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Abbreviations 

ADC, apparent diffusion coefficient 

ADCkurt, kurtosis of ADC 

ADCskew , skewness of ADC 

AUC, area under the curve 

CI, confident interval 

DWI-MRI, diffusion-weighted magnetic resonance imaging 

ECOG, Eastern Cooperative Oncology Group 

ICI, immune checkpoint inhibitor 

IVIM-MRI, intravoxel incoherent motion magnetic resonance imaging 

MRI, magnetic resonance imaging 

NSCLC, non-small-cell lung cancer 

OS, overall survival 

PD, progressive disease 

PD-1, programmed death-1 

PD-L1, programmed death ligand-1 
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PFS, progression-free survival 

PR, partial response 

RECIST, Response Evaluation Criteria in Solid Tumors 

ROC, receiver operating characteristic 

ROI, region of interest 

SD, stable disease 

TPS, tumor proportion score 

TTR, time to response 

D, true diffusion coefficient  

D*, pseudodiffusion coefficient 

f, perfusion fraction 

Δ, change from the baseline 
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Abstract 

Objectives: Conventional evaluation of anti-tumor activity on the basis of tumor size is 

inadequate for immune checkpoint inhibitors (ICIs). We therefore aimed to assess the 

usefulness of intravoxel incoherent motion magnetic resonance imaging (IVIM-MRI) 

for evaluation of the therapeutic efficacy of ICIs. 

Materials and Methods: A chest IVIM-MRI was performed before and 2, 4, and 8 

weeks after administration of ICIs in patients with advanced non-small-cell lung cancer. 

Apparent diffusion coefficient (ADC), skewness of ADC (ADCskew), kurtosis of ADC 

(ADCkurt), true diffusion coefficient (D), pseudodiffusion coefficient (D*), and 

perfusion fraction (f) were evaluated at each evaluation point and changes from the 

baseline (Δ).  

Results: Twenty patients were enrolled in this study. An increased ADC 8 weeks and 

decreased ADCkurt and ΔADCkurt 4 weeks after ICIs was associated with objective 

responses and longer progression-free survival (PFS). A decreased ΔADCskew at 4 

weeks was associated with objective responses, disease control, and longer PFS and 

overall survival. There was no correlation between the efficacy of ICIs and D, D* and f. 

All of three patients who had pseudoprogression had decreased ΔADCskew at 4 weeks 
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and two of them had decreased ΔADCkurt at 4 weeks. Inversely, all five patients who 

had progressive disease (PD) did not have increased ΔADCskew at 4 weeks and only one 

of them had decreased ΔADCkurt at 4 weeks. 

Conclusions: Changes in histograms of ADC may be useful for predicting long-term 

efficacy and distinguishing between pseudoprogression and actual PD after ICIs. 

 

Keywords: IVIM-MRI, immune therapy, anti-programmed death-1 therapy, 

anti-PD-1 therapy, pseudoprogression, atypical radiologic response. 
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1. Introduction 

Immune checkpoint inhibitors (ICIs) are emerging as a new treatment option 

for cancer therapy[1]. Unlike conventional cytotoxic chemotherapy, ICI does not cause 

cancer cell death directly, but rather alters cancer immunity and the tumor 

microenvironment [1–4]. With the increasingly widespread use of ICIs, an issue has 

emerged; namely, that conventional response criteria based on tumor size may not be 

adequate for evaluating anti-tumor activity and long-term efficacy of ICIs [5,6]. 

Compared with chemotherapy, ICIs achieve modest or sometimes no significant 

improvement in tumor response as assessed according to the Response Evaluation 

Criteria in Solid Tumors (RECIST); however, they achieve longer survival as 

determined by duration of response, progression-free survival (PFS), and/or overall 

survival (OS)[7,8].  

In addition, ICIs have raised a new issue concerning radiological assessment. 

Patients receiving ICIs sometimes demonstrate delayed responses after an initial 

increase in tumor burden; this phenomenon has been called “pseudoprogression”. A 

transient increase in tumor size caused by edema and infiltration of immune cells, or a 
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delayed clinical response to ICIs are thought to be responsible for 

pseudoprogression[5,6,9]. To avoid incorrect diagnosis of pseudoprogression as true 

progression, iRECIST (a new guideline for response criteria for immunotherapies) has 

introduced the new category of unconfirmed progressive disease (iUPD), which requires 

confirmation by further increases in tumor size during ongoing immunotherapies. If 

progression is thus confirmed, the response category of confirmed progressive disease 

(iCPD) is assigned rather than iUPD [10]. However, the decision of iCPD requires at 

least two, and often more, evaluations. It is difficult to accurately distinguish 

pseudoprogression from true disease progression at the first evaluation by conventional 

radiological examinations. Thus, a new paradigm for radiological assessments is needed 

to assess the effects of ICIs with their unique anti-tumor mechanisms [6]. 

 Diffusion-weighted magnetic resonance imaging (DWI-MRI) can provide 

qualitative and quantitative information about tumors, not just their size. DWI-MRI 

evaluates the random motion of water molecules, which is modified and limited by 

interactions with cell membranes and macromolecules in tissues [11,12]. Cancer tissues 

have dense cellularity and therefore restricted diffusion, which is reflected in low mean 
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apparent diffusion coefficients (ADCs). Effective cancer treatment results in decreased 

cellularity, loss of cell membrane integrity, increased extracellular space, and therefore, 

an increase in ADC [11,12]. Increased ADC reportedly correlates with tumor 

necrosis.[13]. Histograms of ADC, which reflect the heterogeneity of a tumor 

microenvironment, also change after cancer therapy[12,14]. Both changes in mean ADC 

and in histograms of ADC often precede changes in tumor size and are therefore useful 

for early prediction of efficacy of chemotherapy, radiotherapy, and chemoradiotherapy 

in various types of cancer.[15–17]. Furthermore, another recent advance in diagnostic 

radiology, intravoxel incoherent motion MRI (IVIM-MRI) can supply information 

about both tissue diffusion and microcapillary perfusion components [18–20]. 

IVIM-MRI provides information regarding the tumor microenvironments and is 

reportedly useful in monitoring and/or predicting efficacy of cancer treatments [19,21–

24]. 

 However, little is known about the changes in IVIM-MRI after 

administration of ICIs and their usefulness for evaluating their therapeutic efficacy. We 

hypothesized that pathological changes in the tumor microenvironment after ICIs can 
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be evaluated by IVIM-MRI. In the current study, we assessed chest IVIM-MRI before 

and after administration of ICIs and the association between identified changes and 

efficacy in patients with advanced non-small-cell lung cancer (NSCLC). 

 

2. Patients and methods 

2.1. Study design 

This prospective observational study was conducted in accordance with the ethical 

standards described in the Declaration of Helsinki. The study protocol was approved by 

the Institutional Review Board of Hamamatsu University School of Medicine (No. 

16-077). Each patient provided written informed consent to be included in the study. 

The study was registered with the University Hospital Medical Information Network 

Clinical Trial Registry (identification code: 000023462). 

 

2.2. Patient eligibility 

Patients with pathologically diagnosed non-small-cell lung cancer who were scheduled 

for anti-programmed death-1 (PD-1) therapy were eligible for inclusion. Major 
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inclusion criteria were age >18 years, Eastern Cooperative Oncology Group (ECOG) 

performance status 0–2, having inoperable stage IIIB or IV or recurrent disease, no 

prior history of immune checkpoint therapy, and having measurable lesions on chest 

MRI imaging with longest diameter of more than 1 cm. Exclusion criteria included 

uncontrolled brain metastasis, active interstitial lung disease, active autoimmune 

diseases, and other uncontrolled complications.  

 

2.3. Evaluation schedule 

Chest MRI was performed before and 2, 4, and 8 weeks after anti-PD-1 therapy. 

Anti-PD-1 therapy was administered as follows: nivolumab, 3 mg/kg every 2 weeks or 

pembrolizumab, 200mg every 3 weeks. Anti-PD-1 therapy was selected by the treating 

physician and continued until disease progression or unacceptable toxicity occurred. 

Chest CT was performed before and 4 and 8 weeks after initiating anti-PD-1 therapy 

and then repeated every 8 weeks during further anti-PD-1 therapy. Radiological 

response was evaluated according to RECIST version 1.1. Patients who demonstrated 

an initial increase in tumor burden (namely, iUPD defined by iRECIST), but 
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subsequently had evidence of delayed responses were recorded as having 

pseudoprogression[5,10]. 

 

2.4. Conventional MRI protocol 

MR imaging was performed on a 3.0T MRI (Discovery MR750; GE Healthcare, 

Waukesha, WI, USA), using a torso array coil. The following parameters were 

employed for conventional fat-saturated T2–weighted imaging in all patients: 

fat-saturated T2-weighted fast spin-echo (TR/TE), 3000–5000/54 ms; imaging matrices, 

320 × 320; FOV, 36 cm; parallel imaging factor, 3; section thickness, 5mm; and number 

of excitation of 4. The scan time was 2 min and 53 s. 

  

2.5. IVIM-MRI 

All patients underwent IVIM-MRI using the same MR scanner and torso array coil. The 

parameters used for diffusion weighted single-shot spin-echo based echo-planar 

imaging were TR/TE, 4000/53.8 ms; imaging matrices, 128 × 128; FOV, 40 cm; parallel 

imaging factor, 2; section thickness, 5 mm; b values, 0, 10, 20, 30, 50, 80, 100, 200, 400, 
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and 800 s/mm2. The imaging time for IVIM-MRI was 448 s. The imaging was 

performed under shallow and quiet breathing to minimize the effect of respiratory 

motion. 

 

2.6. Calculations of IVIM parameters 

All analyses concerning IVIM were performed using image-analyzing software 

(SYNAPSE VINCENT; Fuji Film, Tokyo, Japan). The ADC value was calculated using 

the minimum and the maximum b values as follows:  

ADC＝ln(S0/S800)/(b800－b0), where S represents the signal intensity in the b value.  

In the biexponential IVIM model, the relationship between signal variation and b values 

is expressed as follows: 

Sb/S0 = (1 − f) × exp (−b × D) + f × exp (−b × D*), where f is the fractional perfusion 

related to microcirculation, D is the true diffusion as reflected by pure molecular 

diffusion, and D* is the pseudo-diffusion coefficient related to perfusion.  

In addition, skewness of ADC (ADCskew) and kurtosis of ADC (ADCkurt) were 

calculated by histogram analysis (Figure 1). Skewness is a measure of the asymmetry of 
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distribution: being 0 with a normal (symmetrical) distribution, positive in a leftward 

distribution, and negative in a rightward distribution. Kurtosis is a measure of the 

peakedness and wideness of a distribution: kurtosis is higher in a peaked distribution 

and lower in a flattened distribution. Changes from the baseline (Δ) were also calculated 

at each evaluation point for each parameter. The largest of the measurable lesions was 

evaluated as the region of interest (ROI). Using fat-saturated T2­weighted images as 

reference, IVIM parameters were measured by drawing a ROI within the tumor that was 

as large as possible while excluding large vessels and areas with obvious susceptibility 

artifacts caused by air–water interfaces. ROIs were manually drawn in one slice (the 

largest tumor area slice). Two independent investigators evaluated the IVIM-MRI and 

the results are expressed as a mean of the two estimates. 

 

2.7. Statistical analyses 

The Wilcoxon signed rank test was used to evaluate changes from the baseline in IVIM 

data and the Wilcoxon rank sum test to compare IVIM data among responses to 

anti-PD-1 therapy. Logistic regression analysis was used to evaluate predictive factors 
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for objective response and disease control. Cox proportional hazard analysis was used 

to evaluate predictive factors for PFS and OS. Both PFS and OS were measured from 

the date of administration of anti-PD-1 therapy. Kaplan–Meier survival curves and 

log-rank tests were used to analyze PFS and OS. Time to response (TTR), defined as 

the time to the first objective response from initiating anti-PD-1 therapy, was evaluated 

in patients who achieved objective responses. Receiver operating characteristic (ROC) 

analysis was performed to estimate the cut-off values for IVIM-MRI parameters for 

objective response and disease control. Cut-off values were determined using Youden’s 

index (maximum value of [sensitivity + specificity − 1]). Time-dependent ROC 

analysis was performed to estimate the cut-off values for IVIM-MRI parameters for 

PFS and OS. A p value <0.05 (two-sided) was considered to denote significance. All 

values were analysed using JMP v13.0.0 (SAS Institute Japan, Tokyo, Japan), except 

for time-dependent ROC analyses, for which R version 3.5.3 was used (R Foundation 

for Statistical Computing, Vienna, Austria, 2019) with additional packages 

(survivalROC).  
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3. Results 

3.1. Patient characteristics 

From June 2016 to December 2018, 20 patients were enrolled in the study. Table 1 

shows their baseline characteristics. The median age was 68 years (range, 40–82 years) 

and 16 patients (80.0%) were male. Fifteen patients (75.0%) had a history of smoking. 

Most of the patients had good performance status, with ECOG performance status of 0 

or 1 (n=19, 95.0%). Seventeen patients (85.0%) had stage IV disease. Thirteen patients 

(65.0%) had a histological diagnosis of adenocarcinoma and five (25.0%) had 

squamous cell carcinoma. Fourteen patients (70.0%) showed programmed death-ligand 

1 (PD-L1) expression on immunohistochemistry with tumor proportion scores (TPS) of 

≥1% (22C3 pharmDX Dako; Agilent, Santa Clara, CA, USA), and eight (40.0%) had 

high expression with TPS of ≥50%. Only one patient had active gene mutation, namely 

epidermal growth factor receptor gene mutation with exon 19 deletion. The median 

follow-up time was 10.0 months (range, 3.0–22.3 months).  

  

3.2. Efficacy of immune checkpoint inhibitor therapy  
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Seven patients (35.0%) received pembrolizumab as first line therapy and thirteen 

(65.0%) received nivolumab as second line or later therapy. The best responses to 

anti-PD-1 therapy were progressive disease (PD) in five patients (25.0%), stable 

disease (SD) in six (30.0%), and partial response (PR) in nine (45.0%), yielding an 

objective response rate of 45.0% and disease control rate of 75%. The median PFS was 

9.7 months (95% confident interval [CI], 1.6–18.1 months) and the median OS was 

11.8 months (95% CI, 6.7–14.0 months). The median TTR of the nine patients who 

achieved objective responses was 6.1 weeks (95% CI, 3.6–12.2 weeks) 

 

Changes in IVIM-MRI according to response to immune checkpoint inhibitor therapy 

Seventeen patients completed MRI measurements at all four specified time points. One 

of these patients had no measurable lesions at 8 weeks because of a good response to 

anti-PD-1 therapy. Three patients could not complete the preplanned MRI 

measurements at 8 weeks because anti-PD-1 therapy had been discontinued as a result 

of disease progression.  

The results of ADC, ADCskew, and ADCkurt according to the responses to ICIs 
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are shown in Figure 2A-F. Patients who achieved PR had significantly increased ADC 

at 8 weeks (1.73 p=0.043) and decreased ADCskew at 4 and 8 weeks (0.37, p=0.012; and 

0.12, p=0.019, respectively) compared with baseline (1.28, and 0.85, respectively) 

(Figure 2A, C). In contrast, patients with PD demonstrated non-significant decreases in 

ADC at 8 weeks (1.46, p=0.423), and non-significant increases in ADCskew at 4 and 8 

weeks (0.79, p=0.059; and 0.54, p=0.523, respectively) compared with baseline (1.50, 

and 0.40, respectively). Patients with SD demonstrated no significant changes in ADC, 

ADCskew, and ADCkurt. There were no significant changes in D, D* and f 

(Supplementary Table 1). The histograms of ADC of representative patients with PR, 

PD, and pseudoprogression are shown in Figure 1A, B, and C, respectively. 

 

3.3. Predictors in IVIM-MRI for response to immune checkpoint inhibitor therapy 

At baseline and 2 weeks after initiating ICI therapy, there were no significant 

differences in IVIM data between patients who had PD, SD, and PR. At 4 weeks after 

ICI therapy, patients who had achieved PR demonstrated significantly lower ADCskew 

(0.12, p=0.016), ΔADCskew (−0.46, p=0.034), ADCkurt (3.41, p=0.023), and ΔADCkurt 
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(−0.90, p=0.033) than those who had PD (0.79, 0.39, 4.76, and 1.44, respectively) 

(Figure 2C-F). Patients who had SD also demonstrated significantly lower ADCskew 

(−0.40×10-2, p=0.008) and ADCkurt (3.10, p=0.008), and a non-significant lower 

ΔADCskew (−0.35, p=0.083) and ΔADCkurt (−0.45 p=0.055) at 4 weeks than patients 

who had PD (Figure 2C-F). At 8 weeks, patients who had PR and SD demonstrated 

non-significant lower ADCskew, ΔADCskew, ADCkurt, and ΔADCkurt than those who had 

PD. There were no significant differences in other IVIM parameters among the 

responses to ICIs (Supplementary Table 1). 

Among IVIM data, ΔADC at 8 weeks, and ΔADCskew at 4 and 8 weeks were 

significant predictors of objective response (p=0.026, p=0.034 and 0.028, respectively) 

(Table 2 and Supplementary Table 2). The cut-off values for objective response were 

ΔADC of 0 at 8 weeks (sensitivity 0.88, specificity 0.75, and area under the curve 

[AUC] 0.81), ΔADCskew of −0.01 at 4 weeks (sensitivity 1.00, specificity 0.73, and 

AUC 0.79) and −0.11 at 8 weeks (sensitivity 0.88, specificity 0.75, and AUC 0.83). 

ADCskew, ΔADCskew, ADCkurt, and ΔADCkurt at 4 weeks were significant predictors of 

disease control (p<0.001, 0.001, <0.001, and 0.003, respectively) (Table 2). The cut-off 
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values for disease control were ADCskew of 0.65 (sensitivity 1.00, specificity 0.80, and 

AUC 0.95), ΔADCskew of −0.01 (sensitivity 0.80, specificity 1.00, and AUC 0.93), 

ADCkurt of 3.91 (sensitivity 0.80, specificity 1.00, and AUC 0.93), and ΔADCkurt of 

0.34 (sensitivity 0.93, specificity 0.80, and AUC 0.87) at 4weeks. High PD-L1 

expression of TPS ≥50% and first-line treatment with anti-PD-1 therapy were 

significant predictors of objective response (p<0.001, and 0.004, respectively) and 

disease control (p=0.023, and 0.014, respectively). Objective response at 4 weeks 

according to RECIST was not a significant predictor of overall response. 

 

3.4. Predictors in IVIM-MRI for PFS and OS after immune checkpoint inhibitor 

therapy 

According to univariate Cox proportional hazard analyses, increased ΔADC 

at 8 weeks and decreased ΔADCskew, ADCkurt, and ΔADCkurt at 4 weeks were 

significant predictors of longer PFS (p=0.016, 0.043, 0.008, and 0.028, respectively), 

as were high PD-L1 expression of TPS ≥1%, ≥50%, first-line treatment, and overall 

objective response (p=0.038, <0.001, 0.029, and 0.001, respectively) (Table 2 and  
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Supplementary Table 2). Decreased ΔADCskew at 4 weeks and overall objective 

response were significant predictors of OS (p=0.042 and 0.008, respectively). 

Objective response at 4 weeks according to RECIST was not a significant predictor 

factor of PFS nor OS. 

Time-dependent ROC analyses for PFS identified cut-off values for ΔADC at 

8 weeks, ΔADCskew, ADCkurt, and ΔADCkurt at 4 weeks of −0.28, −0.01, 3.91, and 0.34, 

respectively (Supplementary Figure 1). PFS curves based on the cut-off values are 

shown in Figure 3A-D. Patients with decreased ΔADCskew <−0.01, ADCkurt <3.91, and 

ΔADCkurt <0.34 at 4 weeks  demonstrated significantly longer PFS (10.4 months, 

95% CI, 5.4–18.1 months; 18.1 months, 95% CI, 5.4–18.1 months; and 9.7 months, 

95% CI, 5.4–18.1 months; respectively) compared with those without these changes 

(1.6 months, 95% CI, 0.8 months–not estimable [N.E.], p<0.001; 1.6 months, 95% CI, 

0.8–10.4 months, p=0.020; and 1.1 months, 95% CI, 0.8 months–N.E. p=0.004; 

respectively) (Figure 3B-D). Patients with increased ΔADC >−0.28×10-3mm2/sec at 8 

weeks demonstrated longer PFS (9.7 months, 95% CI, 5.4–18.1 months), compared 

without increased ΔADC >−0.28×10-3mm2/sec at 8 weeks; this difference was of 
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borderline significance (3.5 months, 95% CI, 1.6–5.4 months, p=0.051) (Figure 3A). 

Time-dependent ROC analyses for OS identified cut-off values for ΔADC at 

8 weeks, ΔADCskew, ADCkurt, and ΔADCkurt at 4 weeks of −0.01, 0.01, 4.00, and 1.82, 

respectively (Supplementary Figure 1). OS curves based on the cut-off values are 

shown in Figure 3E-H. Patients with decreased ΔADCskew <0.01 at 4 weeks 

demonstrated significantly longer median OS of 14.0 months (95% CI, 9.6–19.5 

months), compared with those with ΔADCskew ≥0.01 of 5.2 months (95% CI, 3.1–12.4 

months, p=0.003) (Figure 3F). There were no significant differences in OS for the other 

IVIM-MRI parameters. 

 

3.5. Pseudoprogression and changes in IVIM-MRI 

Three patients demonstrated pseudoprogression and five patients “true” PD. All three 

patients with pseudoprogression had decreased ΔADCskew at 4 weeks and two of them 

had decreased ΔADCkurt at 4 weeks (Table 3 and Supplementary Figure 2). In contrast, 

all five patients with PD did not have decreased ΔADCskew at 4 weeks and only one had 

decreased ΔADCkurt at 4 weeks. As to the results, decreased ΔADCskew <−0.14 at 4 
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weeks yielded a 100% sensitivity (95% CI, 19.4%–100%) and a 100.0% specificity 

(95% CI, 35.9%–100%), and decreased ΔADCkurt <−0.69 at 4 weeks yielded a 66.7% 

sensitivity (95% CI, 9.4%–99.2%) and a 80.0% specificity (95%CI, 28.4%–99.5%) for 

detection of pseudoprogression. 

 

4. Discussion 

In the current study, we evaluated chest IVIM-MRI before and after ICI 

therapy in patients receiving ICI therapy for NSCLC. We found that of the examined 

IVIM-MRI parameters, changes in mean ADC and histogram of ADC were associated 

with the efficacy of ICI therapy as follows: 1) increased mean ADC 8 weeks after 

initiating anti-PD-1 therapy was associated with objective response and a longer PFS; 

2) deceased ΔADCskew at 4 weeks was associated with objective response, disease 

control, and longer PFS and OS; and 3) decreased ADCkurt and ΔADCkurt at 4 weeks 

were associated with disease control and longer PFS. In addition, decreased ΔADCskew 

and ΔADCkurt at 4 weeks demonstrated considerable sensitivity and specificity in 

distinguishing pseudoprogression from “true” disease progression. Assessments of 



 24 

chest IVIM-MRI may be useful for predicting efficacy and for distinguishing between 

pseudoprogression and true progression after anti-PD-1 therapy in patients with 

NSCLC. 

Changes in the histogram of ADC may reflect changes in the heterogeneity 

of the tumor microenvironment in response to ICIs. A decreased ΔADCskew represents a 

right shift of the histogram, in other words, a greater proportion of pixels have high 

ADC (Figure 1). A decreased ADCkurt represents a decreased peak of the histogram, 

which means resolution of a concentrated distribution in a limited range of ADC 

(Figure 1). A right shift and a decreased peak of ADC are reported to occur after 

effective cancer treatment with non-ICI agents [15,16,25]. Changes in cellularity, 

membrane integrity, and extracellular space may result in changes in histograms of 

ADC. In addition, expression of PD-L1, a target of anti-PD-1/PD-L1 therapy, is 

spatially heterogeneous within a tumor [26–28]. Cancer genomic analysis in patients 

with melanoma receiving nivolumab has shown that changes in intratumoral 

heterogeneity are related to therapeutic efficacy, responders frequently having fewer 

clonal variants, whereas in non-responders clonal variants are unchanged or even 
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increased [2]. It is possible that heterogeneous intratumoral expression of PD-L1 

results in heterogeneous anti-tumor response to ICIs, which may result in changes in 

the distribution of ADC.  

Changes in the histograms of ADC after ICIs precede increases in mean ADC. 

An increased mean ADC reflects decreased cellularity after cancer treatment and is 

therefore associated with the efficacy of several cancer therapies in various cancer 

types [29–34]. Also, in the current study, patients who achieved PR had increased mean 

ADC 8 weeks after initiating anti-PD-1 therapy, but not at 4 weeks. In contrast, 

ADCskew was decreased at 4 weeks; this change preceded the median TTR of 6.1 weeks 

determined by conventional CT assessment (Table 3). Changes in mean ADC indicate 

changes in whole tumors, whereas those in histograms of ADC may indicate partial 

changes in tumors. Therefore, changes in histograms of ADC may indicate subtle 

immune responses triggered by ICIs that are not detected by the less sensitive mean 

ADC and conventional CT. 

In addition to early prediction, changes in histograms of ADC may provide 

additional information about the efficacy of ICI therapy that is not detectable by 
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conventional means of identifying objective responses according to RECIST. Unlike 

conventional chemotherapy, ICIs enhance antitumor immune responses, which leads to 

therapeutic benefits that do not always manifest as short-term reductions in tumor size. 

Therefore, SD may be considered a meaningful therapeutic effect and even PD as 

determined by radiologic evaluation does not necessarily reflect therapeutic failure in 

immunotherapy [5,35,36]. In the current study, of the patients who did not achieve 

objective responses, those with decreased ΔADCskew < −0.01 at 4 weeks demonstrated 

relatively long PFS and OS (5.4 and 11.8 months, respectively), whereas those with 

ΔADCskew ≥ −0.01 had PFS and OS of 1.6 and 5.9 months, respectively. Furthermore, 

decreased ΔADCskew and ΔADCkurt were also observed in patients with 

pseudoprogression. Changes in histograms of ADC may occur irrespective of a 

transient increase in tumor size and detect true responses to ICI therapy. 

The other assessed IVIM-MRI parameters, D, D*, and f, did not correlate 

with the efficacy of ICIs. These parameters are thought to reflect microcapillary 

perfusion and therefore correlate with the efficacy of anti-vascular therapy [23]. The 

ICIs have little direct effect on the vascular microenvironment and did not alter 
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vascular perfusion-related factors in the current study. IVIM-MRI is reportedly useful 

in assessing non-ICI therapy for bone metastases, nasopharyngeal carcinoma, and 

breast cancer [19,21,24]. It is possible that there are cancer type-specific differences in 

changes in IVIM-MRI parameters after cancer therapy. 

 The current study had four main limitations. First, it is possible that there was 

some influence of respiratory motion on chest MRI. To minimize the effect of 

respiratory motion, MRI imaging was performed with the patient breathing shallowly 

and quietly. Additionally, the largest of the measurable lesions was designated as the 

ROI to further minimize the effects of respiratory motion. Second, we did not adjust 

associations between histograms of ADC and efficacy of ICIs by potential confounding 

factors because of the limited number of study patients. Pathology, tumor expression of 

PD-L1, and ECOG performance status are known to be associated with the efficacy of 

ICIs [7,8,37,38]. Third, we only evaluated single therapy with anti-PD-1 antibodies. 

Novel strategies involving immune checkpoint therapy have recently emerged for 

several cancers, such as anti-PD-L1 antibody, combination therapy with two different 

ICIs (e.g. anti-PD-1 antibody and anti-cytotoxic T-lymphocyte associated antigen-4 
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antibody), and combined chemotherapy and ICIs [8,39,40]. Fourth, it is unknown 

whether changes in histogram of ADC would also occur after treatment of different 

cancer types besides NSCLC. Further studies are required with a larger number of 

patients with different types of cancers receiving immunotherapies to validate the 

usefulness of histogram of ADC. 

 

Conclusions 

In patients with NSCLC, changes in histograms of ADC may be useful for predicting 

long-term efficacy and distinguishing between pseudoprogression and true PD after 

ICIs. 
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Figure legends 

Figure 1: Histograms of apparent diffusion coefficient in representative patients 

after administration of immune checkpoint inhibitor therapy 

(A) A patient with objective response demonstrated decreased skewness (rightward 

shift) and decreased kurtosis (downward and flattened shift) of apparent diffusion 

coefficient (ADC) 2 and 4 weeks after immune checkpoint therapy (ICI). (B) A patient 

with progressive disease demonstrated increased skewness (leftward shift) and 

increased kurtosis (upward and peaked shift) of ADC 2 and 4 weeks after ICI. (C) A 

patient with pseudoprogression demonstrated decreased skewness and kurtosis at 2 

weeks, whereas a lung metastasis increased (arrow) and bilateral pleuritis (arrowheads) 

worsened. At 8 weeks, skewness and kurtosis were further decreased, the lung 

metastasis had diminished in size, and the bilateral pleuritis had improved.  

Regions of interest are bordered by white lines in fat-saturated T2-weighted magnetic 

resonance images (fsT2WI) and ADC maps.  
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Figure 2: Changes in histograms of apparent diffusion coefficient after 

administration of immune checkpoint inhibitor therapy 

(A) Time course of apparent diffusion coefficient (ADC), (B) changes from the 

baseline (Δ) of ADC, (C) skewness of ADC (ADCskew), (D) ΔADCskew, (E) kurtosis of 

ADC (ADCkurt), and (F) ΔADCkurt 2, 4, and 8 weeks after immune checkpoint inhibitor 

therapy. Black squares, progressive disease (PD); white triangles, stable disease (SD); 

grey filled circles, partial response (PR); black filled circles, pseudoprogression.  

 

Figure 3: Progression-free and overall survival 

Progression-free survival (PFS) according to (A) changes in apparent diffusion 

coefficient (ΔADC) at 8 weeks, (B) changes in skewness of ADC (ΔADCskew) at 4 

weeks, (C) kurtosis of ADC (ADCkurt) at 4 weeks, and (D) ΔADCkurt at 4 weeks. The 

cut-off values were −0.28×10-3mm2/sec, −0.01, 3.91 and 0.34 respectively. Overall 

survival (OS) according to (E) ΔADC at 8 weeks, (F) ΔADCskew at 4 weeks, (G) 

ADCkurt at 4 weeks, and (H) ΔADCkurt at 4 weeks. The cut-off values were 

−0.01×10-3mm2/sec, 0.01, 4.00, and 1.82, respectively. The cut-off values were 
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determined by time-dependent receiver operating characteristic analysis 

(Supplementary Figure 1). 
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Table.1. Patient characteristics 

 N=20 

Age 68 (40 − 82) 

Sex, male 16 (80.0) 

Smoking status, never- / ever-smoker 5 (25.0) / 15 (75.0) 

ECOG-PS, 0/1/2 9 (45.0) / 10 (50.0) / 1 (5.0) 

Stage, IIIb / IV 3 (15.0) / 17 (85.0)  

Pathology, adeno / squamous / others 13 (65.0) / 5 (25.0) / 2 (10.0) 

PD-L1 expression,  

unknown or <1% / ≥1 −<50% / ≥50% 

 

6 (30.0) / 6 (30.0) / 8 (40.0) 

EGFR mutation, wild type / del 19 19 (95.0) / 1 (5.0) 

ALK fusion gene, none / unknown 18 (90.0) / 2 (10.0) 

Treatment line, 1st / ≥2nd  7 (35.0) / 13 (65.0) 

Treatment, nivolumab / pembrolizumab 13 (65.0) / 7 (35.0)  

Best response to anti-PD-1 therapy 

PD / SD / PR / CR 

  

5 (25.0) / 6 (30.0) / 9 (45.0) / 0 (0)  

Data are expressed as median (range) or number (%).  
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ALK, anaplastic lymphoma kinase; CR, complete response; ECOG-PS, Eastern 

Cooperative Oncology Group performance status; EGFR, epidermal growth factor 

receptor; PD-1, programmed cell death-1; PD-L1, programmed cell death-ligand 1; PD, 

progressive disease; PR, partial response; SD, stable disease. 
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Table 2. Univariate logistic regression and Cox proportional hazard analyses of factors associated with the efficacy of immune 

checkpoint inhibitor therapy 

 Objective response Disease control Progression-free survival Overall survival 

Variables Odds ratio p-value Odds ratio p-value Hazard ratio p-value Hazard ratio p-value 

Pathology, squamous cell 

(vs. non-squamous) 

4.00 (0.46 − 

87.89) 

0.221 7.60×107 (1.04 – 

N.E.) 

0.047 

0.73 (0.11 − 2.95) 

0.682 

0.76 (0.25 − 2.84) 

0.663 

PD-L1 expression         

 TPS≥1% 

8.00 (0.99 – 

1.74×102) 

0.051 4.00 (0.36 – 

47.88) 

0.246 

0.23 (0.05 – 0.92) 

0.038 

0.66 (0.23 − 2.01) 

0.449 

 TPS≥50% 

38.50 (4.06 – 

9.91×102) 

<0.001 7.53×107 (1.53 – 

N.E) 

0.023 0.06 (3.35×10-3 – 

0.37) 

<0.001 

0.34 (0.08 − 1.08) 

0.070 
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Treatment line, 1st  

(vs. ≥2nd) 

22.00 (2.51 − 

5.15×102) 

0.004 2.22×107 (1.88 – 

N.E.) 

0.014 

0.22 (0.03 – 0.87) 

0.029 

0.59 (0.13 − 1.89) 

0.395 

Overall objective response  

 

 

 0.06 (0.32×10-2 − 

0.36) 

0.001 

0.12 (0.02 − 0.48) 

0.008 

ΔADC∫         

  at 2 weeks 

1.26 (0.06 − 

29.83) 

0.874 0.90 (0.03 − 

27.80) 

0.950 

1.18 (0.21 – 6.19) 

0.834 2.74 (0.60 − 

13.53) 

0.200 

  at 4 weeks 

1.26 (0.08 − 

21.72) 

0.862 7.37 (0.38 – 

3.25×102) 

0.189 

0.46 (0.10 – 2.81) 

0.381 

1.51 (0.46 – 6.06) 

0.512 

  at 8 weeks 

48.61 (1.51 – 

8.88×103) 

0.026 1.93×102 (0.84 – 

2.71×106) 

0.060 0.07 (0.57×10-2 – 

0.62) 

0.016 

0.50 (0.09 − 2.70) 

0.415 
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ADCskew
§         

  at baseline 

5.72 (0.91 

−77.01) 

0.064 1.70 (0.27 

−15.71) 

0.583 

0.62 (0.21 – 1.68) 

0.353 

0.79 (0.34 − 1.84) 

0.587 

  at 2 weeks 1.51 (0.28 − 9.15) 0.628 1.35 (0.19 − 9.60) 0.756 0.51 (0.18 – 1.37) 0.178 0.63 (0.24 − 1.65) 0.342 

  at 4 weeks 0.54 (0.07 − 3.59) 

0.526 2.38×10-6 

(1.85×10-16 − 

0.03) 

<0.001 

2.37 (0.56 – 12.47) 

0.248 

2.41 (0.74 − 9.49) 

0.150 

  at 8 weeks 

0.19 (0.05×10-1 – 

1.86) 

0.169 0.02 (1.85×10-5 – 

1.48) 

0.082 

2.59 (0.40 − 20.64) 

0.337 

1.61 (0.59 − 5.24) 

0.371 

ΔADCskew
§         

  at 2 weeks 0.49 (0.10 − 1.80) 0.289 0.86 (0.17 − 3.77) 0.846 0.85 (0.36 – 2.10) 0.715 0.90 (0.42 − 1.95) 0.791 
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  at 4 weeks 0.18 (0.02 − 0.89) 

0.034 0.68×10-2 

(7.32×10-6 − 0.23) 

0.001 

3.68 (1.04 – 17.27) 

0.043 3.21 (1.04 − 

11.26) 

0.042 

  at 8 weeks 

0.10 (0.05×10-1 − 

0.81) 

0.028 0.05 (3.53×10-5 − 

1.72) 

0.117 

2.56 (0.54 − 17.87) 

0.254 

1.53 (0.64 − 4.38) 

0.361 

ADCkurt
§         

  at baseline 1.69 (0.76 − 5.31) 

0.208 1.79 (0.65 − 

10.34) 

0.310 

0.89 (0.46 – 1.38) 

0.641 

0.98 (0.53 − 1.52) 

0.939 

  at 2 weeks 1.64 (0.55 − 5.50) 0.379 0.87 (0.23 − 3.14) 0.828 1.02 (0.51 − 1.98) 0.947 0.57 (0.27 − 1.16) 0.123 

  at 4 weeks 0.55 (0.17 − 1.27) 

0.176 0.06 (0.94×10-3 − 

0.43) 

<0.001 

2.07 (1.23 – 3.56) 

0.008 

1.31 (0.81 − 2.04) 

0.263 

  at 8 weeks 0.51 (0.09 − 2.15) 0.364 0.17 (0.61×10-2 − 0.124 1.13 (0.30 – 3.85) 0.850 0.75 (0.29 − 1.75) 0.506 



 7 

1.58) 

ΔADCkurt
§         

  at 2 weeks 0.87 (0.45 − 1.56) 0.632 0.71 (0.25 − 1.44) 0.388 1.08 (0.77 – 1.69) 0.691 0.86 (0.63 − 1.29) 0.430 

  at 4 weeks 0.59 (0.26 − 1.06) 0.079 0.28 (0.06 − 0.71) 0.003 1.57 (1.05 – 2.41) 0.028 1.15 (0.82 − 1.61) 0.418 

  at 8 weeks 0.79 (0.31 − 1.78) 0.572 0.65 (0.13 − 2.22) 0.512 0.74 (0.42 – 1.39) 0.345 0.74 (0.45 − 1.24) 0.245 

 

Data are expressed as odds ratio or hazard ratio (95% confident interval). Univariate logistic regression analyses were used for objective 

response and disease controls. Univariate Cox proportional hazard analyses was used for progression-free and overall survival. Only 

significant factors are shown in this table, and results of the other non-significant factors are shown in Supplementary Table 2. 

ADC, apparent diffusion coefficient; ADCkurt, kurtosis of ADC; ADCskew, skewness of ADC; N.E.; not estimated; PD-L1, programmed 

cell death-ligand 1; TPS, tissue proportion score; Δ, change from the baseline. 
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∫per 1×10-3mm2/sec increase 

§per 1 increase 
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Table 3. Comparison of changes in skewness of ADC and responses according to 

RECIST at 4 weeks in each case 

 

Case ΔADCskew at 4 weeks RECIST at 4 weeks Overall response 

No. 1 Not decreased PD PD 

No. 2 Not decreased SD SD 

No. 3 Not decreased SD SD 

No. 4 Decreased SD SD 

No. 5 Not decreased SD PD 

No. 6 Not decreased SD PD 

No. 7 Decreased SD PR 

No. 8 Not decreased SD SD 

No. 9 Not decreased PD PD 

No. 10 Decreased PD (pseudoprogression) PR 

No. 11 Decreased PD (pseudoprogression) PR 

No. 12 Decreased PD (pseudoprogression) PR 

No. 13 Decreased SD PR 
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No. 14 Not decreased SD PD 

No. 15 Decreased PR PR 

No. 16 Decreased SD SD 

No. 17 Decreased SD PR 

No. 18 Decreased SD PR 

No. 19 Decreased PR PR 

No. 20 Decreased SD SD 

ADC, apparent diffusion coefficient; CR, complete response; PD, progressive disease; 

PR, partial response; RECIST, Response Evaluation Criteria in Solid Tumors; SD, 

stable disease; ΔADCskew, change in skewness of ADC from the baseline. The cutoff 

value of decreased ΔADCskew was −0.01, determined by ROC analysis for the objective 

response. 

 



Supplementary File 

Supplementary Table 1. Results of IVIM-MRI measurements 

Variables All patients, n=20 PD, n=5 SD, n=6 PR, n=9 

ADC, ×10-3mm2/sec     

  at baseline 1.39 (1.06 − 2.76) 1.50 (1.25 − 1.87) 1.46 (1.16 − 1.97) 1.28 (1.06 − 2.76) 

  at 2 weeks 1.47 (1.01 − 2.14) 1.54 (1.11 − 1.79) 1.44 (1.10 − 1.79) 1.40 (1.01 − 2.14) 

  at 4 weeks 1.40 (0.92 − 2.00) 1.38 (1.09 − 1.42) 1.49 (1.16 − 1.42) 1.55 (0.92 − 2.00) 

  at 8 weeks 1.63 (0.95 − 2.89) 1.46 (1.34 − 1.59) 1.55 (1.02 − 1.96) 1.73 (0.95 − 2.89) 

ΔADC, ×10-3mm2/sec     

  at 2 weeks 0.03 (-0.82 − 0.80) 0.02 (-0.275 − 0.295) 0.04 (-0.38 − 0.17) 0.03 (-0.82 − 0.80) 

  at 4 weeks 0.02 (-1.00 − 0.51) -0.235 (-0.50 − 0.14) 0.19 (-0.12 – 0.23) 0.07 (-1.00 − 0.51) 

  at 8 weeks 0.07 (-0.54 – 0.64) -0.30 (-0.54 − -0.07) -0.03 (-0.44 – -0.37) 0.31 (-0.28 − 0.64) 

ADCskew     

  at baseline 0.50 (-0.52 − 2.08) 0.40 (0.14 − 0.60) 0.14 (-0.21 − 0.92) 0.85 (-0.52 − 2.08) 

  at 2 weeks 0.33 (-0.73 − 1.17) 0.19 (-0.51 − 0.93) 0.29 (-0.51 − 0.81) 0.37 (-0.73 − 1.17) 

  at 4 weeks 0.22 (-0.58 − 1.00) 

0.79 (0.50 − 1.00) -0.40×10-2 (-0.58 − 

0.29) 

0.12 (-0.53 − 0.65) 

  at 8 weeks 0.11 (-1.24 − 0.96) 0.54 (0.12 − 0.96) 0.07 (-0.14 – 0.43) 0.03 (-1.24 − 0.63) 
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ΔADCskew     

  at 2 weeks -0.30 (-1.92 − 1.02) -0.30 (-1.11 − 0.60) 0.04 (-0.71 − 1.02) -0.33 (-1.92 − 0.89) 

  at 4 weeks -0.17 (-1.56 − 0.72) 0.39 (0.01 − 0.72) -0.35 (-1.03 − 0.50) -0.46 (-1.56 − -0.01) 

  at 8 weeks -0.17 (-1.93 − 0.50) 0.17 (-0.01 − 0.36) 0.02 (-1.06 − 0.50) -0.65 (-1.93 − 0.02) 

ADCkurt     

  at baseline 3.64 (2.85 − 8.05) 3.32 (2.98 − 5.41) 3.89 (3.06 − 4.69) 3.71 (2.85 − 8.05) 

  at 2 weeks 3.81 (2.55 − 5.21) 4.26 (2.62 − 4.65) 3.25 (2.71 − 4.62) 4.15 (2.55 − 5.21) 

  at 4 weeks 3.50 (2.32 − 7.53) 4.76 (3.98 − 7.53) 3.10 (2.63 − 3.91) 3.41 (2.32 − 4.67) 

  at 8 weeks 3.08 (2.17 − 4.63) 3.98 (3.32 − 4.63) 2.98 (2.50 − 4.39) 3.07 (2.17 − 4.22) 

ΔADCkurt     

  at 2 weeks 0.10 (-5.07 − 1.66) 0.69 (-2.79 − 1.66) -0.07 (-1.97 − 0.44) -0.32 (-5.07 − 1.50) 

  at 4 weeks -0.45 (-4.57 − 3.96) 1.44 (-0.84 − 4.00) -0.45 (-1.78 − -0.08) -0.90 (-4.57 − 1.82) 

  at 8 weeks -0.76 (-3.68 − 1.64) -0.22 (-2.08 − 1.64) -0.49 (-1.91 − 0.27) -0.80 (-3.68 − 0.80) 

D, mm2/sec     

  at baseline 1.06 (0.70 − 3.56) 1.22 (0.99 − 1.54) 1.09 (0.95 − 1.95) 0.94 (0.70 − 3.56) 

  at 2 weeks 1.11 (0.71 − 1.74) 1.14 (0.93 − 1.41) 1.05 (0.71 − 1.51) 1.13 (0.74 − 1.74) 

  at 4 weeks 1.07 (0.16 − 1.56) 1.02 (0.70 − 1.19) 1.15 (0.81 − 1.22) 0.98 (0.16 − 1.56) 
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  at 8 weeks 1.30 (0.69 − 2.74) 1.20 (1.10 − 1.31) 1.15 (0.74 – 1.44) 1.35 (0.69 − 2.74) 

ΔD, mm2/sec     

  at 2 weeks -0.03 (-1.82 − 0.47) -0.13 (-0.15 − 0.15) -0.13 (-0.45 − 0.06) 0.14 (-1.82 − 0.47) 

  at 4 weeks -0.01 (-3.40 − 0.50) -0.04 (-0.56 − 0.12) -0.01 (-0.78 − 0.17) 0.14 (-3.40 − 0.50) 

  at 8 weeks 0.07 (-0.82 – 0.74) -0.17 (-0.44 − 0.09) -0.12 (-0.52 – 0.33) 0.31 (-0.82 − 0.74) 

D*, mm2/sec     

  at baseline 

64.26 (18.04 – 

1.73×102) 

67.26 (43.67 − 

1.73×102) 

59.30 (39.24 − 88.32) 

78.62 (18.04 − 

1.63×102) 

  at 2 weeks 52.59 (9.69 − 163.39) 

73.63 (53.29 − 

1.28×102) 

38.43 (9.69 − 81.37) 

40.86 (23.58 − 

1.63×102) 

  at 4 weeks 45.58 (20.13 − 116.85) 

46.70 (28.90 − 91.11) 

51.74 (20.13 − 76.57) 

44.46 (22.02 − 

1.17×102) 

  at 8 weeks 49.68 (23.31 − 126.19) 

98.64 (71.10 − 

1.26×102) 

49.68 (23.31 − 

1.07×102) 

31.29 (24.54 − 

98.03) 

ΔD*, mm2/sec     

  at 2 weeks 

-1.15 (-1.22×102 − 

84.77) 

29.96 (-1.03×10-2 − 

58.88) 

-19.05 (-60.89 − 24.04) 

-0.89 (-1.22×10-2 − 

84.77) 
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  at 4 weeks 

-19.86 (-97.06 − 

44.09) 

-19.17 (-97.06 − 

21.45) 

-15.02 (-25.35 − 15.31) 

-32.70 (-56.99 − 

44.09) 

  at 8 weeks 5.48 (-73.85 − 76.06) 

39.95 (3.84 − 76.06) 

8.33 (-47.27 − 49.45) 

-19.79 (-73.85 − 

69.17) 

f, %     

  at baseline 23.13 (11.10 − 54.00) 

17.95 (11.10 − 34.25) 

24.08 (17.25 − 32.60) 

26.10 (17.80 − 

54.00) 

  at 2 weeks 27.33 (16.25 − 48.30) 

23.45 (16.25 − 30.05) 

29.93 (24.75 − 45.15) 

26.80 (17.15 − 

48.30) 

  at 4 weeks 25.68 (11.05 − 69.20) 

22.40 (11.05 − 40.75) 

27.53 (19.40 − 44.60) 

26.30 (14.10 − 

69.20) 

  at 8 weeks 25.33 (13.85 − 60.15) 

18.25 (16.60 − 19.90) 

25.25 (20.90 − 37.65) 

31.70 (13.85 − 

60.15) 

Δf, %     

  at 2 weeks 1.95 (-20.45 − 20.75) 1.70 (-5.15 − 12.35) 5.53 (-1.85 − 20.75) 1.35 (-20.45 − 11.7) 

  at 4 weeks 4.30 (-16.75 − 29.65) 

4.30 (-16.75 − 29.65) 

4.20 (-6.45 − 12.00) 

4.30 (-15.70 − 

15.20) 
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  at 8 weeks 3.23 (-17.65 − 9.60) -7.85 (-17.65 − 1.95) 4.28 (-8.50 − 6.65) 3.35 (-7.80 − 9.60) 

 

Data are expressed as median (range) 

ADC, apparent diffusion coefficient; ADCkurt, kurtosis of ADC; ADCskew, skewness of 

ADC; ECOG-PS, Eastern Cooperative Oncology Group performance status; N.E.; not 

estimated; PD-L1, programmed cell death-ligand 1; TPS, tissue proportion score; Δ, 

change from the baseline; D, true diffusion coefficient; D*, pseudodiffusion coefficient; 

f, perfusion fraction. 
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Supplementary table 2: Univariate logistic regression and Cox proportional hazard analyses of non-significant factors for the 

efficacy of immune checkpoint inhibitor therapy 

 Objective response Disease control Progression-free survival Overall survival 

Variables Odds ratio p-value Odds ratio p-value Hazard ratio p-value Hazard ratio p-value 

Age         

  ≤65 years 

1.00 (0.15 − 

6.35) 

1.000 1.00 (0.14 − 

9.04) 

1.000 

1.14 (0.33 − 3.64) 

0.832 0.81 (0.25 − 

2.30) 

0.705 

  ≤75 years 

0.40 (0.04 − 

3.09) 

0.377 0.55 (0.02 − 

5.08) 

0.618 

1.36 (0.40 − 6.20) 

0.639 0.91 (0.27 − 

4.12) 

0.884 

Sex, male 

2.67 (0.28 − 

60.13) 

0.411 3.25 (0.31 − 

35.62) 

0.310 

0.43 (0.12 – 2.03) 

0.259 0.57 (0.17 − 

2.57) 

0.420 
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Smoking, ever-smoker 

4.00 (0.46 − 

87.89) 

0.211 2.00 (0.21 − 

17.14) 

0.526 

0.36 (0.10 – 1.42) 

0.135 0.40 (0.12 – 

1.55) 

0.172 

ECOG-PS, 0 (vs. ≥1) 

1.12 (0.19 − 

6.59) 

0.899 1.75 (0.25 − 

15.57) 

0.574 

0.36 (0.08 − 1.27) 

0.116 0.68 (0.21 − 

1.94) 

0.480 

Stage, IIIb (vs. IV) 

0.63 (0.03 − 

7.73) 

0.716 1.97×107 (0.47 – 

N.E.) 

0.137 

0.65 (0.03 – 3.56) 

0.668 0.41 (0.06 − 

1.54) 

0.207 

Objective response at 4 

weeks 

5.97×107 (0.85 – 

N.E.) 

0.063 

3.97×107 (N.E.) 

0.269 

0.36×10-8 (N.E.) 

0.999 0.31 (0.02 − 

1.63) 

0.266 

ADC∫         

  at baseline 

0.88 (0.06 − 

10.26) 

0.917 0.79 (0.06 − 

18.16) 

0.862 

1.38 (0.24 – 4.88) 

0.674 0.71 (0.20 − 

1.87) 

0.513 
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  at 2 weeks 

1.05 (0.04 − 

27.26) 

0.974 0.57 (0.01 − 

24.27) 

0.760 

1.75 (0.29 – 8.87) 

0.517 1.28 (0.25 − 

6.08) 

0.759 

  at 4 weeks 

1.53 (0.06 − 

42.33) 

0.791 12.68 (0.28 − 

1.49×103) 

0.198 

0.53 (0.06 – 4.40) 

0.554 0.76 (0.15 − 

3.69) 

0.738 

  at 8 weeks 

5.78 (0.59 − 

1.60×102) 

0.140 2.75 (0.12 − 

2.65×102) 

0.566 

0.34 (0.05 – 1.75) 

0.211 0.52 (0.14 – 

1.52) 

0.247 

D#         

  at baseline 

1.07 (0.19 − 

5.89) 

0.926 1.03 (0.21 − 

12.81) 

0.974 

1.05 (0.27 – 2.28) 

0.929 0.65 (0.22 − 

1.27) 

0.240 

  at 2 weeks 

1.42 (0.04 − 

55.69) 

0.843 0.28 (0.37×10-2 − 

15.83) 

0.524 3.18 (0.30 – 

28.89) 

0.323 0.64 (0.11 − 

3.23) 

0.598 
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  at 4 weeks 

0.40 (0.01 − 

7.36) 

0.532 1.22 (0.03 − 

33.39) 

0.905 1.35 (0.21 − 

11.35) 

0.765 2.85 (0.73 − 

12.80) 

0.135 

  at 8 weeks 

7.24 (0.59 – 

4.15×102) 

0.137 1.68 (0.09 – 

1.80×102) 

0.768 0.30 (0.73×10-3 – 

3.28) 

0.208 0.41 (0.09 − 

1.27) 

0.135 

ΔD#         

  at 2 weeks 

0.99 (0.11 − 

10.22) 

0.990 0.57 (0.01 − 

5.48) 

0.666 1.43 (0.41 – 

10.60) 

0.639 1.98 (0.77 − 

8.76) 

0.182 

  at 4 weeks 

0.84 (0.20 − 

2.88) 

0.757 1.01 (0.16 − 

3.42) 

0.983 

1.02 (0.56 − 3.02) 

0.961 1.53 (0.88 − 

3.82) 

0.148 

  at 8 weeks 

6.56 (0.54 – 

1.70×102) 

0.146 3.87 (0.10 – 

3.04×102) 

0.460 

0.26 (0.04 – 1.38) 

0.114 1.26 (0.42 − 

3.99) 

0.678 
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D* #         

  at baseline 

1.00 (0.98 − 

1.02) 

0.915 0.99 (0.97 − 

1.02) 

0.506 

1.00 (0.99 – 1.02) 

0.885 1.01 (0.99 − 

1.02) 

0.232 

  at 2 weeks 

1.00 (0.97 − 

1.02) 

0.848 0.98 (0.94 − 

1.00) 

0.065 

1.01 (0.99 – 1.02) 

0.078 1.00 (0.99 − 

1.01) 

0.699 

  at 4 weeks 

1.01 (0.97 − 

1.04) 

0.775 1.00 (0.96 − 

1.04) 

0.909 

1.00 (0.98 – 1.02) 

0.935 0.99 (0.97 − 

1.01) 

0.524 

  at 8 weeks 

0.98 (0.95 − 

1.01) 

0.244 0.96 (0.87 − 

1.01) 

0.083 

1.01 (0.99 – 1.04) 

0.258 1.01 (0.99 − 

1.03) 

0.531 

ΔD* #         

  at 2 weeks 1.00 (0.98 − 0.823 0.99 (0.97 − 0.368 1.01 (0.99 – 1.02) 0.167 1.00 (0.99 − 0.628 
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1.02) 1.01) 1.01) 

  at 4 weeks 

1.00 (0.97 − 

1.03) 

0.927 1.01 (0.98 − 

1.05) 

0.462 

1.00 (0.98 – 1.02) 

0.788 0.98 (0.97 − 

1.00) 

0.070 

  at 8 weeks 

0.99 (0.96 − 

1.01) 

0.376 0.98 (0.92 − 

1.01) 

0.179 

1.01 (0.99 – 1.02) 

0.476 1.00 (0.98 − 

1.01) 

0.704 

f ¶         

  at baseline 

1.08 (0.97 − 

1.24) 

0.150 1.17 (0.99 − 

1.53) 

0.056 

0.96 (0.88 – 1.04) 

0.362 0.97 (0.90 − 

1.02) 

0.209 

  at 2 weeks 

0.99 (0.88 − 

1.11) 

0.905 1.12 (0.96 − 

1.38) 

0.154 

0.98 (0.09 – 1.05) 

0.546 1.03 (0.96 − 

1.09) 

0.438 

  at 4 weeks 1.01 (0.94 − 0.742 1.03 (0.95 − 0.518 0.99 (0.92 – 1.03) 0.574 0.97 (0.91 − 0.113 
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1.09) 1.15) 1.01) 

  at 8 weeks 

1.08 (0.98 − 

1.25) 

0.130 1.34 (0.99 − 

2.42) 

0.054 

0.98 (0.91 – 1.04) 

0.602 0.98 (0.93 − 

1.02) 

0.317 

Δf ¶          

  at 2 weeks 

0.90 (0.75 − 

1.01) 

0.083 0.97 (0.84 − 

1.09) 

0.591 

1.01 (0.94 – 1.10) 

0.758 1.07 (0.93 − 

1.17) 

0.063 

  at 4 weeks 

0.97 (0.88 − 

1.05) 

0.426 0.97 (0.87 − 

1.07) 

0.532 

1.00 (0.94 – 1.07) 

0.933 0.96 (0.90 − 

1.03) 

0.261 

  at 8 weeks 

1.09 (0.94 − 

1.34) 

0.267 1.19 (0.98 − 

1.62) 

0.080 

0.94 (0.84 – 1.06) 

0.289 0.95 (0.87 − 

1.05) 

0.329 
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Data are expressed as odds ratio or hazard ratio (95% confident interval). Univariate logistic regression analyses were used for objective 

response and disease controls. Univariate Cox proportional hazard analyses was used for progression-free and overall survival. Only 

non-significant factors are shown in this table. ADC, apparent diffusion coefficient; ECOG-PS, Eastern Cooperative Oncology Group 

performance status; N.E., not estimated; Δ, change from the baseline; D, true diffusion coefficient; D*, pseudodiffusion coefficient; f, 

perfusion fraction. 

∫per 1×10-3mm2/sec increase 

#per 1 mm2/sec increase 

¶per 1% increase 








