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Intravoxel Incoherent Motion Imaging on Sacroiliitis in Patients With Axial Spondyloarthritis: Correlation With Perfusion Characteristics Based on Dynamic Contrast-Enhanced Magnetic Resonance Imaging
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Background: To prospectively explore the relationship between intravoxel incoherent motion (IVIM) diffusion-weighted imaging (DWI) and dynamic contrast-enhanced MRI (DCE-MRI) parameters of sacroiliitis in patients with axial spondyloarthritis (axSpA).

Methods: Patients with initially diagnosed axSpA prospectively underwent on 3.0 T MRI of sacroiliac joint (SIJ). The IVIM parameters (D, f, D*) were calculated using biexponential analysis. Ktrans, Kep, Ve, and Vp from DCE-MRI were obtained in SIJ. The uni-variable and multi-variable linear regression analyses were used to evaluate the correlation between the parameters from these two imaging methods after controlling confounders, such as bone marrow edema (BME), age, agenda, scopes, and localization of lesions, and course of the disease. Then, their correlations were measured by calculating the Pearson's correlation coefficient (r).

Results: The study eventually enrolled 234 patients (178 men, 56 women; mean age, 28.51 ± 9.50 years) with axSpA. With controlling confounders, D was independently related to Ktrans (regression coefficient [b] = 27.593, p < 0.001), Kep (b = −6.707, p = 0.021), and Ve (b = 131.074, p = 0.003), whereas f and D* had no independent correlation with the parameters from DCE MRI. The correlations above were exhibited with Pearson's correlation coefficients (r) (r = 0.662, −0.408, and 0.396, respectively, all p < 0.001).

Conclusion: There were independent correlations between D derived from IVIM DWI and Ktrans, Kep, and Ve derived from DCE-MRI. The factors which affect their correlations mainly included BME, gender, and scopes of lesions.
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INTRODUCTION

SpondyloArthritis (SpA) is the chronic inflammatory arthritis that mainly involves sacroiliac and facet joints before the onset of 40 years old. The disease alternates between the active and chronic phases. The chronic complaints, such as spinal rigidity, deformity, disability, and so on, seriously affect quality of life of the patient (1–3). Clinically, the main manifestations of axial SpA (axSpA) are inflammatory back pain and enthesitis, such as ankylosing spondylitis (AS). In addition, SpA involves peripheral joints and is classified as peripheral SpA (such as, reactive arthritis, psoriatic arthritis, and arthritis associated with inflammatory bowel disease) (4). Sacroiliitis is a hallmark of axSpA and is an important index for the determination of the activity stage in patients with SpA (5).

MRI has been used to provide a comprehensive assessment of this disease activity in patients with SpA (6). However, based on the conventional MR sequence, Spondyloarthritis Research Consortium of Canada (SPARCC) scoring system is subjective (7). Functional MRI, such as dynamic contrast-enhanced (DCE) MRI and diffusion-weighted imaging (DWI), is a promising method in assessing inflammatory changes at the involved sites in arthritis, given the potential for multiparametric information (8, 9). DCE-MRI is an imaging technique used to investigate the microvascular structure and function by recording a variety of physiological factors, such as tissue perfusion, arterial input function, capillary surface area, capillary permeability, and the volume of the extracellular extravascular space (EES) through tissue perfusion and permeability (Ktrans), extravascular extracellular volume fraction (Ve), blood plasma volume (Vp), and the efflux rate constant (Kep = Ktrans/Ve) (10). However, DCE-MRI is not routinely used in SpA because of the increased risk of renal fibrosis, allergies to gadolinium-based contrast agents (GBCAs), and deposition of residual gadolinium in brain, liver, skin, and bone (11, 12).

In DWI single exponential model, the influence of capillary microcirculation on apparent diffusion coefficient (ADC) value increases as the b value decreases while the signal-to-noise ratio (SNR) of MRI imaging decreases as the b value increases. Therefore, the diagnostic effectiveness of DWI single exponential model is limited (13). Intravoxel incoherent motion (IVIM) DW-MRI can measure tissue microcapillary perfusion by respectively recording pure diffusion coefficient (D), incoherent perfusion related microcirculation (D*), and microvascular perfusion fraction (f) using multiple b-values according to the double exponential curve (14). IVIM-derived perfusion parameters were expected to correlate with the kinetic features from DCE-MRI. However, it has been controversial whether the perfusion parameters are related with IVIM DWI and DCE-MRI (15). In AS, Zhao et al. found a moderate correlation (16). However, the parameters from DCE were semiquantitative, and there is no clear explanation for the correlation between hemodynamic parameters and underlying physiology (17, 18).

The purpose of this study was to determine whether there is a correlation between quantitative parameters of DCE-MRI and IVIM DWI from patients with axSpA, and to explore the factors that influence the correlation.



MATERIALS AND METHODS


Patients

This prospective study obtained approval from the institutional review board and each participant signed a written informed consent form (IRB number AN16327-001). Within a week after the laboratory tests and clinical assessments, MRI of the sacroiliac joints (SIJs), from August 2017 to August 2019. The inclusion criteria were as follows: (i) according to Assessment of Spondyloarthritis International Society classification criteria, axSpA was initially diagnosed (19); and (ii) both IVIM DWI and DCE-MRI were obtained. The exclusion criteria were defined as: (i) other diseases were identified, and the final diagnosis was confirmed as non-SpA, for example, rheumatoid arthritis (RA), osteoarthritis (OA), systemic lupus erythematosus (SLE), gouty arthritis (GA), and Graves' disease; (ii) image data were missing; and (iii) the SNR of MRI imaging was poor (Figure 1).


[image: Figure 1]
FIGURE 1. Flow diagram for patient selection.




MRI Techniques

MRI was performed using a clinical 3.0T system (Achieva 3.0T, Philips Healthcare, Best, Netherlands). The following four conventional sequences were implemented. (A) Axial T1-weighted turbo spin echo (T1-TSE), (B) axial T2-weighted spectral attenuated inversion recovery (T2W-SPAIR), (C) coronal T1-weighted mDixon turbo spin echo (T1W-mDixon-TSE), and (D) coronal T2-weighted mDixon turbo spin echo (T2W-mDixon-TSE). For IVIM DWI, a total of seven b values were used. Axial DCE-MRI was obtained using a three-dimensional T1 fast field echo (FFE) sequence with axial fat suppression. Two pre-contrast scans were performed before the contrast agent was injected, the third scan was performed at the same time as an intravenous injection of gadobutrolum (Gadovist, Bayer, Germany) with a dose of 0.1 mmol/kg and a flow rate of 2.5 ml/s. Each scan takes about 4.2 min. Scan parameters of IVIM DWI and DCE-MRI are summarized in Table 1.


Table 1. Intravoxel incoherent motion diffusion-weighted imaging (IVIM DWI) and DCE MRI parameters.
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Image Analysis

Intravoxel incoherent motion diffusion-weighted imaging data were processed by the manufacturer-supplier (PRIDE DWI Tool, IDL Virtual Machine Version 6.3, Philips Healthcare, Japan) and Image J software (Version 1.46, Bethesda, MA, USA) to acquire the IVIM parameters apparent diffusion coefficient (D, f, and D*). Based on the IVIM DWI theory that Le Bihan et al. suggested, DWI with multiple b-values is performed in a double exponential model as Eq. 1 (20):

[image: image]

where b represents the diffusion gradient, Sb represents pixels whose signal intensity has diffusion gradient and S0 represents pixels whose signal intensity has no diffusion gradient (21). A simplified linear fitting equation with a value of b greater than 200 s/mm2 is used to obtain D as Eq. 2 (22):
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Where f and D* were calculated using all b values by substituting D into Eq. 1 (23). The fitting performance is evaluated as:
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where SSE represents the sum of squares errors between fitted curve and SStotal is defined as the sum of squares errors between all data and their overall mean.

Dynamic contrast-enhanced data were transmitted to a post-processing image workstation (Philips IntelliSpace Portal, Version 8.0, Philips Healthcare, Netherlands) for analysis. Pharmacokinetic analysis of the two-compartment model DCE-MRI applied to the linear version developed by Murase (24) can be obtained from the extended TK model (25). T1 mapping was calculated by measuring at two different flip angles, which were 8 and 15 degrees in our study.



Patient Grouping for Assessment of the Factors Affecting the Correlation Between Quantitative Parameters From IVIM DWI and DCE-MRI

To thoroughly explore the factors which could affect the correlation between parameters from IVIM DWI and DCE-MRI, patients were divided into different groups based on six factors, such as demographic characteristics and features of the lesion progression. Patients were divided into the bone marrow edema (BME) group and non-BME group according to whether BME appears or not in their SIJs. Regardless of whether the lesion occurred on the left or right, patients with lesions on sacrum or ilium in SIJ were assigned to the sacrum or ilium group, and those with lesions on both sacrum and ilium were enrolled in the sacrum and ilium group. Based on the location of lesions, patients were classified into two groups: unilateral and bilateral groups. Depending on the course of this disease, two groups of patients were identified: <3 and ≥3 years groups. In addition, patients were divided into two groups according to age (<40-year-old vs. ≥ 40-year-old) and gender (female vs. male), respectively.



Image Post-processing and Region of Interest (ROI)

The DCE-MRI data were analyzed based on different region of interests (ROIs) by using the arterial input function (AIF) founded by Benjaminsen et al. (26). To verify the reliability of the parameter values, the three sets of ROIs were independently drawn on DCE images from 50 patients who were randomly selected by two radiologists with 10 and 3 years of experience in the musculoskeletal image interpretation, respectively (Radiologist 1 had 2 sets). They were blinded to each other measurements and the clinical and pathological characteristics of patients. Based on the size and position of ROIs on DCE images, the same ROIs were manually matched on DW images with b-values of 0 during Image J software processing (Figure 2). Details of obtaining ROIs of all patients were as follows.


[image: Figure 2]
FIGURE 2. An 18-year-old man with SpA. The first-row images (A–E): DCE-MRI and corresponding quantitative parameter images (Ktrans, Kep, Ve, and Vp) showing the position of ROI; the second-row images (F–I): corresponding DWI (b = 0 s/mm2) and IVIM-DWI parameter images (D, f, and D*). SpA, spondyloarthritis; ROI, region of interest; T2W_SPAIR, T2-weighted spectral attenuated inversion recovery; DWI, Diffusion-weighted imaging; IVIM, intravoxel incoherent motion; D, pure diffusion coefficient; f, perfusion fraction; D*, pseudo-perfusion coefficient; DCE-MRI, dynamic contrast-enhanced magnetic resonance imaging; Ktrans, endothelial transfer constant; Kep, reflux rate; Ve, fractional extravascular extracellular space volume; and Vp, fractional plasma volume.


For BME, ROIs were manually drawn inside the most obvious lesion at its maximum transverse level. For non-BME, ROIs were positioned in the area at the bone marrow under the articular surface of ilium or sacrum. To reduce the impact of the method of ROI selection on the conclusions, only one ROI is performed for evaluation with minimum contaminations from unintended tissues, such as blood vessels, bone cortex, cystic areas, necrosis, and fat deposition areas.



Statistical Analysis

Statistical analysis of all data was performed by the Statistical Product and Service Solutions (SPSS) version 23.0 (IBM, Armonk, NY). To analyze normality and homogeneity of variance, the Shapiro–Wilk test and the Levene test were performed, respectively. Parameters from IVIM and DCE-MRI were reported as the mean ± SD. Intraclass correlation coefficient (ICC) and the coefficient of variation (CV) were calculated to evaluate intra- and inter-observer reliability using one-way (ANOVA).

A univariable linear regression analysis was performed to determine the correlation between IVIM MRI parameters and potential confounders, and DCE-MRI parameters. The value of p < 0.1 indicated that the result is statistically significant. Multi-variable linear regression analysis was used to assess the correlation between parameters from IVIM and those from DCE-MRI after controlling for the potential confounders. The value of p < 0.05 was considered as a marker of a statistically significant difference. Results are reported using regression coefficients and 95% CIs (α level, 0.05). Pearson's correlation coefficient (r) was calculated to measure the correlations above. A Bonferroni correction was conducted to protect from Type I error. The value of p < 0.0167 was considered statistically significant.




RESULTS


Patient Characteristics

Our study initially included 281 patients with the initial diagnosis of axSpA, 26 patients were excluded due to data deficiency, 20 were excluded due to final diagnosis of non-SpA, and 1 patient was excluded due to poor image quality. Finally, 234 patients were enrolled (178 men, 56 women; mean age, 28.51 ± 9.50 years, and range, 12–64 years). The Shapiro–Wilk test showed that all parameters (D, f, D*, Ktrans, Kep, Ve, and Vp) were normally distributed (all p > 0.05), and the Levene's test revealed that all parameters were homogeneous (all p > 0.05). Table 2 summarized the mean and SD values of the IVIM and DCE parameters for each of the clinical-pathologic features of 234 patients with axSpA.


Table 2. Intravoxel incoherent motion (IVIM)-derived parameters according to clinical-pathologic features of 234 spondyloarthritis (SpA).
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Intra- and Inter-observer Reproducibility

Table 3 indicated that interobserver reproducibility for IVIM perfusion-related parameters and DCE-MRI quantitative parameters ranges from good to excellent (ICC = 0.864–0.955, 0.981–0.994, respectively).


Table 3. Intra- and interobserver reproducibility in the assessment of IVIM and DCE-MRI parameters in sacroiliitis with ankylosing spondylitis (AS).
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Correlation Analyses of Parameters Derived From IVIM DWI and DCE-MRI

Results of the univariable regression analysis were shown in Table 4. Our study revealed that D was correlated with Ktrans, Kep, and Ve (all p < 0.1). For perfusion parameters, D* was positively associated with Ktrans, whereas f was negatively associated with Ktrans (both p < 0.1). Whether BME appears or not was a potential confounder as it was also correlated with Ktrans, Kep, and Ve (all p < 0.1). Gender and disease duration had correlations with Ktrans and Kep (p = 0.050 and 0.060, respectively). In addition, scopes of lesions were considered as potential confounders owing to their correlations with Ktrans and Kep (p = 0.020 and 0.033, respectively). However, there were no significant correlation between Vp and parameters from IVIM DWI.


Table 4. Results of univariable lines regression analyses.
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Table 5 demonstrated that D was independently correlated with Ktrans, Kep, and Ve after adjusting for confounders using multivariable linear regression (all p < 0.05). However, f and D* did not correlate with the parameters from DCE MRI after adjusting for confounders using multivariable linear regression (all p > 0.05). Finally, Pearson's correlation coefficient (r) demonstrated that D had a strong positive correlation with Ktrans (r = 0.662, p < 0.001), a moderate negative correlation with Kep (r = −0.408, p < 0.001) and a poor positive correlation with Ve (r = 0.396, p < 0.001). The results of Pearson's correlation analysis are shown in the scatter plots in Figure 3.


Table 5. Results of multivariable regression analyses.
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Figure 3. (A, C) The scatter plot showed that D have positive correlations with Ktrans and Ve. (B) There was negative correlation between D and Kep. D, pure diffusion coefficient; Ktrans, endothelial transfer constant; Kep, reflux rate; Ve, fractional extravascular extracellular space volume.





DISCUSSION

Based on the large-scale samples (234 patients with axSpA), this study analyzed quantitative parameters that were superior to semi-quantitative parameters from DCE-MRI to assess the disease activity (7). We demonstrated correlations of quantitative parameters from IVIM DWI (D, f, and D*) and DCE-MRI (Ktrans, Kep, Ve, and Vp) in axSpA. We found that only D is correlated with the parameters from DCE-MRI. Our results revealed that their correlations were affected by BME, agenda, scopes of lesions, and course of the disease, except for age and localization of lesions.

In our study, the extended Tofts-Kety (ETK) model was used to assess Ktrans, Kep, Ve, and Vp, which is applied to weakly vascularized tissues with well-mixed interstitium and highly perfused tissues (27). Compared with other common models, the extended Tofts model can effectively evaluate Vp, Ktrans, and Ve at low temporal resolution (28). Ye et al. (29) indicated that IVIM parameters generated by least-squares (LSQ) and Bayesian shrinkage prior (BSP) close to the actual values when using enough number of low b-values (0 < b < 50 s/mm2). There is a liver IVIM study showed that D* values would be underestimated when the number of b-values is too small (30). In addition, the article suggested that liver IVIM studies should include at least two low b-values. However, in clinical practice, the scanning time should not be too long considering the physical conditions of patients and the need of diagnosis. Five low and two high b values in this study can reduce the scan time and meet the requirements of IVIM measurements. As a prospective study, the consistency of our data is relatively higher and the result has better clinical application value.

Our study found a strong positive correlation between D and Ktrans, and a poor positive correlation between D and Ve. The results were consistent with our previous study that D had positive correlations with a few semi-quantitative DCE MRI perfusion-related parameters (11, 16). Quantitative DCE-MRI can not only measure the flow of local blood but also reflect the actual perfusion at the microscopic level (10). Ktrans and Kep reflect a complex combination of variables, such as blood flow, microvessel density (MVD), vascular endothelial growth factor (VEGF), and vascular permeability on the transport of contrast agent between the internal and external vessel (31). D detects the transportation of water molecules from capillary to marrow cavity in sacroiliitis in patients with axSpA to indirectly detect the inflammatory cell infiltration and fluid accumulation (32, 33). Many studies have shown that the peripheral articular synovium involved in patients with SpA shows a more significant increase in angiogenesis compared with those in patients with RA (34–36). Wang et al. found that a significant pathological feature of early sacroiliitis is the formation of subchondral fibrovascular tissue. The most common of these pathological features was the formation of pannus, accompanied by infiltration of inflammatory cells (37). Therefore, the Ktrans, Kep, and D increased in areas of BME in the SIJs of patients with axSpA. However, there was a moderate negative correlation between D and Kep in our study. This is probably because of the short scan time for DCE-MRI. A long scan time (≥10 min) required for DCE-MRI is necessary for an accurate estimation of Ve and Kep, according to the literature (38), considering the time it takes for the contrast agent to reach the equilibrium between the EES and vascular space. Ve reflects the fractional extravascular extracellular space volume, which is affected by some factors, such as necrosis, cytogenesis, and leakage of contrast medium (39). The active stage of sacroiliitis is characterized by the destruction of cartilage and bone, which might increase Ve values.

Results of the univariable regression analysis revealed that perfusion parameters derived from IVIM DWI (f and D*) were associated with Ktrans (both p < 0.1). However, there was no significant correlation between them after controlling confounders, such as BME, gender, and scopes of lesions. These results indicate that the correlations between perfusion parameters and Ktrans were more affected by the confounders. D* values reflect the mean capillary segment length and endovascular blood flow velocity, while f values reflect the volume of vascular and extracellular space (40, 41). Bray et al. found no significant difference in f and D* between normal and inflamed marrow. In addition, their research showed that the enhancement with contrast in areas of BME may be due to an increase in capillary permeability instead of perfusion (42). Parameters derived from DCE-MRI ultimately reflect microvascular structure and function, which means that the perfusion mechanism indicated by Ktrans and perfusion parameters derived from IVIM DWI is not exactly the same. Therefore, we could observe the increase of Ktrans in areas of BME, while the change of perfusion parameters (f and D*) was not consistent with it. When evaluating hepatic injury induced by intestinal ischemia–reperfusion, Yang et al. found that f gradually decreased with the progress of reperfusion, while Ktrans gradually increased, indicating that the presence of microcirculatory disorder and increased vascular permeability caused by inflammatory cytokines in the liver. Our study found that f was negatively correlated with Ktrans, which perhaps because of increased capillary permeability in the area of BME and microcirculatory disorder due to cell edema and inflammatory cell aggregation (43). Some studies have shown that there are differences in aspects of immunology, genetics, and hormone between men and women, such as higher circulating IL-17A and tumor necrosis factor-alpha (TNF-α) levels in men than in women with AS, which may affect the inflammatory pathways leading to bone damage and ultimately influence the progression of the radiographic changes (44, 45). As mentioned above, Ktrans values obtained in this study were different in gender groups. The effect of the scopes of lesions shown in the results on perfusion is relevant to the special physiological anatomy of the SIJ. Compared with the sacrum side, the pannus invasion was more easily done on ilium side so that the vascularization, inflammatory cell infiltration, and formation of BME under the surface of the bone appeared earlier, resulting in a more serious inflammation (46).

Intra- and inter-observer reproducibility of parameters showed a large CV for f values, which represented the limited reproducibility of f. This is consistent with the results confirmed by Klaassen et al. (47).

Studies have shown that AIF has a large effect on calculating pharmacokinetic parameters accurately (27, 48, 49). Theoretically, the observer should select a local AIF sampled at the inlet to the target tissue. In this study, we selected the branch of the internal iliac artery adjacent to the areas of BME to define AIF. However, the slice orientation, flow artifacts, partial volume effect, and uncertain flow direction of the internal iliac artery affected the definition of AIF.

The major strength of this study was the large sample size of 234 patients, which reflected more reliable results compared with previous quantitative imaging studies of axSpA. However, this study still has some limitations. First, during the post-processing of DCE-MRI and DWI images, the ROIs of different sequences were matched manually by the observer, and the measurement of parameters was completed by different software, so there were different degrees of error between the ROIs of the extracted parameters. Second, the optimal b value in the IVIM examination has not been determined, so the optimization of b values needs to be further explored in future studies. Third, the time of DCE-MRI scanning protocol was short due to the limitation of clinical examination in this study, which may affect the accuracy of Ve and Kep. Fourth, in cases with a long course of the disease, there are different degrees of fat deposition in the affected areas, which will also affect the values of Ve and Vp. In addition, our study did not group patients for disease activity, as some of the patients who received medication before MRI went into remission but still had BME in the sacroiliac joints on MRI.

The importance of structural lesions for diagnosis and follow-up is increasing, such as erosion, sclerosis, fat infiltration, and backfill (5). This study focused on the parameters of the areas of BME, but did not consider the presence of invisible microscopic structural lesions in the ROIs.

In conclusion, this study found that D derived from IVIM DWI was independently correlated with perfusion parameters derived from DCE-MRI, such as Ktrans, Kep, and Ve. The correlations between perfusion parameters derived from IVIM DWI and DCE-MRI were influenced by BME, gender, and scopes of lesions.
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