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A B S T R A C T

Purpose: To explore the role of quantitative Intravoxel incoherent motion (IVIM) parameters and their histogram
analysis in characterizing changes in Osteosarcoma receiving neoadjuvant chemotherapy (NACT) and evaluating
therapeutic response.
Methods: Forty patients (N = 40; Male:Female = 30:10; Age = 17.7 ± 5.9years; Metastatic:localized = 17:23)
with histologically confirmed Osteosarcoma treated with 3-cycles of NACT were analyzed prospectively. All
patients underwent Diffusion weighted imaging (DWI) with 11 b-values (0–800 s/mm2) using 1.5 T MRI scanner
at pre-treatment (t0), after 1-cycle (t1) and after 3-cycles (t2) of NACT. Non-invasive response evaluation of
NACT was performed using RECIST1.1 criteria. Apparent-diffusion-coefficient (ADC) and IVIM parameters –
Diffusion-coefficient (D), Perfusion-coefficient (D*) & Perfusion-fraction (f) and their relative percentage
changes from time-point t0–t1 (Δ2) and t0–t2 (Δ2) were evaluated and histogram analysis was performed at
three time-points and compared with respect to RECIST1.1 scores.
Results: Using RECIST1.1 criteria, 11 (27.5%), 21 (52.5%) and 8 (20%) patients were in Partial-responder (PR),
Stable-disease (SD) and Progressive-disease (PD) groups respectively. Pre-NACT (t0), average ADC, D,D*& f in
tumor volume were 1.36 ± 0.33 × 10−3 mm2/s, 1.3 ± 0.3 × 10−3 mm2/s, 28.44 ± 10.34 × 10−3 mm2/s &
13.95 ± 2.83% respectively. Using ANOVA test, during NACT (t1, t2), D*-variance (p= 0.038, 0.003) and f-
skewness (p= 0.03, 0.03) and at t2, D*-entropy (p= 0.001) and f-entropy (p= 0.002) and their Δ2 changes
(p= 0.001, 0.003) were statistically significant among response groups. At t1, D*-variance and f-skewness jointly
showed AUC = 0.77 & 0.74 in classifying PR (Sensitivity = 73%; Specificity = 70%) and SD (Sensitivity = 74;
Specificity = 75%) groups respectively in patient cohort. Δ1 & Δ2 changes of D*-mean, D*-variance, D*-entropy
and f-entropy correlated well (0.5-0.6) with tumor-diameter and tumor-volume changes.
Conclusions: Quantitative IVIM parameters, especially D* & f and their histogram analysis were informative and
can be used as noninvasive surrogate markers for early response assessment during the course of NACT in
Osteosarcoma.

1. Introduction

Osteosarcoma (OS) is the most common primary malignant bone
tumor in children and adolescents and accounts for 3.4% of all child-
hood cancers [1]. Current treatment regimen for OS commonly involves
neoadjuvant chemotherapy (NACT) [1]. Five-year disease-free survival
rate for localized OS is 60–70%, whereas disease free survival rate is
less than 20% in patients presenting with metastasis [1]. Monitoring

treatment response is important during chemotherapy that might help
in better and personalized therapeutic options improving overall ther-
apeutic outcome [2–5]. RECIST1.1 is the currently accepted standard
imaging criteria for non-invasive treatment response evaluation in solid
tumors [6] that facilitates objective assessment of the changes in tumor
burden in response to therapy.

Advanced functional MRI techniques like Diffusion weighted
Imaging (DWI) [7–11], Perfusion MRI [12,13] and FDG-PET/CT [9]
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have been widely used for tumor characterization and treatment
monitoring during NACT. While DWI uses water protons as endogenous
contrast to assess diffusivity and tissue microstructure in tumor [7–11],
perfusion MRI or FDG-PET/CT use exogenous contrast agents to assess
tissue perfusion and metabolic activity in tumor [9,12,13] respectively.
Therefore, DWI has the advantage over perfusion MRI and FDG-PET/CT
that it does not involve any exogenous contrast agent. At the same time
DWI might provide clinically useful information for prognostication.

Le Bihan et al. had shown that, at lower diffusion weighting factors
(b-values≤100 s/mm2), fast attenuation of signal is contributed mostly
by both, water diffusion in tissues and microcirculatory perfusion
(pseudo-diffusion) within the capillary network, known as Intravoxel
Incoherent Motion (IVIM) [14]. Quantitative IVIM analysis of DWI
signal can separate the perfusion component from tissue diffusion and
may help in better tissue characterization and treatment monitoring
[15,16]. Thus, IVIM has been explored with promising results in char-
acterizing and treatment monitoring of tumors in various organs like
pancreas [17], prostate [18], cervix [19], breast [20,21], colon &
rectum [22], head & neck [23] and nasopharynx [24,25] etc.

This study evaluates IVIM-diffusion-weighted MRI for tissue char-
acterization and assessment of chemotherapy response in one of the
rare solid tumors such as Osteosarcoma. The novelty of the study is also
to perform IVIM analysis using one of the recently developed state-of-
the-art techniques Bi-exponential (BE) model with adaptive Total
Variation (TV) penalty function (BE+TV) [26] and evaluate the sig-
nificance of various parameters in chemotherapy response evaluation
using RECIST1.1 score as the reference standard. TV penalty function,
widely used in image processing, is an image gradient based denoising
method removing noise present in image regions and simultaneously
preserving fine details and edges in the images [27]. Using DWI with
low SNR, voxel-by-voxel parameter estimation by BE model may pro-
duce unreliable and noisy parametric maps [15]. As physiologically a
spatial homogeneity in the tissue is expected, in BE+TV method, TV
was incorporated into nonlinear least-square (NNLS) optimization to
add a physiologically plausible spatial constraint to the BE model to
iteratively reduce the non-physiological spatial inhomogeneity and
spurious values during parameter estimation providing more reliable,
qualitatively and quantitatively improved IVIM parametric maps [26].

2. Materials and methods

2.1. Patient cohort

This prospective study was performed from March, 2016 to March,
2019 under the Institutional Review Board approved protocol. Fifty-five
patients (N = 55; Male:Female = 41:14; Age = 17.8 ± 5.5 years;
Metastatic:localized = 29:26) with needle biopsy proven Osteosarcoma
were enrolled for this study after obtaining written informed consent.
Exclusion criteria were age below eight years and general contra-
indication for MRI. Patients were planned for three cycles of NACT
consisting of Cisplatin, Doxorubicin, Ifosfamide with/without high-dose
of Methotrexate at every 3 weeks [28]. Total forty patients (N = 40;
Male:Female = 30:10; Age = 17.7 ± 5.9 years; Metastatic:loca-
lized = 17:23) who completed three cycles of NACT, were further
analyzed; fifteen patients could not complete NACT regimen due to
death (n = 8/55, 15%), drop-out (n = 4/55, 7%) and early-surgery
(n = 3/55, 5%) thus not included in final analysis. All patients had
conventional type Osteosarcoma involving distal-femur (n = 18/40,
45%), proximal-tibia (n = 17/40, 43%), humerus (n = 3/40, 7%) and
fibula (n = 2/40, 5%). All patients underwent conventional as well as
diffusion-weighted MRI for evaluation of the primary tumor site and
chest CT and bone scans for metastatic work-up. For each patient MRI
was acquired at three time-points – pre-NACT (t0), after 1st NACT (t1,
2–3 weeks) and after 3rd NACT (t2, 8–9 weeks) and analyzed.

2.2. MRI acquisition protocol

MRI was acquired using a 1.5 T Philips Achieva® (Best, Netherland)
MR scanner with phased-array surface coil or an extremity coil. A
protocol including conventional T1-weighted (T1W), T2-weighted
(T2W) with and without fat-saturation, and T2-weighted gradient-echo
sequences was used. Patients underwent DWI using free breathing Spin
Echo-Echo Planar imaging (SE-EPI) at 11 b-values (0, 10, 20, 30, 40, 50,
80, 100, 200, 400, 800 s/mm2). DW sequence was acquired with TR/
TE = 7541/67 msec, matrix-size = 192 × 192 and slice thickness/
Gap = 5 mm/0.5 mm. The sequences acquired were based on the ex-
isting institutional protocol. The plane of acquisition and field-of-view
were customized according to the tumor location and patient anatomy.
The field-of-view ranged from 250 × 250 to 300 × 300 mm2 and
number of image slices ranged from 48 to 64.

2.3. RECIST score measurement

Region-of-interest (ROI) for tumor tissue was demarcated manually
by a radiologist (> 10years of experience in cancer imaging), on each
b = 800 DWI image-slice (DWI800) with reference to the morphological
T1W and T2W images at three time-points. Tumor-diameter (in cm)
was measured at all three time-points using demarcated ROI having the
maximum cross-sectional area of tumor. RECIST1.1 technique scores
the amount of size changes in the soft tissue component of an osseous
lesion during treatment as an indication of response [6]. Changes in
tumor-diameter across time were calculated and NACT response eva-
luation was performed according to RECIST1.1 criteria [6]. Patients
were classified as Complete-response (CR): total disappearance of
tumor; Partial-response (PR): Minimum 30% decrease in tumor-dia-
meter; Progressive-disease (PD): minimum 20% and 5 mm absolute
increase in tumor-diameter; Stable-disease (SD): neither PR nor PD.
Tumor-volume (in cc) was calculated separately at all the three time-
points by selecting the tumor ROI across all slices. Relative percentage
changes between time-points t0–t1 ( 1) and time-points t0–t2 ( 2) in
tumor-diameter and tumor-volume were calculated.

2.4. Quantitative parameters estimation

Apparent diffusion coefficient (ADC) was calculated voxel-wise in
tumor-volume at three time-points using mono-exponential fit at b-
values≥200 s/mm2 as

=S S e.b
b ADC

200
. (1)

assuming perfusion effect is negligible at higher b-values (b≥200 s/
mm2) [14,16,21–24,29].

IVIM parameters Diffusion-coefficient (D), Perfusion-coefficient
(D*) and Perfusion-fraction (f) were calculated in tumor-volume using
state-of-the-art IVIM analysis method, Bi-exponential (BE) model with
adaptive Total Variation (TV) Penalty function (BE+TV) [26]. The
IVIM analysis BE model [14] is defined as:

= +S S f e f e/ · (1 )·b
b D b D

0
· ·*

(2)

where, S0 and Sb are observed signals at diffusion weighting factor value
of zero and b respectively. Non-linear least square optimization and
image gradient based penalty Total Variation [27] was applied si-
multaneously in BE+TV method [26] to estimate the quantitative IVIM
parameters. Goodness-of-fit (R2) and Coefficient-of-variation (CV) were
calculated as a measure of precision and reproducibility in parameter
estimation respectively.

2.5. Histogram analysis

Histogram analysis was performed for functional parameters (ADC,
D, D* and f) in tumor-volume at three time-points. Five (n = 5)
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quantitative parameters: mean, variance, skewness, kurtosis and en-
tropy and their relative percentage changes (Δ1 (t1-t0) and Δ2 (t2-t0))
were calculated for each patient in tumor volume having averagely
∼36420 ± 30543 voxels at all the time-points.

2.6. Statistical analysis

Statistical change in size and functional parameters between time-
points t0–t1 and t0–t2 were tested for statistical significance
(p < 0.05) using paired t-test. One-way ANOVA followed by Tukey
post-hoc test was used to evaluate statistical significance (p< 0.05) in
parameters and their Δ1 & Δ2 changes between response groups across
three time-points. Performance of significant parameters in identifying
NACT response was assessed using Receiver-operating-characteristic-
curve (ROC) analysis at time-points t0 and t1 with Area-under-the-
curve (AUC), Sensitivity (Sn), Specificity (Sp) and corresponding op-
timal Cut-off value. Correlation of Δ1 & Δ2 changes in tumor-diameter
and tumor-volume with Δ1 & Δ2 changes in histogram of functional
parameters were evaluated using Pearson-correlation-coefficient (R).
Value of R may vary from -1 to 1; where R= ± 1 indicates perfect
correlation and R = 0 indicates no correlation.

Evaluation of quantitative parameters and histogram analysis was
performed using an in-house built toolbox in MATLAB® (MathWorks
Inc., v2017, Philadelphia, USA) and statistical analysis were performed
using SPSS 16.0 software.

3. Results

3.1. RECIST score assessment

According to RECIST1.1 criteria, 11 patients were categorized as PR
(11/40, 27.5%), 21 as SD patients (21/40, 52.5%) and 8 as PD patients
(8/40, 20%); whereas none of the patients were in CR category.

3.2. Tumor-diameter and tumor-volume

At t0, average tumor-diameter and tumor-volume in patient cohort
were 9.76 ± 2.93 cm and 529.39 ± 520.95cc respectively. Average
tumor-diameter and tumor-volume measured at three time-points
among different response groups are summarized in Table1. In the
course of NACT, while tumor-diameter in PR and SD groups broadly
decreased, showing significant Δ2 decrement (PR: Δ1= ∼6 ± 17%,
p= 0.242; Δ2= ∼35 ± 7%, p< 10−6 and SD: Δ1= ∼0.5 ± 12%,
p= 0.662; Δ2= ∼13 ± 7%, p< 10-5); in PD group it showed incre-
ment (Δ1= ∼7 ± 8%, p= 0.077; Δ2= ∼15.89 ± 7%, p< 10-4).
During NACT, tumor-volume in PR group decreased (Δ1= ∼7 ± 56%,
p= 0.605; Δ2= ∼56 ± 36%, p= 0.002) and in PD group it increased
(Δ1= ∼23 ± 25%, p= 0.065; Δ2= ∼49 ± 55%, p= 0.049); while

among SDs it was almost similar, showing no significant changes (Δ1=
∼24 ± 42%, p= 0.304; Δ2= ∼4 ± 46%, p= 0.379).

3.3. IVIM analysis

At t0, in patient cohort, mean ADC, D, D* & f values
were 1.36 ± 0.33 × 10−3 mm2/s, 1.3 ± 0.3 × 10−3 mm2/s,
28.44 ± 10.34 × 10−3 mm2/s and 13.95 ± 2.83% respectively.
Mean R2 value calculated for all measurement, was 0.97 ± 0.03 and
mean CV were ADC:29.6 ± 9.2%, D:30.7 ± 10.1%,
D*:103.4 ± 23.2% and f:56.7 ± 12.9%. Average values of histo-
gram parameters for all quantitative functional parameters across
time-points among groups are presented in Table2.

In PR group, mean ADCt0 (1.3 ± 0.24 × 10−3 mm2/s) was sig-
nificantly lower(p< 10−3) than that of ADCt1
(1.68 ± 0.32 × 10−3 mm2/s) or ADCt2 (1.69 ± 0.3 × 10−3 mm2/s).
Similarly, Dt0 (1.24 ± 0.25 × 10−3 mm2/s) was also significantly
lower (p< 10−3) than that of Dt1 (1.6 ± 0.3 × 10−3 mm2/s) or Dt2
(1.61 ± 0.26 × 10−3 mm2/s). Mean Dt0

* (27.69 ± 9.62 × 10−3 mm2/
s) among PRs was significantly higher (p < 0.009) than Dt1

*

(18.16 ± 5.86 × 10−3 mm2/s) as well as Dt2
*

(17.54 ± 10.85 × 10−3 mm2/s); whereas no significant difference
(p= 0.37) was observed between ft0 (13.4 ± 3.49%) and either ft1
(12.31 ± 1.05%) or ft2 (13.1 ± 1.46%). Fig. 1 illustrates a re-
presentative patient from PR group showing the respective changes in
functional parameters.

In SD group, mean ADCt0 (1.42 ± 0.39 × 10−3 mm2/s) was sig-
nificantly lower (p< 10−3) than that of ADCt1
(1.72 ± 0.34 × 10−3 mm2/s) or ADCt2 (1.73 ± 0.25 × 10−3 mm2/s).
Similarly, Dt0 (1.35 ± 0.35 × 10−3 mm2/s) was also significantly
lower (p< 10−3) than Dt1 (1.64 ± 0.34 × 10−3 mm2/s) and Dt2
(1.65 ± 0.25 × 10−3 mm2/s). There was no significant change
(p= 0.16) in average Dt0

* (29.39 ± 11.09 × 10−3 mm2/s) and Dt1
*

(24.3 ± 9.7 × 10−3 mm2/s) among SDs; while Dt2
*

(19.5 ± 5.88 × 10−3 mm2/s) was significantly lower (p= 0.001) than
Dt0

* . No significant difference (p > 0.06) was observed between ft0
(13.4 ± 3.49%) and either ft1 (12.31 ± 1.05%) or ft2 (13.1 ± 1.46%)
in SD group. Fig. 2 illustrates a representative patient from SD group
showing the respective changes in functional parameters.

In PD group, average ADCt0 (1.34 ± 0.28 × 10−3 mm2/s) was
significantly lower (p< 10−3) than that of ADCt1
(1.57 ± 0.3 × 10−3 mm2/s) or ADCt2 (1.68 ± 0.3 × 10−3 mm2/s).
Similarly, Dt0 (1.25 ± 0.25 × 10−3 mm2/s) was significantly lower
(p< 10−3) than that of Dt1 (1.5 ± 0.27 × 10−3 mm2/s) or Dt2
(1.61 ± 0.26 × 10−3 mm2/s) among PDs. There was no significant
change(p > 0.3) in Dt0

* (27.22 ± 10.58 × 10−3 mm2/s) and either Dt1
*

(25.43 ± 14.32 × 10−3 mm2/s) or Dt2
* (27.56 ± 11.25 × 10−3 mm2/

s) among PDs. Similarly, no significant change (p > 0.4) was observed

Table 1
Average tumor-diameter (cm) and tumor-volume (cc) measured among different response groups viz. Partial-responder (PR), Sable-disease (SD) and Progressive-
disease (PD) at three time-points t0, t1 and t2 in the course of neoadjuvant chemotherapy.

Response group Tumor-diameter (cm)
(Mean ± standard-deviation)

Tumor-volume (cc)
(Mean ± standard-deviation)

t0 t1 *p-value t2 #p-value t0 t1 *p-value t2 #p-value

PR
(n = 11)

9.25 ± 2.02# 8.59 ± 2.34 0.242 5.92 ± 1.42#,† < 10−6 525.79 ± 259.85# 473.18 ± 392.34 0.605 163.32 ± 102.02#,† 0.002

SD
(n = 21)

10.43 ± 3.63# 10.48 ± 3.81 0.662 9.06 ± 3.23#,† < 10−5 568.75 ± 676.47 650.72 ± 681.13 0.304 500.55 ± 395.8† 0.379

PD
(n = 8)

8.86 ± 1.81# 9.49 ± 1.9 0.077 10.28 ± 2.22#,† < 10−4 440.84 ± 384.88# 536.22 ± 423.23 0.065 650.93 ± 571.42#,† 0.049

†p-value 0.363 0.285 – 0.002 – 0.851 0.694 – 0.022 –

* p-value according to paired t-test between time-points t0 and t1.
# p-value according to paired t-test between time point t0 and t2.
† p-value according to one-way ANOVA test among response groups at individual time points t0, t1 and t2.
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in ft0 (14.36 ± 3.04%) and either ft1 (14.44 ± 4.03%) or ft2
(13.6 ± 2.84%) in PD group. Fig. 3 illustrates a representative patient
from PD group showing the respective changes in functional para-
meters.

3.4. Comparison of tumor size-parameters and functional-parameters
among Response groups

According to paired t-test, after 1st cycle of NACT, ADC-mean & D-
mean increased significantly (p= 0.004, 0.006) and ADC-skewness & D-
skewness decreased significantly (p= 0.001, 0.002) among PR and SD
groups except PDs. D*-mean, D*-variance & f-variance significantly re-
duced (p= 0.01, 0.01, 0.04) and D*-skewness significantly (p= 0.007)
increased only among PG group; while SD and PD groups did not show
any significant differences. According to ANOVA test, statistically sig-
nificant (p < 0.05) parameters and their Tukey post-hoc test among
response groups are listed in Table3. Tumor-diameter and tumor-vo-
lume were significantly different among response groups (p= 0.002,
0.022) only at t2. During NACT (t1, t2), D*-variance (p= 0.038, 0.003
respectively) and f-skewness (p=0.03, 0.03 respectively) were sig-
nificantly different among groups. Across t1 and t2, D*-variance was

lower among PRs ((3.64–3.87 vs 4.62–5.79 and 5.27–6.74) x10−4;
p= 0.038, 0.001) with significant Δ2 reduction (33%↓ vs, 9%↓, 4%↓;
p= 0.01) than PD and SD groups. At t1 and t2, f-skewness among PRs
were lower than SD and PD groups (0.82-0.83 vs 1.15–1.23 & 0.84–1;
p= 0.03). After completion of NACT (t2), among PRs, D*-entropy
(p= 0.015, 0.002) and f-entropy (p= 0.02, 0.003) were significantly
lower with significant Δ2 reduction (9–13%↓ vs 2–3%↓, 3–4%↑;
p= 0.019, 0.001, 0.04, 0.003 respectively) than SDs and PDs groups.
ADC and D showed no significant differences (p > 0.05) among re-
sponse groups.

Using ROC curve analysis, at t1, D*-variance (Sn:91%; Sp:67%; Cut-
off:≤0.49 × 10−3) and f-skewness (Sn:73%; Sp:70%; Cut-off:≤0.87)
showed AUC of 0.75 and 0.69 respectively and in combination (D*-
variance and f-skewness) showed Sn:73%, Sp:70% with AUC = 0.77 in
classifying PR group among all patients. For classification of SDs from
rest of the patients, D*-variance (Sn:58%; Sp:63%; Cut-off:≤0.54 ×
10−3) and f-skewness (Sn:68%; Sp:75%; Cut-off:≤0.96) individually
showed AUC of 0.56 and 0.73 respectively and in combination (D*-
variance and f-skewness) showed Sn:74%, Sp:75% with AUC = 0.74.

Fig. 1. a-q) Images of a representative patient
from PR group (M, 16 years) with OS in left
tibia and tumor-diameter was 6.6 cm, 6.5 cm
and 4 cm at time points t0, t1 (Δ1:2% decre-
ment) and t2 (Δ2:33% decrement) respectively.
a,b) T2W fat-saturated image showing anato-
mical structure at time-points t0 and t2 re-
spectively; c,d,e) DWI (b = 800 s/mm2); f,g,h)
Apparent diffusion coefficient (ADC); i,j,k)
Diffusion coefficient (D); l,m,n) Perfusion
coefficient (D*); o,p,q) Perfusion fraction (f) at
time points t0, t1 and t2 respectively. Both
ADC & D in tumor demonstrated an increase;
D* showed a decrease; f did not show much
difference in tumor ROI after chemotherapy.
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3.5. Correlation between changes in tumor size-parameters and functional-
parameters across time-points

Δ1 and Δ2 changes among tumor-diameter and tumor-volume
showed satisfactory correlation (R= 0.54 and 0.74 respectively).
Pearson-correlation-coefficients for Δ1 and Δ2 changes between size-
parameters and functional-parameters are presented in Table4. Δ1 of
tumor-diameter and ADC-mean showed negative correlation (R=-0.36);
while Δ2 of tumor-volume showed positive correlation with ADC-en-
tropy and D-variance (R= 0.4). D*-mean, D*-variance, D*-entropy and f-
entropy were positively correlated (R≈0.39–0.64) while D*-skewness
and D*-kurtosis showed negative correlation (R≈-0.35– -0.44) with
both Δ1 and Δ2 changes of tumor-diameter and tumor-volume. Other
functional-parameters showed poor correlation with tumor-diameter
and tumor-volume changes.

4. Discussion

Non-invasive monitoring and assessment of treatment response in
tumor early in the course of chemotherapy is very crucial as it may help

to develop patient specific therapeutic options thus improving an
overall therapeutic outcome. Novelty of the present study lies in per-
forming quantitative analysis of IVIM-diffusion MRI in one of the rare
solid tumors, Osteosarcoma and demonstrating efficacy of quantitative
IVIM analysis using a recently developed technique BE+TV, in char-
acterizing changes in tumor in the course of NACT. The study showed
perfusion parameters of IVIM to be more accurate than diffusion
parameters in characterizing and quantifying changes in Osteosarcoma
early in the course of NACT. Moreover, histogram analysis revealed
that, patients who responded better to NACT (PR group), had sig-
nificant reduction in variability of perfusion parameters (D* and f) early
in the course of therapy. After 1st cycle of NACT, reduced D*-variance
among PRs indicated that variability in micro-vascularization in tumor
environment was significantly lower than SD & PD groups
(3.87 × 10−4 vs 5.79 × 10−4 and 5.27 × 10−4 respectively,
p= 0.038). In addition, significantly lower value of f-skewness among
PRs (0.82 vs 1.15 and 0.84 respectively, p= 0.03), also indicated re-
duced perfusion fraction in tumor than in SD and PD groups after 1st

cycle of NACT.
Diffusion and perfusion have been reported to provide effective non-

Fig. 2. a-q) Images of a representative patient
from SD group (F, 15 years) with OS in left tibia
in whom tumor-diameter was 8.5 cm, 10 cm
and 7.2 cm at time points t0, t1 (Δ1:18% in-
crement) and t2 (Δ2:15% decrement) respec-
tively. a,b) T2W fat-saturated image showing
anatomical structure at time-points t0 and t2
respectively; c,d,e) DWI (b = 800 s/mm2);
f,g,h) Apparent diffusion coefficient (ADC);
i,j,k) Diffusion coefficient (D); l,m,n) Perfusion
coefficient (D*); o,p,q) Perfusion fraction (f) at
time points t0, t1 and t2 respectively. Both ADC
&D in tumor demonstrated an increase;
whereas D* showed an increment at t1, fol-
lowed by a decrease at t2; f did not show much
difference in tumor ROI after chemotherapy.
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invasive bio-markers for NACT response in tumors like bone [7–13],
nasopharyngeal [24], colorectal [22], head & neck [23] carcinoma etc.
As cell-density and neovascularity may decrease after chemotherapy
[2–5], extra-cellular space becomes capacious increasing tissue diffu-
sion (D) and the micro-circulation in capillary network is reduced
yielding a lower pseudo-diffusion (D*) respectively. Our study showed
an increase in ADC and D values in Osteosarcoma during course of
NACT which is in agreement with previous studies [7–11]; though these
were not statistically significant showing overlapping values among
different response groups which has also been reported [7,10,11,23].
Further, a trend showing that lower pre-NACT ADC was associated with
good prognosis [20,23], was also observed in our study where baseline
ADC and D values among PRs were lower than SD and PD groups (ADC:
(1.3 vs 1.42, 1.34)×10−3 mm2/s; D:(1.24 vs 1.35, 1.25)×10−3 mm2/
s). Possibly, necrotic tumors with large extracellular space (with higher
ADC and D) are often associated with poor response to therapy
[8,23,24] due to hypoxia and tissue acidosis that leads to resistance to
chemotherapy [2,30]. Our mean ADC values were consistent with
previous studies involving Osteosarcoma [7–11] and observed lower D
values compared to ADC due to pseudo-diffusion contamination was
also in accordance with previous studies [19–21,24]. IVIM perfusion

Fig. 3. a-q) Images of a representative patient
from PD group (F, 30 years) with OS in left
tibia in whom tumor-diameter was 10.4 cm,
12.6 cm and 11.5 cm at time points t0, t1
(Δ1:21% increment) and t2 (Δ2:11% incre-
ment) respectively. a,b) T2W fat-saturated
image showing anatomical structure at time-
points t0 and t2 respectively; c,d,e) DWI
(b = 800 s/mm2); f,g,h) Apparent diffusion
coefficient (ADC); i,j,k) Diffusion coefficient
(D); l,m,n) Perfusion coefficient (D*); o,p,q)
Perfusion fraction (f) at time points t0, t1 and
t2 respectively. Both ADC&D in tumor de-
monstrated an increase; whereas D* showed a
decrement after at t1, followed by an increase
at t2; f did not show much difference in tumor
ROI after chemotherapy.

Table 3
Statistically significant (p< 0.05) parameters according to ANOVA test at three
time-points t0, t1 & t2 and their respective Tukey post hoc test among response
groups. Statistically significant (p < .05) p-values are in bold.

Time-
points

Parameters ANOVA test
(p-value)

Tukey post-hoc test (p-value)

PR vs SD PR vs PD SD vs PD

t0 – – – – –
t1 D*-variance 0.038 0.038 0.29 0.809

f-skewness 0.03 0.04 0.991 0.11
t2 D*-variance 0.003 0.348 0.003 0.026

D*-entropy 0.001 0.015 0.002 0.283
f-skewness 0.03 0.04 0.672 0.38
f-entropy 0.002 0.02 0.003 0.343
Δ2 of D*-
variance

0.01 0.243 0.01 0.034

Δ2 of D*-entropy 0.001 0.019 0.001 0.325
Δ2 of f-entropy 0.003 0.04 0.003 0.206
Tumor-diameter 0.002 0.003 0.001 0.606
Tumor-volume 0.022 0.07 0.03 0.63
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related parameters D* and f correlates with the process of angiogenesis
and reflects perfusion in micro-vasculature and vascular volume-frac-
tion of tumor respectively. In the current study, Δ1 changes in D*-mean,
D*-variance and f-variance showed significant reduction (p= 0.009,
0.009, 0.04) among PR group after 1st cycle of NACT, indicating re-
duced micro-vasculature in tumor, while SD and PD groups did not
show any significant difference, which is in accordance with previous
studies showing correlation between reduced perfusion level as the
response to NACT in Osteosarcoma [12,13]. Perfusion fraction f did not
show much changes during NACT among different response groups,
although a higher baseline value of f was observed among poor re-
sponse groups SD and PD than that of the PR group (∼14% vs ∼13%
respectively). Similar observations have also been reported by Xiao
et al. [24] and Hauser et al. [23] in nasopharyngeal carcinoma and
head & neck squamous cell carcinoma respectively.

In this study, IVIM perfusion-related parameters were found in-
formative in monitoring therapeutic effects of NACT in Osteosarcoma as
these are sensitive to microcapillary perfusion and its changes during early
phases of NACT. The ability of IVIM to characterize early changes in
micro-vascular perfusion is highly relevant in this era of anti-angiogenic
chemotherapy drugs which are known to reduce the vascularity without
reducing the tumor size during the early part of NACT. Moreover, histo-
gram analysis appears to be a useful statistical analysis technique as dif-
ferent parameters like variance, skewness and entropy were observed to be
helpful in characterizing and quantifying changes in functional parameters
(ADC, D, D* and f) in Osteosarcoma in the course of NACT.

In evaluating ADC, as lower b-values are more sensitive to con-
tributions from microcapillary perfusion, ADC was calculated by fitting
the mono-exponential Eq. (1) for higher b-values (b≥200 s/mm2) in
consensus with the recent literatures of IVIM analysis
[14,16,21–24,29]. Commonly used IVIM analysis methodologies like
BE model [14,18,19,29], segmented-BE techniques with 2-parameter
fitting [21,22,24,25,29], and 1-parameter fitting [17,20,23,29] opti-
mize the signal fitting at each voxel independently, overlooking the
spatial context that results in high noise obscuring features of interest in

the estimated parametric images [15]. Thus, adding a physiologically
plausible spatial constraint to the existing BE model is expected to
provide a more reliable parametric estimation. Therefore, our recently
developed regularized IVIM parameter estimation method BE+TV [26]
has been used to achieve the desired reliability and reproducibility. As
spatial homogeneity in the tissue is expected physiologically, image
gradient based penalty Total Variation [27] was incorporated into the
standard NNLS optimization of BE model to develop BE+TV method
[26]. Total variation penalty function is an image gradient based de-
noising method and has advantages over other smoothening techniques
of removing noise present in flat regions and simultaneously preserving
the fine details and edges in the images. BE+TV applied NNLS opti-
mization for data fitting and the desired spatial homogeneity and noise
reduction in the parametric images were achieved by updating the
parametric images (D, D*, f) iteratively with the adaptive TV penalty, at
each iteration of NNLS optimization. Thus, NNLS error and TV penalty
reduction were adaptively and simultaneously balanced as solution
progressed to the reliable direction reducing non-physiological spatial
inhomogeneity and noise. Using simulation data and empirical clinical
data of bone tumors like Osteosarcoma and Ewing’s sarcoma, BE + TV
have shown quantitatively and qualitatively improved IVIM parameter
estimation than existing BE (CV improvement: 30–50% in D and 50% in
D* & f) and segmented-BE techniques (CV improvement: 7–23% in D*
and 26–30% in f) [26]. In this study R2 and CV values for evaluated
IVIM parameters were comparable with previous studies [24,25,29].
Although, relatively higher CVs were observed for D* and f compared to
ADC and D that might be due to highly heterogeneous angiogenic en-
vironment in Osteosarcoma reflecting large standard-deviation in D*
and f values.

There are few limitations in our study. This study mainly evaluated the
chemotherapeutic changes in Osteosarcoma with respect to the RECIST1.1
criteria based on MRI measurements. Evaluation with histopathological
assessment of necrosis might have been useful. However, objective of the
study was to evaluate IVIM parameters for non-invasive monitoring of
treatment response only. Second, perfusion imaging would have been
beneficial to characterize angiogenesis changes after treatment, however
we could not do contrast MRI as it was more expensive and time con-
suming considering the fact that our study protocol involved three time
point imaging for each patient. Third, long term disease-free survival
outcome has not been evaluated as the focus was on characterizing early
changes in osteosarcoma treated with NACT and its correlation with re-
sponse. Although, a long term follow-up study would have been beneficial,
we could not do it because of limited resources which is one of the lim-
itations of this study. Fourth, due to small number of patients in different
histological subtypes of Osteosarcoma and their complex changes after
NACT, a high variability can be seen in the evaluated parameters that does
not allow a strong conclusion to be made. Finally, the sample size of this
prospective study was relatively small that could result in a statistical bias.
Thus, in future, studies with large cohort and multi-centric data with
standardized and optimized MRI protocol and long-term survival follow-
up are needed.

5. Conclusion

IVIM perfusion-related parameters (D*, f) were shown to be useful
to differentiate responders from non-responders early in the course of
NACT in patients with Osteosarcoma. Patients with higher relative
percentage change in IVIM parameters during the course of NACT had a
better prognosis. Therefore, quantitative IVIM analysis with BE+TV
technique is an effective methodology for monitoring and evaluating
chemotherapy response in patients with Osteosarcoma.
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Table 4
Pearson-correlation-coefficient (R) of relative percentage changes in Tumor-
diameter and Tumor-volume across different time points (Δ1 & Δ2) with re-
lative percentage changes of histogram parameters of diffusion and perfusion
parameters ADC, D, D* and f among all patients.

R with Tumor-diameter R with Tumor-volume

Δ1 Δ2 Δ1 Δ2

ADC
Mean Mean −0.36* −0.06 −0.18 −0.06
Variance 0.17 0.15 0.11 0.33
Skewness 0.10 0.06 0.13 0.12
Kurtosis 0.04 −0.08 0.22 0.02
Entropy 0.17 0.27 0.13 0.40*
D
Mean −0.27 −0.07 −0.05 −0.07
Variance 0.09 0.18 0.10 0.40*
Skewness 0.19 0.06 0.16 0.15
Kurtosis −0.02 −0.09 0.20 0.03
Entropy 0.28 −0.14 0.15 −0.01
D*
Mean 0.27 0.47* 0.46* 0.46*
Variance 0.44* 0.55* 0.50* 0.60*
Skewness −0.33 −0.31 −0.39* −0.35*
Kurtosis −0.17 −0.40* −0.43* −0.44*
Entropy 0.39* 0.61* 0.56* 0.64*
f
Mean 0.23 −0.19 0.33 −0.09
Variance 0.24 0.14 0.28 0.32
Skewness 0.17 0.25 −0.04 0.21
Kurtosis −0.07 0.11 −0.05 0.20
Entropy 0.41* 0.47* 0.47* 0.58*
*Significant correlations (p< 0.5).
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