistochemical indicators (CD34 and Ki-67) and DCE kinetic parameters from the five models (Ex-Tofts, Tofts, ATH, SC, and DP) of cervix lesion and normal tissue in Center 1 were showed in Table 3. For Ex-Tofts and Tofts models, parameter Ktrans was negatively correlated with Ki-67 PI (r>0.5, P<0.05) for cervical cancer, and weak or little correlation was observed between parameters Vp or Ve and Ki-67 PI (r<0.4, P >0.05). For 2CXMs (ATH, SC, and DP), Vp was negatively correlated with Ki-67 PI (r>0.6, P<0.05) for cervical cancer. Weak or little correlation was observed in either cervical cancer or normal cervix tissue between Ve and Ki-67 PI (r<0.3, P>0.05). Inconsistent correlation across 2CXMs in cervical cancer was shown between PS and Ki-67 PI (r=-0.489, P=0.076 for ATH; r=0.218, P=0.454 for SC; and r=-0.143, P=0.627 for DP, respectively). Moderately, negative correlation was noted on Fp from SC and DP with Ki-67 PI in cervical cancer (r=-0.520, P=0.057 for SC; r=-0.537, P=0.047 for DP).




Figure 3 | Microphotograph showing MVD and Ki-67 PI in cervix cancer mass and the normal tissue for stage IIb cervix cancer in Center 1 (GE 750). (A) Magnification (×40) of one of the hot spots in cervix cancer reveals a high histological microvessel density. (B) Magnification (×40) of one of the hot spots in normal cervix tissue reveals a low histological microvessel density. (C) Immunostain of a cervix cancer for Ki67 showing labelling of roughly 70% of nuclei, 40×. (D) Immunostain of the normal cervix tissue for Ki67 showing positive expression is located in the base, 40×.




Table 3 | Results of Pearson correlation immunohistochemical indicators (CD34 and Ki-67) and DCE kinetic parameters (Ktrans, Fp,Vp, Ve, PS) from Tofts, Ex-Tofts, ATH, SC, and DP models of cervix lesion and normal tissue in Center 1, withcorrelation coefficients and p-values in the bracket.



Correlations between DCE-MRI parameters and CD34 in cervical cancer or normal cervix tissue were largely weak or not correlated, except for Fp from ATH in normal cervix tissue (r=-0.622, P<0.05).



Diagnostic performance of DCE-MRI parameters in differentiating cervical cancer from normal cervix tissue

For Center 1, 47 ROIs for cervical cancer were obtained. A total of 63 ROIs for normal tissues were obtained from 16 cervix myoma and 47 cervical cancer patients. For Center 2, 48 ROIs for cervical cancer were obtained. A total of 50 ROIs for normal tissues were obtained from two cervix myoma and 48 cervical cancer patients.

AUC values of DCE kinetic parameters derived by five models (Ex-Tofts, Tofts, ATH, SC, and DP) in differentiating cervical carcinoma tissue from normal cervix tissue in two centers were listed in Table 4, where Ve attained the largest AUC in each TKM. Figure 4 showed the ROC of parameter Ve from the five models (Ex-Tofts, Tofts, ATH, SC, and DP) in Center 1 and Center 2, respectively. At least one parameter in each TKM attained good performance (AUC value > 0.8) to diagnose cervical cancer in both centers, except for parameter of SC model in Center 2 (the highest AUC value=0.761). Figure 5 showed the parameter (Ve) maps generated using the ATH model for cervix cancer and the normal tissue.


Table 4 | AUC values of DCE kinetic parameters derived by various models in differentiating cervical carcinoma tissue from normal cervix tissue in the three centers.






Figure 4 | The ROC of parameter Ve from the five models (Ex-Tofts, Tofts, ATH, SC, and DP) in Center 1 and Center 2, respectively.






Figure 5 | Example of MRI scans for the same patient in Figure 3. (A) Cervix cancer exhibits slightly high signal intensity on axial T2-weighted image. (B) The degree of enhancement for cervix cancer is lower than the normal cervix tissue on delayed contrast imaging. (C) Cervix cancer exhibits high signal intensity on DW image. (D) The parameter Ve maps generated using the ATH model for cancer and the normal tissue ROIs. The upper and lower images are for cancer and the normal tissue ROIs respectively. Parameter Ve value of cervix cancer is significantly smaller than that of normal cervix tissue.





Reproducibility of DCE-MRI parameters across centers

The distribution differences among various parameters of cervical cancer and normal tissue in different centers were assessed by Man–Whitney U test, and shown in Table 5 for the five models (Tofts, Ex-Tofts, ATH, SC, and DP). The distribution of parameters Ktrans, Ve from Tofts for both cervix cancer and normal tissue, showed similar in Center 1 and Center 2 (P>0.05). The distribution of parameters Fp, Vp, Ve, PS from ATH for cervix cancer showed similar in Center 1 and Center 2 (P>0.05). The distribution of at least three parameters from SC and DP models for cervix cancer showed similar between the two centers (P>0.05).


Table 5 | Measured values (median and inter-quantile range in the bracket) of DCE kinetic parameters (Ktrans, Fp,Vp, Ve, PS) derived from (Tofts, Ex-Tofts, ATH, SC, and DP models) in cervical cancer and normal cervix tissue, and the corresponding p-values of Mann–Whitney U test.






Discussion

In this study, we investigated the potential of DCE-MRI parameters as biomarkers with respect to correlation with angiogenesis and proliferation of cervical cancer, performance of differential diagnosis, and reproducibility of DCM-MRI parameters across MRI scanners in different centers. It was turned out that Ktrans of Tofts or Ex-Tofts, Vp of three 2CXMs, Fp of ATH, and DP, showed moderately negative correlation with Ki-67 in cervical cancer tissue, and Fp of ATH showed moderately negative correlation with CD34 in normal cervix tissue. Ve of each TKM attained the largest AUC. No significant differences were observed on the distributions of most DCE-MRI parameters in either cervical cancer or normal cervix tissue between Center 1 and Center 2, indicating certain degree of reproducibility between these two scanners.

As a transmembrane glycoprotein expressed in capillary endothelial cells, CD34 is a useful angiogenesis marker reflecting the grade of microvascular modeling in cervical cancer (21). This study found that the expression of CD34 in cervical cancer tissue was significantly higher than that in normal cervix tissue, indicating that there is an increased neovascularization in cervical cancer tissue. In DCE tracer kinetic modeling, Vp reflects the fractional volume of intravascular space, with measurement corresponding to tissue MVD. However, measured Vp values in TKMs were smaller in cervical cancer than in normal cervix tissue, and showed little correlation with the expression of CD34. Hauge et al. (22) investigated the potential of DCE-MRI to assess MVD using patient-derived cervical cancer xenografts and found that none of the DCE-MRI parameters was related to MVD. The discrepancy could be explained as follows. As pointed out by Hylton (23), MVD, as measured using immunohistopathological method, gives a partial picture of the tissue microvasculature, but does not reflect the functional property of microvasculature, including permeability, which contributes to the DCE-MRI measurement. In addition, MVD is also a heterogeneous property of tumors. MVD measurement methods are limited by histopathologic sampling and are generally hotspot values, which are, by definition, localized. Accurate correlation necessitates precise comparison of anatomical MRI maps with whole-mount histological tumor specimens rather than with biopsy specimens that may only represent a small sample of the tumor, so that comparably sized and geometrically oriented regions of interest can be compared (24).

Instead of assessing direct association between global DCE-MRI parameter and local histopathologic sampling data, a more reasonable way could be relative comparison with self-reference. In the context of current study, study object is cervical cancer tissue and reference object is normal cervix tissue. Either DCE-MRI parameter or histopathologic indicator independently forms two sampled datasets in cervical cancer tissue and reference tissue, from which sample statistic can be estimated and inference between cervical cancer and reference tissue can be conducted. With this in mind, we can proceed to the interpretation of parameter Ve from the view point of biomarker.

Ve measures the fractional volume of extravascular extracellular space, which is inversely related to cellular density and could be linked to cell proliferation. Sustained proliferation of cells is one of the most important characteristics of cancer (25). Ki67, a nuclear antigen expressed in the nucleus of cells in active proliferation, is considered a valid nuclear marker of cell proliferation. Studies revealed that Ki67 is highly expressed in proliferative cells in many kinds of cancers, but rarely in normal cells (26, 27). As shown in the results, the expression of Ki-67 in cervical cancer tissue (65% ± 29%) was significantly higher than in normal cervix tissue (1%), indicating the higher proliferation of cervical cancer cells. On the other hand, measured values of Ve of each TKM were significantly smaller in cervical cancer tissue than in normal cervix tissue (Table 5), suggesting the higher density of cervical cancer cells, which was in accordance with the findings from Ki-67 expression. In addition, Ve almost attained the highest diagnostic performance in differentiating cervical cancer from normal cervix tissue by all TKMs, and the measured Ve values showed certain degree of reproducibility between Center 1 and Center 2.

The study had the following limitations. The experiment of immunohistopathologic staining was limited to a subset of cases in one center for patients for whom it was requested by the physician, which may have introduced bias. It would be desirable to conduct the experiment in a larger dataset across different centers. The size of study cohort in each center was relatively small, and the differences of sample demographics and tumor grade distribution could be prone to sources of variations between the two centers. Next step, we will continue to explore the issue of parameter reproducibility in a larger cohort with the same grade cervix cancer among centers.

In conclusion, this study assessed the potential of DCE-MRI kinetic parameters as biomarkers in cervical cancer and found that, in each tracer kinetic model, parameter Ve was similar to the expression of Ki-67 in reflecting tissue cell proliferation, attained good performance in differential diagnosis of cervical cancer and normal cervix tissue, and demonstrated results on measured values across centers without significant difference between distributions. From this point of view, Ve measurements derived from primary tracer kinetic models were equally applicable as potential imaging biomarkers in cervical cancer diagnosis.
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