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Chapter 1

Incidence of esophageal cancer

In the Netherlands over 2500 people are newly diagnosed with esophageal cancer

every year (2016) [1]. Worldwide this number reaches 456.000 newly diagnosed cases

each year (2012) with the highest rates in Eastern Asia and in Eastern and Southern

Africa. It is the 8th most common cancer worldwide and the incidence is rapidly

increasing [2].

Esophageal cancer occurs most often in men (75%) and can be differentiated in two

main tumor types; adenocarcinomas (AC) and squamous cell carcinomas (SCC). Spe-

cific risk factors for SCC are known to include heavy use of tobacco and alcohol, low

socioeconomic status and poor oral hygiene. The occurrence of AC is highly associated

with obesity and with gastroesophageal reflux disease (GERD) causing a Barrett’s

esophagus, in which metaplastic changes occur to the lower part of the esophagus

due to chronic acid exposure [3–5]. In eastern countries (e.g. Central Asia, China)

it is known that the majority (90%) of esophageal cancer cases are SCC. Whereas,

in Western countries the incidence of SCC has steadily been decreasing over the last

decades (reduction in alcohol/tobacco use) while the incidence of AC has increased

rapidly (increased obesity prevalence and Barrett’s esophagus) [2]. In the Netherlands

only around 25% of the cases are SCC (2008) [6].

Dysphagia is one of the most common symptoms associated with esophageal cancer.

Since difficulty in swallowing does not occur until the circumference of the esophagus

is already narrowed one-third to one-half of the normal size, esophageal cancer is

known to manifest itself late [7]. As a result, the disease is associated with poor

5-year overall survival rates of 15-25% [4]. In the Netherlands 1813 deaths associated

to esophageal cancer occur yearly [1].

Staging and treatment of esophageal cancer

To confirm the suspicion of esophageal cancer an upper-gastrointestinal endoscopy

combined with biopsy is used. Staging of esophageal tumors is performed according

to the TNM classification system, based on the local invasion of the tumor (T-stage),

lymph node involvement (N-stage) and spread to other organs (M-stage). The T-stage

is divided in different stages, dependent on the depth of tumor growth (Table 1.1 and

Figure 1.1) .

Most effective techniques used for TNM classification, determining loco-regional lymph

node status and to assess loco-regional spread and distant metastases are both endo-

scopic ultrasonography (EUS) and 18F-fluorodeoxyglucose positron emission tomog-

raphy (18F-FDG-PET)/CT [8–10]. Depending on the TNM classification a curative

or palliative treatment course is prescribed.
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Table 1.1: T-stages for esophageal cancer.

T-stage Depth of tumor growth

Tis high-grade dysplasia

T1 tumor invades lamina propria (T1a) or submucosa (T1b)

T2 tumor invades muscularis propria

T3 tumor invades the outer layer of the esophagus (adventitia)

T4a resectable tumor invading pleura, pericardium, or diaphragm

T4b unresectable tumor invading other adjacent structures, such as the aorta, vertebral

body, and trachea

Figure 1.1: A schematic representation of the different T-stages for esophageal cancer, visualizing the
differences in depth of tumor growth into the different layers.

Standard of care in the Netherlands for patients with advanced resectable non-meta-

static esophageal cancer (i.e. T1N1, T2, T3 and T4a), in a curative setting, involves

neoadjuvant chemoradiotherapy (nCRT) followed by surgery. nCRT consists of a ra-

diotherapy schedule with the delivery of 41.4 Gy in 23 daily fractions of 1.8 Gy [11] and

chemotherapy includes weekly intravenous administration of carboplatin and pacli-

taxel. Introduction of esophagectomy with en-bloc lymphadenectomy results in 5-year

survival rates of 34% to 36% [11, 12]. Additional delivery of nCRT increases 5-year

survival rates by approximately 13% as was consistently shown in recent trials and a

meta-analysis [11,13,14]. Furthermore, no effect was seen by including nCRT prior to

surgery on postoperative short-term health-related quality of life (HRQOL) domains

compared with surgery alone [15]. Esophagectomy with en-bloc lymphadenectomy is

known to be a technically challenging and major surgery with a risk of (postopera-

tive) complications such as anastomotic leakage or pneumonia [11,16]. After surgery,

pathologic assessment of the resection specimen is performed to determine the tumor

regression grade (TRG). Classification is often performed according to the Mandard

scoring system in which Mandard 1 represents no residual cancer and Mandard 5
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absence of regressive changes [17].

Treatment of early-stage esophageal cancer (i.e. Tis and T1ab) with esophagec-

tomy results in overall 5-year survival as high as 90% [18]. However, due to the

disadvantages of esophagectomy (perioperative morbidity and mortality) early-stage

esophageal cancer is increasingly treated using endoscopic submucosal dissection

(ESD) or endoscopic mucosal resection (EMR) [19,20]. Both techniques preserve the

esophagus without compromising survival in a selected group of patients [21,22].

Assessment of treatment response

Selecting the appropriate patient group for certain treatment strategies would en-

able individualized treatment. In case accurate prediction of good response to nCRT

for patients with esophageal cancer would be available, a wait-and-see approach with

omission of surgery and close clinical follow-up could be applied for the 29% of patients

who reach a pathologic complete response (pCR) after nCRT [11]. On the contrary,

poorly responding patients may benefit from treatment modification/intensification

or primary surgery without nCRT. Furthermore, survival rates are known to be de-

pendent on tumor-type, in which SCC has a large benefit of additional nCRT prior to

surgery, whereas AC show less gain in survival [14]. Unfortunately, diagnostic modali-

ties that are currently used to identify pathologic response yield unsatisfactory results.

Highest pooled sensitivities and specificities were found for 18F-FDG-PET(/CT), how-

ever, with values ranging from 67% to 70% this is still insufficient to justify changes in

clinical decision-making [23, 24]. Since magnetic resonance imaging (MRI) can reach

high soft-tissue contrast in contrary to other imaging modalities, MRI is increasingly

used for visualization and delineation of tumors [25–28].

MRI for response monitoring

As described by Hanahan et al. cancer is believed to gain ten hallmark capabilities

in order to emerge [29]. These capabilities like e.g. evading apoptosis, insensitivity

for anti-growth signals and sustained angiogenesis induce abnormalities like increased

microstructural density and the presence of e.g. distorted and enlarged vessels, erratic

blood flow and leakiness of vessels. When neoadjuvant treatment is effective for

example tumor cellularity is expected to decrease again. Since (functional) MRI

serves the potential to measure deviations in micro-structure and functioning of the

tissue it is increasingly researched in relation to detect changes during treatment and

potentially predict response.

Publications concerning diffusion-weighted MRI (mapping microstructural density)

and dynamic contrast-enhanced MRI (mapping tissue perfusion) and its possible

applications to cancer already appeared over a decade ago [30, 31]. However, for
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esophageal cancer research using quantitative MRI data is limited so far, since visu-

aliziation of this tumor site was considered for a long time as technically challenging.

Main challenges included organ motion, respiratory and cardiac action, and proximate

considerable blood flow, leading to motion and flow artefacts [10]. Furthermore, the

central location of the esophagus in the body leads to a relatively high noise level. The

introduction of several technical innovations reduced the mentioned image artefacts

initiating a new era of esophageal cancer research. Several (pilot) studies were pub-

lished researching the feasibility of acquiring quantitative MRI data and the potential

value in relation to therapy management, monitoring and prediction in patients with

esophageal cancer [32–34].

Dynamic contrast-enhanced imaging

Tumors are characterized by angiogenesis paired with increased vascular permeability.

Dynamic contrast-enhanced (DCE-) MRI imaging visualizes tissue perfusion, enabling

the differentiation of tumorous tissue [35, 36]. In DCE-MRI fast T1-weighted imag-

ing is performed during and after the intravenous injection of a contrast agent (CA).

Images are acquired sequentially every 2-3 seconds for typically a couple of minutes.

After passing the lungs and the heart the CA reaches the tumor tissue. Due to the

vascular permeability the CA leaks out of the capillaries into the extravascular extra-

cellular space, which changes the T1 of the tissue and elevating the signal intensity

on the MR image. This direct relationship (for a spoiled gradient echo MR-sequence)

between the MR-signal and the concentration of contrast agent is described in the

following formulas:

S ∝ sin(α) · 1− e−TR/T1

1− cos(α) · e−TR/T1
(1.1)

1

∆T1
= r1 · [C] (1.2)

in which α is the flipangle, TR the repetition time, r1 and [C] the relaxivity constant

and concentration of the contrast agent, respectively. (1/∆T1) reflects the change

in relaxation rate after inflow of the contrast agent with respect to the true tissues

relaxation rate.

In Figure 1.2c the calculated concentration of CA after injection is visualized as

measured in the aorta, healthy tissue and tumorous tissue. The concentration as

measured in the aorta shows a clear peak after injection, followed by a smaller peak

after the second pass through the artery. Comparing the concentration inflow as

measured in healthy tissue (liver) to tumorous tissue, the increased blood flow in the

tumor is visible through a higher and steeper rise in signal followed by a higher tail

of the curve due to the vascular permeability.

To perform quantitative analysis and enable comparison of scans originating from
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Figure 1.2: In (a) a coronal slice of the DCE-series (30th scan) is shown and in (b) the corresponding
AUC60-map (integration of 60 seconds after inflow of CA). In both images the tumor delineation is
indicated (red and black, respectively). (c) Visualization of the differences in behavior of the concentration
uptake after inflow of contrast between the artery, tumor and liver (i.e. healthy tissue).

different time points, scanners, different CA, a T1-map prior to contrast injection can

be used to calculate the concentration of CA. Performing an integration over the area-

under-the-concentration (AUC) versus time curve, a higher accumulation of contrast

agent is visible in the obtained AUC-map comparing the tumor to healthy tissue. In

Figure 1.2b this is visible in an AUC-map in which an integration was performed of

60 seconds, after inflow of the contrast agent.

Diffusion-weighted imaging

Diffusion-weighted (DW-) MRI visualizes the variations in free diffusion (i.e. Brow-

nian motion) of water molecules between different tissues. By measuring at different

diffusion strengths (b-values), the apparent diffusion coefficient (ADC) can be deduced

to quantify the differences in microstructural density of tissues (Equation 1.3).

Sb = S0 · e−b·ADC (1.3)

in which Sb represents the signal at a specific b-value, S0 the signal intensity at

b = 0 s mm−2 and ADC the apparent diffusion coefficient.

In tissue with high cellularity (i.e. tumorous tissue) the signal decay is hampered

resulting in high signal intensities in images with high b-values [37, 38]. Since the

ADC is inversely correlated with tissue cellularity, tumors appear hyperintense on

scans with high b-values (Figure 1.3c), but hypointense on ADC maps (Figure 1.3d).

It is known that the signal decay is not purely mono-exponential but that it is in-

fluenced by perfusion in the capillary network, which elevates estimated ADC values

if not taken into account (Figure 1.4). Intravoxel incoherent motion (IVIM) is a

method in which not only molecular diffusion of water is taken into account, but also

the microcirculation of blood in the capillary network. To be able to separate the
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Figure 1.3: In (a) a transverse anatomical T2-weighted MRI scan is shown. In (b) and (c) images with
b-values of 0 and 800 s mm−2 are shown, respectively. The corresponding ADC-map is shown in (d). All
four images are linked to each other and the tumor is indicated by a red crosshair.

contribution of perfusion, a lot of scans with varying b-values are acquired, especially

multiple scans with a b-value < 200 s mm−2. A well-known model used for analysis

is a bi-exponential model introduced in 1988 by Le Bihan et al. [39]. This is a two-

compartment model assuming the presence of a diffusion-dominated compartment and

a perfusion-dominated compartment. As model parameters a perfusion-dominated

pseudo-diffusion (D∗) and a diffusion-dominated slow diffusion (D) are determined,

together with a volume of blood fraction (f) (Equation 1.4, Figure 1.4).

Sb = S0 · [(1− f) · e−b·D + f · e−b·D
∗
] (1.4)

For fitting this model often first a mono-exponent is fitted to b-values ≥ 200 s mm−2,

to determine D and f , followed by fitting Equation 1.4 with D and f as input

parameters. However, multiple other approaches to fit this model have been re-

searched [40, 41], one of which is for example the Bayesian-Probability approach. In

this approach a prior probability is assumed for the different model parameters. After

each iteration, providing new knowledge, the posterior distribution becomes the next

prior distribution. Finally, computing the location of the maxima in the probability

density functions of D, D∗ and f estimates the three model parameters.

Figure 1.4: Typical decay of a signal from Equation 1.4, in which the perfusion-dominated part is visible in
the low b-values. The grey line indicates a mono-exponential ADC following Equation 1.3 (with b-values
of 0 and 800 s mm−2).
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Multimodality assessment of response

Since different modalities visualize different tumor characteristics they have the po-

tential to provide complementary information when predicting response. Using a

model in which multiple modalities or parameters are used to predict response has

the potential to increase the predictive values which are currently reached. Therefore,

the use of multiparamatric models combining two or more modalities is increasingly

researched for a variety of tumor sites [42–45].

For a personalized treatment approach several strategies could be used to alter the

‘standard treatment’ as explained previously, depending on patient outcome. In a

strategy in which one wants to apply an organ-preserving wait-and-see approach

(omit surgery) you want your prediction model to have a high positive predictive

value (PPV), since you want to be sure to only include complete (or near-complete)

responders. On the other hand, in a strategy in which the neoadjuvant treatment

is modified or even terminated to initiate surgery sooner, you only want to include

non-responders and therefore a prediction model with a high negative predictive value

(NPV) is required. Figure 1.5 represents a possible personalized treatment strategy

in which, dependent on predicted response, several treatment paths can be chosen.

Figure 1.5: A flowchart of a possible personalized treatment strategy in which depending on response
prediction different treatment paths can be followed.

Tumor motion

Several studies have shown that the motion in esophageal tumors can be quite ex-

tensive and depend on e.g. tumor stage and tumor location [46–49]. In radiotherapy,

in current clinical practice, margins are applied to account for setup errors and un-

certainties in the position of the target volume due to organ motion [50]. Because

of these margins, for most patients adequate dose coverage will be obtained in the

target. However, using margins also introduces larger toxicity to surrounding healthy

tissue (see Figure 1.6) which in turn increases the risk of adverse effects induced by
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radiotherapy [51]. The desired ratio between the probability of tumor cell kill ver-

sus the probability of normal tissue complications is also dependent on whether the

treatment is curative or palliative.

Knowledge of the tumor motion during radiotherapy could enable more conformal

dose delivery and individualized treatment strategies. For this purpose systems were

developed using X-ray imaging (CyberKnife) [52] or internal marker tracking (Ca-

lypso) [53] during delivery. Moreover, an integrated MRI and Linac [54–57] provides

the advantages of an MR system, allowing precise real-time tracking of both tumor

and surrounding soft tissues during dose delivery. Ultimately, these techniques have

the potential to reduce currently used motion margins, decreasing irradiation to sur-

rounding healthy tissues and allow optimization of the dose to the tumor.

Figure 1.6: An example of a radiotherapy planning using volumetric modulated arc radiotherapy (VMAT).
In (a) a sagittal slice of a CT scan is shown with the gross tumor volume (GTV) delineated in white
(39.5 mL). The clinical target volume (CTV) includes an extra 3 cm cranio-caudal direction and 0.5 cm
circumferential (adjusted for anatomical structures) and is shown in green (114.7 mL). An additional 1 cm
margin for the planning target volume (PTV) is indicated in light-blue (353.7 mL). The planned dose for
delivery is shown as overlay in color, in which only values ≥50% of the maximum dose of 44.3 Grey are
shown. (b) and (c) represent the coronal and transverse view, respectively, in which it is clearly visible
that proximate organs at risk (lungs and heart) are also receiving radiation. The yellow crosshair indicates
identical position in all three planes.
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Outline thesis

This thesis mainly focuses on the use of functional MR imaging to predict response

to nCRT for patients with esophageal cancer. Using the pathological assessment of

the resection specimen as ground truth of response to nCRT, enables us to quantify

the strength of the different modalities to predict response.

Chapter 2 covers the use of quantitative DCE-MRI for response prediction to nCRT.

The potential of DW-MRI as quantitative method for response prediction in esopha-

geal cancer has already been demonstrated. Since 18F-FDG-PET/CT is often used

in the clinic, its correlation with DW-MRI is dealt with in Chapter 3. The comple-

mentary value of both DCE-MRI and DW-MRI in response prediction to nCRT for

patients with esophageal cancer is discussed in Chapter 4. Additionally, in view of

our future large multi-center trial for response assessment in patients with esophageal

cancer, including IVIM-MRI, in Chapter 5 a methodical study is presented research-

ing the influence of using three fitting approaches for estimating IVIM-MRI parame-

ters in patients with esophageal cancer.

As mentioned previously, the introduction of the MRLinac in the clinic brings high

potential enabling real-time tumor tracking during irradiation and potentially reduce

current used motion margins. As a first step for esophageal cancer to benefit from

this new system, the variation in motion within a fraction and throughout the course

of treatment, as determined on cine-MRI, is discussed in Chapter 6.

Finally, a general discussion of the main results of this thesis followed by future

perspectives are presented in Chapter 7.
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Chapter 2

Dynamic contrast-enhanced MRI for

treatment response assessment in

patients with esophageal cancer

receiving neoadjuvant

chemoradiotherapy

The following chapter is based on:

Sophie E. Heethuis, Peter S.N. van Rossum, Irene M. Lips, Lucas Goense, Francine E.

Voncken, Onne Reerink, Richard van Hillegersberg, Jelle P.Ruurda, Marielle E. Philip-

pens, Marco van Vulpen, Gert J. Meijer, Jan J.W. Lagendijk and Astrid L.H.M.W.

van Lier

Radiotherapy and Oncology (2016) Vol. 120 (1), p.128-135

13



Chapter 2

Abstract

Purpose

To explore and evaluate the potential value of dynamic contrast-enhanced (DCE)

magnetic resonance imaging (MRI) for the prediction of pathologic response to neoad-

juvant chemoradiotherapy (nCRT) in esophageal cancer.

Material and methods

Twenty-six patients underwent DCE-MRI before, during (week 23) and after nCRT,

but before surgery (pre/per/post, respectively). Histopathologic tumor regression

grade (TRG) was assessed after esophagectomy. Tumor area-under-the-concentration

time curve (AUC), time-to-peak (TTP) and slope were calculated. The ability of

these DCE-parameters to distinguish good responders (GR, TRG 1-2) from poor

responders (noGR, TRG≥3), and pathologic complete responders (pCR) from no-pCR

was assessed.

Results

Twelve patients (48%) showed GR of which 8 patients (32%) pCR. Analysis of AUC

change throughout treatment, AUCper-pre, was most predictive for GR, at a threshold

of 22.7% resulting in a sensitivity of 92%, specificity of 77%, PPV of 79%, and a NPV

of 91%. AUCpost-pre was most predictive for pCR, at a threshold of -24.6% resulting

in a sensitivity of 83%, specificity of 88%, PPV of 71%, and a NPV of 93%. TTP and

slope were not associated with pathologic response.

Conclusions

This study demonstrates that changes in AUC throughout treatment are promising

for prediction of histopathologic response to nCRT for esophageal cancer.
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Introduction

Worldwide, esophageal cancer is the eight most common cancer and the incidence

rate is rapidly increasing [2]. Esophageal cancer has a poor prognosis with 5-year

overall survival rates ranging from 15 to 25% [4]. Esophagectomy with en-bloc lym-

phadenectomy for patients with resectable non-metastatic disease results in 5-year

survival rates of 34% to 36% [11, 12]. Neoadjuvant chemoradiotherapy (nCRT) in-

creases these rates by approximately 13% as was consistently shown in recent trials

and a meta-analysis [11, 13, 14]. Therefore nCRT is currently considered as the stan-

dard treatment with curative intent for both adenocarcinomas (AC) and squamous

cell carcinomas (SCC). However, not all patients benefit equally, as patient outcome

depends heavily on the response to chemo(radio)therapy [13, 58, 59]. In 29% of the

patients pathologic complete response (pCR) to nCRT is found, with increased 5-year

overall survival rates up to 48-65% [11,58,60,61].

With accurate response prediction before surgery the treatment strategy could po-

tentially be improved. Depending on patient outcome, adaptive approaches could be

explored such as an organ-preserving wait-and-see approach, modification of nCRT

or termination of neoadjuvant therapy to initiate surgery sooner [62].

Endoscopic biopsy and/or ultrasonography and 18F-fluorodeoxyglucose positron emis-

sion tomography (18F-FDG-PET) have been extensively studied for neoadjuvant

treatment response assessment in esophageal cancer [23, 24, 63–65]. Unfortunately,

these imaging modalities yield insufficient accuracies in the prediction of pathologic

response [27, 66]. Among the studied modalities 18F-FDG-PET seems the best so

far. Two meta-analyses on treatment response monitoring, found that scans from

the first two weeks of nCRT were most predictive for pathologic response, showing

similar or superior diagnostic accuracy as opposed to pre- and post-treatment scan-

ning only [23,24,67]. Accordingly, investigators proposed that the second week might

be optimal, because significant tumor regression can already be found in responders

while the image interpretation may not yet be influenced by radiation esophagitis [24].

Overall pooled sensitivities and specificities were, however, still insufficient to justify

changes in clinical decision-making with values ranging from 67% to 70% [23,24]. Also

non-image based methods using molecular biomarkers and clinical parameters have

shown potential for response prediction [68–70].

Recently, diffusion-weighted magnetic resonance imaging (DW-MRI) was described as

a potential method for treatment response monitoring and prediction in esophageal

cancer [34, 66]. It was reported that the change in apparent diffusion coefficient

(ADC) measured prior and during nCRT is predictive for response. The reported

sensitivity and specificity were higher than for the aforementioned methods, showing

the potential of MRI-based techniques for early treatment response assessment and

prediction.
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Pilot studies on dynamic contrast-enhanced (DCE-)MRI demonstrated the feasibil-

ity for esophageal cancer imaging [32,71]. However, the use of DCE-MRI to measure

(early) response of esophageal tumors to nCRT with histopathology as reference stan-

dard has not previously been described. Therefore, the purpose of this study was to

investigate the potential of nonparametric analysis of DCE-MRI for the (early) pre-

diction of pathologic response to nCRT in patients with esophageal cancer. Since

DCE-MRI visualizes different physiological properties (perfusion and vascular perme-

ability in tumor microenvironment) compared to DW-MRI (diffusion in tissues), it

could potentially provide complementary information beyond DW-MRI. In this ex-

ploratory study not only pre- and post-treatment measurements were obtained, but

also approximately two weeks after initiation of treatment, enabling comparison of

the predictive potential of perfusion parameters at three different time points.

Materials and Methods

Study population

This prospective study was approved by the local medical ethical committee and writ-

ten informed consent was obtained from all patients. Patients with contraindications

for MRI with contrast agent were not eligible for inclusion. Six patients who par-

ticipated in the study but did not receive all three MRI scans due to patients wish

of discontinuation (n=5) or urgent non-elective surgery (n=1), were excluded. In

addition, one patient was excluded due to a technical failure during MR acquisition.

Twenty-six consecutive patients with biopsy-proven esophageal cancer who received

nCRT followed by surgery, and completed all three MRI studies in our institutes

(University Medical Center Utrecht [UMCU], n=19; and the Netherlands Cancer In-

stitute [NKI], n=7) from August 2013 to January 2015, were included. One patient

with severe pneumonia on the initial MRI, with an infiltrate adjacent to the tumor,

was excluded for further analysis.

All patients received five weeks of neoadjuvant treatment, involving weekly intra-

venous administration of carboplatin (area under the curve of 2 mg/mL per minute)

and paclitaxel 50 mg m−2 (50 mg/m2 body-surface area) with concurrent radiother-

apy (41.4 Gy in 23 fractions of 1.8 Gy) [11]. Five to ten weeks after completion

of nCRT all patients underwent esophagectomy with en-bloc two-field lymphadenec-

tomy and gastric conduit reconstruction with cervical anastomosis. After resection,

pathologic assessment of the resection specimen included determination of the tumor

regression grade (TRG) according to Mandard, using an identical protocol in both

institutes [17].
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Table 2.1: Patient and treatment-related characteristics.

Study population Study population

UMCU NKI/AVL

Gender

Male 17 6

Female 1 1

Age, years (at start RT) 65.1 ± 7.5 59.5 ± 13.4

Clinical T-stage

T2 4 (22%) 1 (14%)

T2-3 3 (17%) 0 (0%)

T3 11 (61%) 6 (68%)

Clinical N-stage

N0 6 (33%) 4 (57%)

N1 3 (17%) 2 (29%)

N2 8 (44%) 1 (14%)

N3 1 (5.5%) 0 (0%)

Type

SCC 1 (5.5%) 2 (29%)

AC 16 (89%) 5 (71%)

ASC 1 (5.5%) 0 (0%)

Location

Middle third of oesophagus 1 (5.5%) 1 (14%)

Distal third of oesophagus 13 (72%) 3 (43%)

Gastroesophageal junction 4 (22%) 3 (43%)

Acquisition, nr of days

Before (before start nCRT) 5.7 ± 2.9 4.4 ± 3.6

During (after start nCRT) 11.3 ± 2.6 12.9 ± 3.0

After (after completion nCRT) 38.7 ± 13.7 46.3 ± 10.2

SCC = squamous cell carcinoma ; AC = adenocarcinoma ; ASC = adenosquamous carci-

noma.

MRI acquisition

MR images were acquired at the following three time points: prior to treatment (pre),

after 8-13 fractions nCRT (per) and 3-9 weeks after completion of treatment, prior

to surgery (post). All MR images were acquired with 1.5 T systems Philips Achieva

or Philips Ingenia (Best, the Netherlands), using the Torso coil (16 channel) or Ante-

rior/Posterior (28 channel) receive coils, respectively. For anatomical verification, a

T2-weighted scan was performed with a multi-slice turbo spin echo sequence (TR/TE

= 1983/100 ms, resolution = 0.67x0.67x4 mm3), using a navigator for respiratory trig-

gering [66]. A DCE-MRI serie of 62 images was acquired using a three-dimensional

spoiled gradient echo sequence (TR/TE = 3.43/1.53 ms, flip angle = 20◦, matrix size

= 432x432x33, reconstructed image voxel size = 1.18x1.18x3 mm3), with a 3-second
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interval. After the 10th image, the contrast agent (CA) gadobutrol (Gd-BT-DO3A,

Gadovist; Schering AG, Berlin, Germany) was injected at a dose of 0.1 mmol/kg of

body weight with an automatic syringe pump at a flow rate of 1 ml/sec followed by

saline injection. The scanned volume included the heart in order to prevent arte-

facts in the aorta due to pulsatile flow. In both institutes the same imaging protocol

was used. However, at the NKI a different CA was used, Dotarem (Gadoteric acid,

0.5mM; Guerbet, Paris, France), with a fixed dose of 7.5 mmol for each patient.

Prior to the dynamic series, five acquisitions for varying flip angles (α = 2◦/6◦/10◦/

12◦/16◦) with identical scanning properties were acquired for determination of pre-

contrast T1 values. This flip angle series was chosen to be sensitive to a large range

of tissue T1 values. Additionally, DW-MRI scans were acquired with b-values of

0, 200 and 800 s mm−2 (STIR fat suppression, resolution = 3.5x3.5x4 mm3) [66].

Image processing

Delineation of the primary tumor on the T2-weighted scans was divided over two

clinicians (P.S.N.v.R and I.M.L.). The delineation was adapted in the scans ob-

tained during and after nCRT to account for tumor alterations. For definition of the

cranio-caudal tumor length the DW-MRI with b = 800 s mm−2 was used. A radiation

oncologist (O.R.), with over 10 years of experience, verified all delineations. To ac-

count for breathing motion within the DCE-MRI series, scans were rigidly registered

to a scan after contrast-enhancement, which led to the best retrospective motion com-

pensation [72] (Supplementary Figure 2.1). Finally, the delineation was cropped with

an isotropic margin of 2 mm to account for the conversion from T2-weighted scan to

the DCE-MRI, residual motion and partial volume effects.

Image analysis

In order to enable comparison of scans between different sessions in time, indepen-

dent of MRI scaling settings, institute, MRI scanner or CA, the image intensity was

converted to concentration. For this purpose, T1 pre-contrast relaxation times were

calculated with in-house developed software using multiple flip angle sequences. Re-

laxivity values of 4.7 and 3.6 L mmol−1 s−1 for Gadovist and Dotarem, respectively,

were used [73].

A nonparametric approach was chosen for the analysis of DCE-MRI throughout time,

as studies in different tumor sites indicate that this approach has an increased prog-

nostic ability compared to parametric measures [74]. No analysis was performed per

tumor subtype, as the subgroups of SCC and adenosquamous carcinoma (ASC) were

too small. For analysis, the initial area-under-the-concentration versus time curve

(AUC) was calculated (Supplementary Figure 2.1). The AUC reflects blood flow,

vascular permeability and the fraction of interstitial space [75]. In addition, it is a rel-

atively straight-forward model-free parameter, which can provide information about
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tumor vascular changes. The time-to-peak (TTP) and slope of the concentration-

time curve were mapped for each tumor, using a customized sigmoid-curve fitting

method in Matlab (The Mathworks Inc, Natick, MA). To account for variations in

the moment of contrast injection, the TTP was calculated with respect to the initial

arterial CA increase, measured as the TTP in the artery (TTPaorta) (Supplementary

Figure 2.1).

The AUC was defined as the trapezoidal integral over the concentration-time curve

over a period of 60 seconds after inflow of CA, based on TTPaorta. Within the tumor

delineation three percentiles, 25th (P25), median (P50) and 75th (P75), of the AUC

were calculated. Additionally, relative differences between time points were calculated

with respect to the first MRI scan session (pre):

AUCt-pre =
AUCt −AUCpre

AUCpre
· 100% (2.1)

with t the second or third scan session (per or post).

Statistical analysis

This pilot study was of exploratory nature, therefore no formal sample size calculation

has been performed. All statistical tests were performed using SPSS Statistics version

22 (IBM Corp., Armonk, NY, USA). Two different approaches were chosen. First, a

distinction was made between a group of pathologic good responders (GR), defined

as pCR (TRG 1) or near-pCR (TRG 2), and a group of poor responders (noGR) with

TRG 3 or higher [17]. Second, analysis was performed on pCR (TRG 1) versus no-

pCR (TRG≥2). For both approaches the Mann-Whitney U test was used to compare

the various parameters derived from DCE-MRI between the groups (if not stated

otherwise). A p-value of <0.05 was considered statistically significant. Receiver

operating characteristic (ROC) curve analysis was performed. Sensitivity, specificity,

positive predictive value (PPV) and negative predictive value (NPV) were estimated

for an optimal threshold in which sensitivity and specificity were given equal weight.

Correlation between AUC values and TRG scores were assessed by Spearmans rank

correlation tests.

Results

In the 25 patients included, assessment of the histopathologic tumor type revealed

in 21 patients (84%) AC, in three patients (12%) SCC and in one patient (4%) ASC

of the oesophagus. Patient and tumor-related characteristics for both institutes are

presented in Table 2.1. The pathology specimen showed a pathologic good response

(i.e. TRG 1-2) to nCRT in 12 of 25 patients (48%), whereas the remaining 13 patients
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Figure 2.1: In (a) a coronal view of a DCE-MRI (after contrast agent injection) of a pathologic com-
plete responder is shown before treatment (pre). The tumor, as delineated by a clinician based on the
corresponding T2-weighted scan, is shown in pink. In (b) the corresponding AUC map (60 seconds after
contrast inflow) is shown. In (d) and (e) the same data is shown after two weeks of nCRT (i.e. during
treatment). Comparing figs. (b) and (e), a reduction is visible in AUC values during treatment. As
shown in (g) and (h), a further decrease in AUC values is visible after treatment as along with a decrease
in volume. In all AUC maps a lung mask was used. Figs. (c),(f) and (i) show the concentration time
curve measured in a slice in the aorta and tumor, for pre-, per- and post-treatment scans, respectively.
Clearly visible is that the inflow of contrast in the tumor closely follows the inflow in the aorta.
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(52%) had a poor pathologic response (i.e. TRG ≥3). Among the good responders,

8 patients (32%) showed a pCR (i.e. TRG 1), and 4 patients (16%) had a near-pCR

(i.e. TRG 2).

The tumor showed a rapid initial contrast-enhancement followed by a plateau over

the first minutes (Figure 2.1). The timing of the enhancement closely followed the

first-pass peak as observed in the aorta. This reflects the direct vascular connection

between the aorta and the esophageal tumor. Small variations in peak height of

the arterial input function (AIF) between different time points occurred regularly

(also visible in Figure 2.1). However, in three patients with noGR, of which two

showed an AUCper-pre >140%, an extreme increase was found in peak height in the

second acquisition. In general, the AUC maps showed a heterogeneous uptake within

the delineated tumor (Figure 2.1). In three patients, the delineation in the post-

treatment scan was too small in cranio-caudal direction to subtract the margin and

were therefore excluded from the analysis of this time point.

The association of the measured DCE-MRI parameters with GR versus noGR are

presented in Table 2.2. Regarding the analysis of the AUC values for single time

points, only the initial scan showed significant differences. The AUC for all patients at

all time points is shown in Figure 2.2. The P25 AUCpre was most significant, showing

higher AUC in GR compared to noGR. The TTP and slope were not associated with

response. The analysis of changes during treatment, showed in several noGRs an

initial increase in AUC after 2 weeks of treatment followed by a decrease, while this

was less apparent for GRs (Figure 2.2). Comparing the relative changes with respect

to the initial scan session (Equation 2.1), for GR versus noGR, P75 AUCper-pre was

found to be most significant showing higher AUC for noGR (Table 2.2/Figure 2.3a).

The parameters determined at the final scan session before surgery were found to be

Figure 2.2: Course of P25 AUC values over time for pathologic good (a) and poor (b) responders. Every
line represents a patient, with patients from the UMCU indicated by black circles and patients from the
NKI/AVL by grey triangles. In case the delineation was too small, as explained in the results, the time
point was excluded (3 post-treatment scans).
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Figure 2.3: In (a) P75 AUCper-pre as function of response, good versus poor response. Each data point
represents a patient and median values of both groups are indicated with solid lines. The dashed line
represents the optimal threshold value of 22.7%. The legend specifies the tumor type for each patient
(AC, SCC or ASC). In (b) P75 AUCper-pre is shown as a function of TRG score. Every data point represents
a patient. In two patients the Mandard score was not conclusive (TRG 3 or 4), represented by a TRG
of 3.5. (c) the P75 AUCpost-pre is shown as function of response, pathologic complete response versus
no-pathologic complete response. Median is indicated with a solid line for both groups and the threshold
of -24.6% is indicated with a dashed line.

less associated with pathologic response. The optimal threshold for P75 AUCper-pre

was determined at 22.7%, yielding a sensitivity of 92%, specificity of 77%, PPV of 79%

and a NPV of 91%. Comparing P75 AUCper-pre as a function of the separate TRG

scores, a moderate positive correlation was found (Spearmans rank order ρ = 0.53;

p = 0.006) (Figure 2.3b).

Focussing on the previous significant parameters in the analysis of pCR versus no-pCR

changes throughout treatment, several parameters also showed significant difference.
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The associations of these parameters are presented in Table 2.3. The P75 AUCpost-pre

was found to be most predictive showing lower AUC for pCR compared to no-pCR

(Figure 2.3c). The optimal threshold of -24.6% yielded a sensitivity of 83%, specificity

of 88%, PPV of 71% and a NPV of 93%. The P75 AUCper-pre was also found to be

significant, for an optimal threshold of 10.3%, a sensitivity of 88%, specificity of 82%,

PPV of 70% and a NPV of 93% was reached. No significant differences were found

in the TTP and slope, as well as in the analysis of single time point AUC.

Discussion

This prospective study demonstrates the potential of DCE-MRI for treatment re-

sponse assessment and prediction to nCRT for patients with esophageal cancer. The

change during treatment in P75 AUCper-pre was significantly different between GR

and noGR with good diagnostic performance. This is particularly promising for fu-

ture considerations regarding early modification or discontinuation of nCRT in an-

ticipated noGRs. Additionally, the change in P75 AUCpost-pre differed significantly

between pCR and no-pCR, which could potentially aid in the clinical decision-making

regarding the omission of surgery.

This is the first report on (early) response assessment measured by DCE-MRI with

pathologic reference in esophageal cancer. In a previous study, a significant change in

DCE-MRI parameters was observed in 12 patients with SCC of the oesophagus [32].

However, this feasibility study only performed a limited analysis (before vs. after

treatment, single slice analysis, no comparison with pathologic response was given)

compared to our study. The initial scan session showed predictive value for treatment

outcome. However, acquiring a second scan after 2 weeks of nCRT added additional

diagnostic value compared to pre- and post-treatment scanning only, resulting in

higher predictive values. The finding that the change in tumor parameters early

during nCRT is predictive for the pathologic outcome in terms of response, is in line

with a previous study performed by our group using DW-MRI [66] as well as in other

tumor sites using DCE-MRI [76, 77]. The large range in the timing of acquisition of

the last scan, together with the fact that tumor delineations after chemoradiotherapy

can be challenging, might have influenced the predictive values of the post-treatment

scan to an unknown extent. The influence of this variability deserves attention in

further studies.

For future studies on therapy adaptation, based on MRI response monitoring, it is

advantageous that response can be measured early, on which adaptation could poten-

tially be made in the first stages of neoadjuvant treatment. Furthermore, the scan

prior to surgery showed diagnostic value in differentiation between patients with pCR

and no-pCR, which could potentially be used in addition to the early differentia-

tion between good and poor response. Equal weight was given to both sensitivity
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and specificity, but depending on the purpose of the analysis (e.g. changing therapy,

omitting surgery) this weight could be varied. In literature conflicting reports are

found with respect to patient outcome and TRG 1 or 2. In terms of 5-year survival

rates, some studies report statistically significant differences between patients with

TRG 1 versus TRG≥2 [58,60,78], while in another study survival curves were found

to be similar [79]. At this moment, it is debatable if the presented separation based

on DCE-MRI between pCR/TRG≥2 or GR/noGR is sufficiently strong to support

the decision to omit surgery. Therefore, the use of DCE-MRI (together with other

imaging modalities) for treatment adaptations is subject of our on-going research. In

addition to studying the complementary values of DW-MRI and DCE-MRI, it will

become increasingly important to study the complementary values of clinical param-

eters, other imaging modalities (e.g. FDG-PET), and molecular biomarkers [68–70].

In this light it is promising that in rectal cancer omission of surgery or delayed resec-

tion in selected patient groups did not increase the risk of recurrent disease or affect

survival compared to immediate surgery [80,81].

The tumor contrast uptake curve pattern observed in this study resembles the curve

described by Chang et al. [71], although the AIF differs. The observed AIF, showing

a rapid in- and outflow of contrast, is more in line with the standard AIF as reported

by Parker et al. [82]. To our knowledge, the trend showing lower AUCper-pre values for

GR as opposed to noGR has not been reported previously for esophageal cancer. In a

review by Li et al., summarizing various tumor sites, it was found that chemotherapy

responders showed a drop in AUC, while radiotherapy responders showed an initial

increase in AUC in the first 1-2 weeks, followed by an AUC drop [83].

In this study a nonparametric approach was chosen, as it is not sensitive to errors

arising from inaccurate determination of the AIF. Parametric approaches can be prone

to errors due to uncertainty in input parameters, more complex fitting methods and

lower reproducibility [74, 83–85]. On the other hand, Roberts et al. [84] suggested

that the reproducibility of AUC and Ktrans were similar, and therefore the parametric

measure may be superior providing greater physiological insights. In future studies

we intend to acquire multiple baseline acquisitions to gain more insight into the true

variations and reproducibility of the AIF, to judge whether the use of a parametric

model is justified.

As aforementioned, the AUC reflects blood flow and vascular permeability, which is

increased in tumor tissue. The fact that P75 AUC resulted in superior predictive

values could indicate that it is more sensitive to active (i.e. better perfused or more

permeable) areas within the tumor. This could implicate that the delineated tumor

is heterogeneous, and thus includes less active regions. In future research we intend

to research the possibilities for voxel-based analysis of DCE-MRI.

Some limitations apply to this study. First, the small sample size of this exploratory
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study may have caused both over- and underestimation of the true predictive values.

Therefore, our conclusions require validation in a larger patient cohort. Second, a

possible sensitivity of the AUC for the peak height of the AIF was found, which will

be investigated by determining the reproducibility of DCE-MRI. This will also give

further insight into the robustness of the method. Next, to compensate for organ

motion due to respiration, we adopted a retrospective registration strategy. This

improved geometrical overlap between consecutive scans. However, minor motion

artefacts were visible in the individual scans. Strategies to compensate for motion

prospectively are therefore expected to improve overall quality.

In conclusion, our study showed that analysis of DCE-MRI has potential for treatment

response assessment and prediction in patients with esophageal cancer undergoing

chemoradiotherapy. Changes in AUC within the tumor throughout the first two

to three weeks of treatment were found to differ significantly between good and poor

responders potentially allowing for early prediction of treatment response. In addition,

the change in AUC prior to surgery was found to differ significantly between pathologic

complete responders and non-pathologic complete responders.
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Abstract

Objective

Both the apparent diffusion coefficient (ADC) acquired by diffusion-weighted mag-

netic resonance imaging (DW-MRI) and the standardized uptake value (SUV), ac-

quired by 18F-fluorodeoxyglucose positron emission tomography/computed tomogra-

phy (18F-FDG-PET/CT), are well-established functional parameters in cancer imag-

ing. Currently it is unclear whether these two markers provide complementary prog-

nostic and predictive information in esophageal cancer. The aim of this study was to

evaluate the correlation between ADC and SUV in patients with esophageal cancer.

Methods

This prospective study included 76 patients with histologically proven esophageal

cancer who underwent both DW-MRI and 18F-FDG-PET/CT examinations before

treatment. The minimum and mean ADC values (ADCmin and ADCmean) of the

primary tumor were assessed on MRI. Similarly, the glucose metabolism was evaluated

by the maximum and mean SUV (SUVmax and SUVmean) in the same lesions on
18F-FDG-PET/CT images. Spearmans rank correlation coefficients were used to

assess the correlation between tumor ADC and SUV values.

Results

The tumor ADC and SUV values as measures of cell density and glucose metabolism,

respectively, showed negligible non-significant correlations (ADCmin versus SUVmax:

r = -0.087, p = 0.457, ADCmin versus SUVmean: r = -0.105, p = 0.369, ADCmean ver-

sus SUVmax: r = -0.99, p = 0.349, ADCmean versus SUVmean: r = -0.111, p = 0.340).

No differences in tumor ADC and SUV values were observed between the different

histologic tumor types, stages and differentiation grades.

Conclusions

This study indicates that tumor cellularity derived from DW-MRI and tumor metabo-

lism measured by 18F-FDG-PET/CT are independent cellular phenomena in newly

diagnosed esophageal cancer. Therefore, tumor ADC and SUV values may have

complementary roles as imaging markers in the prediction of survival and evaluation

of response to treatment in esophageal cancer.
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Introduction

Esophageal cancer continues to affect more than 450.000 people yearly, and is the

sixth leading cause of cancer-related mortality worldwide [4]. Currently, surgical

resection of the esophagus combined with neoadjuvant therapy is the cornerstone

of curative treatment for patients with non-metastasized esophageal cancer [4, 13,

14]. Definitive concurrent chemoradiotherapy is the preferred approach for inoperable

locally advanced esophageal cancer [86,87].

Esophageal cancer is usually diagnosed by endoscopy with biopsy and additional mul-

timodality imaging is applied for staging. Since its clinical introduction, whole-body
18F-fluorodeoxyglucose positron emission tomography with integrated computed to-

mography (18F-FDG-PET/CT) has emerged as useful adjunct to conventional pre-

treatment staging modalities for esophageal cancer [88]. The use of the 18F-FDG

tracer allows for quantitative assessment of increased cellular glucose metabolism in

tumors by measuring the standardized uptake value (SUV). The SUV is the most

commonly used quantitative index of 18F-FDG uptake and is often expressed as its

mean (SUVmean) or maximum (SUVmax). In a pre-treatment setting the most impor-

tant value of 18F-FDG-PET/CT in the management of esophageal cancer lies in its

ability to detect distant metastases and regional lymphadenopathy [9,89,90]. In addi-

tion, 18F-FDG-PET/CT has shown potential for the prediction of long-term survival

and evaluation of response to treatment [23,24].

Meanwhile, diffusion-weighted magnetic resonance imaging (DW-MRI) is emerging as

an advanced imaging technique in esophageal cancer imaging [27,33,91–93]. DW-MRI

provides functional information based on the variation in (Brownian) motion of water

molecules which is a marker for tissue density [38]. The apparent diffusion coefficient

(ADC) is a quantitative measure for this variation and inversely correlates with tumor

cellularity in various tumors [38], including esophageal cancer [94]. Furthermore,

recent exploratory studies have shown that DW-MRI appears to provide valuable

information regarding the assessment of response to treatment in esophageal cancer

and in several other malignancies [66,95–97].

Both ADC and SUV values are established parameters in cancer imaging, although

they may refer to different aspects of tumor pathophysiology. Currently, it is unclear

whether these two imaging markers provide complementary information with regard

to the prediction of survival and evaluation of response to treatment in esophageal

cancer. Therefore, the purpose of this prospective study was to assess the correlation

between SUV and ADC values in order to evaluate whether these values are correlated

or independent functional imaging markers in newly diagnosed esophageal cancer.
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Materials and Methods

Data were gathered from a multicenter prospective study in which three interna-

tional cancer centers participated, including The University Medical Center Utrecht

(UMCU), The Netherlands Cancer Institute (NKI-AVL), and The University of Texas

MD Anderson Cancer Center (MDACC). This prospective study was approved by

the institutional review boards of each center separately and written informed con-

sent was provided by all patients. The study was conducted in accordance with the

Health Insurance Portability and Accountability Act (HIPAA) and was registered

with ClinicalTrials.gov, number NCT02125448.

Study population

Patients presented at the three participating centers from October 2013 to Novem-

ber 2015 with newly diagnosed biopsy-proven esophageal cancer planned to receive

neoadjuvant chemoradiotherapy followed by surgery were eligible for inclusion (Table

3.1). Exclusion criteria included a history of thoracic radiotherapy, contraindications

for MRI, or more than 30 days interval between MRI and 18F-FDG-PET/CT imag-

ing. The diagnostic work-up consisted of an endoscopy with biopsy for diagnosis,

endoscopic ultrasound, and integrated 18F-FDG-PET/CT scan for clinical staging.

MR image acquisition

Patients underwent MRI scanning with anatomical T2-weighted and DW-MRI se-

quences within two weeks prior to nCRT. The MRI examinations were either per-

formed on a 1.5 Tesla scanner equipped with a 16 or 28-element phased-array receive

coil for thoracic imaging (UMCU and NKI-AVL; Achieva or Ingenia; Philips Medical

Systems, Best, The Netherlands) or on a 3.0 Tesla scanner equipped with a 32-channel

torso phased array coil (MDACC; Discovery, GE Medical Systems, Milwaukee [WI],

USA). The MRI scan protocol was specifically developed for esophageal cancer pa-

tients and made similar across the three participating centers prior to initiation of

the current study [91]. Patients were scanned in supine position without adminis-

tration of anti-peristaltic agents. Transverse DW-images were obtained under free

breathing conditions with the following scan parameters: repetition time 7503 ms,

echotime 180 ms, slice thickness 4 mm, 50 slices, field of view 260x560 mm, voxel size

3.25 mm, total acquisition duration was approximately 6 minutes. Three b-values

were acquired: 0, 200 and 800 s mm−2. Sagittal and transverse T2-weighted images

were obtained with a navigator that monitors the position of the diaphragm using a

fast intertwined 1D-MRI acquisition, in order to trigger scanning exclusively during

the end of the expiration [98].
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Figure 3.1: Example of a mid-esophageal adenocarcinoma of a 72 year old male patient. CT (A) demon-
strates a round-shaped esophageal tumor with high uptake on 18F-FDG-PET (C) and the fused images
(E). Corresponding tumor on T2-weighted imaging (B) with high signal on DWI-MRI (b=800 s mm−2)
(D) and corresponding ADC map (F) with restricted diffusion at the location of the tumor.

18F-FDG-PET/CT image acquisition

The 18F-FDG-PET/CT examinations were performed on dedicated PET/CT sys-

tems (UMCU: mCT, Siemens, Erlangen, Germany; NKI-AVL: Gemini TF, Philips,

Cleveland, Ohio; MDACC: Discovery RX, ST, or STE; GE Medical Systems, Milwau-

kee [WI], USA). Patients underwent injection of 18F-FDG after fasting for at least

six hours. Before injection of FDG, blood glucose levels were checked in every pa-

tient to excluded hyperglycemia. The activity of intravenously administered 18F-FDG

ranged between 190-370 MBq. Imaging started 60-90 minutes after administration of
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18F-FDG with a CT for attenuation correction with the following settings: 120 kV,

20-300 mAs, 0.5-s tube rotation time, pitch of 0.813-1.375 and 3-3.75 mm slice width.

Following CT, PET scanning was performed from thigh to the base of skull in three-

dimensional (3D) acquisition mode with 2-5 minutes per bed position. Images were

reconstructed using iterative 3D-reconstruction.

Image analysis

All images were quantitatively assessed by authors (LG, SEH, PSNvR) who were

trained in DW-MRI and 18F-FDG-PET/CT image analysis. These reviewers were

blinded to the clinical data, histopathologic results and the ADC maps when measur-

ing 18F-FDG-PET/CT images and vice versa. DW-MRI analysis including primary

tumor delineation was performed using image analysis software package ITK-SNAP

(version 3.4.0) [98]. The primary tumor was delineated on the DW-MR images with

a b-value of 800 s mm−2 using automatic contouring, based on 2 clusters in pre-

segmentation mode and default evolution parameters. The DW-MRI images were

evaluated quantitatively by calculation of the ADC values for each voxel

(ln(Sb) = ln(S0)− b ·ADC, where S0 is the signal intensity without diffusion-

weighting) with b-values of 0, 200, and 800 s mm−2 [38, 66]. Subsequently, the vol-

umes of interest (VOI) on the ADC maps were manually edited by two readers in

consensus (LG and SEH) to ensure that only tumor tissue was covered. From the

outlined VOIs, the mean and minimum ADC values per VOI were extracted. The

mean ADC (ADCmean) was defined as the average ADC value of all voxels in each

VOI, and minimum ADC (ADCmin) as the lowest 2% percentile.

Based on the reconstructed 18F-FDG-PET/CT images the primary tumor volumes

were delineated using a semi-automatic gradient-based delineation method followed

by manual editing by one reader in commercially available software (MIM Software,

Cleveland, OH, USA). This method has been validated in a multi-observer study

reporting superior accuracy, consistency and robustness compared with manual and

threshold methods [99]. The 18F-FDG uptake in the esophageal tumors as registered

on the PET/CT images were evaluated using the SUV. SUV was defined as the ratio

of tissue radioactivity concentration (Bq/mL) and the injected activity (Bq) divided

by the body weight (kg×1000). The software automatically calculated the metabolic

tumor volume (in cm3), maximum and mean SUV (SUVmax and SUVmean) for each

VOI.

Statistical analysis

To assess the strength and direction of correlation between DW-MRI metrics (ADCmin,

ADCmean) and 18F-FDG-PET/CT (SUVmax, SUVmean) values Pearson and Spear-

man correlation coefficients were calculated in case of parametric and non-parametric

continuous variables, respectively. Pearson and Spearmans correlation coefficients
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Table 3.1: Patient and tumor-related characteristics

Characteristic n(%)

Gender

Male 65 (86%)

Female 11 (14%)

Age, yearsa 61.4 ± 9.4

Histologic tumor type

Adenocarcinoma 60 (79%)

Squamous cell carcinoma 13 (17%)

Other 3 (4%)

Histologic tumor grade

Moderate differentiation 43 (57%)

Poor differentiation 33 (43%)

Tumor location

Proximal third 2 (3%)

Middle third 9 (12%)

Distal third 49 (65%)

Gastro-esophageal junction 16 (20%)

Clinical T-stage

cT2 12 (15%)

cT3 62 (82%)

cT4 2 (3%)

Clinical N-stage

N0 25 (33%)

N1 30 (40%)

N2 20 (26%)

N3 1 (1%)

Interval PET/MRI in daysb 17 (0-30)

ADCmean (10-3mm2 s−1)a 2.05 ± 0.6

ADCmin (10-3mm2 s−1)a 0.75 ± 0.4

SUVmean
a 0.77 ± 0.4

SUVmax
a 1.60 ± 1.0

a Data presented as mean ± standard deviation.
b Data presented as median with range.

may be interpreted as follows: a positive or negative correlation coefficient of 0.90-

1.00 is considered very high; 0.70-0.89, high; 0.40-0.69, moderate; 0.30-0.49, low; and

0-0.29, negligible [100]. BlandAltman analysis was used for the assessment of agree-

ment of volume parameters obtained from DW-MRI images and 18F-FDG-PET/CT

images [101]. Also, the tumor ADC and SUV were compared between squamous

cell carcinomas and adenocarcinomas, between moderately and poorly differentiated

tumor, and between different clinical T and N-stages using the Students T-test or
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MannWhitney U test, for parametric and non-parametric variables, respectively. Sta-

tistical analysis was performed using SPSS 23.0 (IBM Corp. Armonk, NY, USA) and

GraphPad Prism 6.07 software (GraphPad Software, La Jolla California USA). A

p-value of <0.05 was considered statistically significant.

Results

Patient and tumor characteristics

In the study period, a total of 81 patients with newly diagnosed esophageal cancer who

underwent both MRI and 18F-FDG-PET/CT were potentially eligible for inclusion.

Of these patients, 5 were excluded because the interval between MRI and 18F-FDG-

PET/CT imaging was more than 30 days (n=4) or the ADC map was of poor quality

(n=1). The final study population comprised of 76 patients with a mean age of 61.4

years (standard deviation [SD], 9 years), and 65 (86%) of them were male. Histologic

tumor types included adenocarcinoma (n=60, 79%), squamous cell carcinoma (n=13,

17%) or other types (n=3, 4%). The distribution of the esophageal tumor types corre-

sponds with those of western populations. Patient and tumor-related characteristics

are presented in Table 3.1.

Tumor ADC and SUV values

The mean ±SD of the ADCmean and ADCmin obtained from the 76 esophageal tu-

mors were 2.05 ±0.6 · 10-3 mm2 s−1 and 0.75 ±0.04 · 10-3 mm2 s−1, respectively.

The average tumor volume as determined by semi-automatic delineation on DW-

MRI was 32.6 ±21.4 cm3 (range, 7.2-85 cm3). The mean ±SD of the SUVmean and

SUVmax from 18F-FDG-PET/CT were 7.7 ±0.4 and 16.0 ±1.0, respectively. Average

metabolic tumor volume measured by semi-automatic 18F-FDG-PET/CT contour-

ing was 25.2 ±21.7 cm3 (range, 2.9-94.0). Figure 3.1 demonstrates an example of
18F-FDG-PET/CT and DW-MRI images in one of the patients.

Correlation analysis of ADC and SUV values

The tumor ADC and SUV values showed negligible non-significant correlations

(ADCmin versus SUVmax: r=-0.087, p=0.457, ADCmin versus SUVmean: r=-0.105,

p=0.369, ADCmean versus SUVmax: r=-0.99, p=0.349, ADCmean vs. SUVmean:

r=-0.111, p=0.340). Figure 3.2 shows the scatter plots of the correlations between

the different studied tumor ADC and SUV values.

Comparison between tumor volumes

In Bland-Altman analysis the mean of the difference between DW-MRI-based and
18F-FDG-PET-based tumor volumes (and corresponding 95% limits of agreement)
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Figure 3.2: Scatter plots of correlation between tumor ADC and SUV values as determined on DW-MRI
and 18F-FDG-PET/CT imaging from 76 esophageal cancer tumors. For each scatterplot, the best-fit line
is shown as the solid line. Dotted lines above and below represent the upper and lower 95% confidence
intervals. A: ADCmin vs. SUVmax. B: ADCmin vs. SUVmean. C: ADCmean vs. SUVmax. D: ADCmean vs.
SUVmean.

was 7.4 cm3 (-26.9 - 41.7) (Figure 3.3). On average, the volumes determined on DW-

MRI by semi-automatic delineation were larger compared to the volumes determined

during semi-automatic contouring on 18F-FDG-PET/CT.

Association of tumor ADC and SUV with clinical tumor characteristics

Table 3.2 shows the difference between functional imaging parameters (tumor ADC

and SUV statistics) and established clinical tumor characteristics. In univariable anal-

ysis tumor ADCmean and ADCmin showed no significant association with histologic

tumor type, tumor grade, clinical T-stage and clinical N-stage. Although a trend

towards higher SUV values in esophageal squamous cell carcinomas was observed,

SUVmean and SUVmax were not significantly associated with tumor characteristics.
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Figure 3.3: Bland-Altman plot comparing tumor volumes delineated on DW-MRI versus 18F-FDG-
PET/CT, respectively. The y-axis shows the difference between the two volumes (in cm3), and the
x-axis shows the mean of the two volumes. The black dotted lines represent the upper and lower 95%
limits of agreement.

Discussion

In this multi-center prospective study, correlations between functional imaging mark-

ers derived from DW-MRI and 18F-FDG-PET/CT imaging were evaluated. The re-

sults of the current study show that it was feasible to obtain complete data sets of both

imaging modalities from most patients with newly diagnosed resectable esophageal

cancer. No correlations were found between tumor ADC and SUV, regardless of

the underlying histological subtype. Also, no associations of ADC and/or SUV with

tumor stage or grade were found.

In order to assess potential clinical complementarity of tumor ADC and SUV values

for prediction of survival or evaluation of response to treatment in esophageal cancer,

the current study investigated the correlation between these two parameters. Assess-

ment of treatment response is an important new determinant of prognosis, and guide

towards more individualized treatment decisions for patients with locally advanced

esophageal cancer [60, 102]. Due to the unsatisfactory results in treatment response

assessment of currently available diagnostic techniques (i.e. endoscopic ultrasonog-

raphy [103], endoscopy with biopsy [103], and 18F-FDG-PET/CT [23, 24, 104], the

utility of DW-MRI for response assessment in esophageal cancer is currently of high

clinical interest. Although sequential 18F-FDG-PET/CT scanning has shown to be

moderately predictive for treatment response [23,24], ADC changes have shown great

potential as marker for the degree of response to treatment in esophageal cancer [66].

The combination of these two functional imaging techniques may provide additional

information with regard to tumor characterization.
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Similar to our findings, previous studies assessing other types of cancer found no

correlation between pretreatment tumor ADC and SUV values [105–109]. These re-

sults suggest that increased metabolic activity and restricted water diffusion repre-

sent independent phenomena and refer to different aspects of tumor pathophysiology.

Combining multiparametric functional MRI with metabolic information derived from
18F-FDG-PET/CT may therefore provide complementary information [106,109].

Meanwhile, other studies comparing ADC and SUV in other types of cancer did ob-

serve a significant correlation between tumor ADC and SUV values [45, 110–115].

However, the reported correlation coefficients in some of these studies actually indi-

cated a weak correlation (0-0.40) [112,114,115].

Several factors may account for the difference in literature with regard to reported

correlations between tumor ADC and SUV. First, performing functional imaging in

different types of cancer (e.g. ovarian and colorectal cancer lesions) results in signifi-

cant different ADC and SUV values [109]. The heterogeneous outcomes of functional

metrics in different types of cancer may partially account for this difference [113].

Second, several studies calculated the ADCmean by taking averages of the mean ADC

values of each separate image slice, regardless of the cross sectional size of the tumor

on each slice [110–112]. In the current study the weighted average of all voxels of the

entire VOI was taking into account, which results in a closer resemblance of the mean

ADC of the whole tumor.

Tumor volume delineation was assessed on DW-MRI, and if necessary adapted after

critical evaluation on the ADC maps. Although in general T2-weighted images provide

more anatomical details, this method ensured that the calculation of ADC was solely

based on parameters obtained from high signal on DWI-MRI. A reasonable agreement

of tumor volumes delineated on DW-MRI and 18F-FDG-PET/CT was demonstrated

in the Bland-Altman plot. On average, tumor volumes measured on DW-MRI were

7 cm3 larger than those measured on 18F-FDG-PET/CT. These findings correspond

with the results of previous studies that found smaller tumor volumes on PET com-

pared to DW-MRI imaging [110, 116, 117]. For the delineations on PET, a validated

method with higher consistency compared to manual and thresholding methods was

used [99]. However, MRI-based delineation in esophageal cancer tumors is relatively

new. Currently, there is no consensus for accurate determination of tumor boundaries

on MRI. Therefore, additional investigations aim to develop consensus on optimal MR

delineation definitions for esophageal cancer.

Previous studies have reported associations between pre-treatment tumor ADC or

SUV values, and histologic tumor characteristics (i.e. adenocarcinoma versus squa-

mous cell carcinoma, tumor differentiation and cTN stage) in esophageal cancer [33,

66,118,119]. The current study found a trend towards higher SUV values in esophageal
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squamous cell carcinomas, which is supported by previous studies [118, 119]. How-

ever, other associations could not be reproduced, which may be due to substantial

differences in study population characteristics and sample size among the studies.

Concerning ADC values, previous reports so far reported equivocal results, but were

exploratory by nature and included a limited number of patients [66,117].

Several limitations apply to this study. Factors potentially influencing the general-

izability of the results include the hardware characteristics (i.e. different MRI and

PET/CT systems), chosen imaging parameters and applied delineation techniques.

Interobserver agreement analysis of ADC tumor delineation with a semi-automatic

approach were not part of this study and need further elucidation. Moreover, the

comparison between the imaging parameters (tumor ADC and SUV) and tumor char-

acteristics (i.e. T-stage and histology) was based on small numbers which may have

resulted in type 2 errors. Finally, pretreatment ADC, SUV and volume measurements

could not be correlated to surgical pathology parameters, as the surgical specimens

were obtained after neoadjuvant treatment in the current study. With respect to

the aforementioned limitations, future comparative studies are needed to elucidate

the advantages and disadvantages of DW-MRI and 18F-FDG-PET/CT imaging in

esophageal cancer. These studies may include comparison of DWI and PET parame-

ters at multiple time points during treatment.

This study indicates that both tumor cellularity measured by DW-MRI imaging

and tumor metabolism by 18F-FDG-PET/CT are independent cellular phenomena

in newly diagnosed esophageal cancer. Therefore, ADC and SUV values may have

complementary roles as imaging markers in the prediction of survival and evaluation

of response to treatment in esophageal cancer.
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Abstract

Purpose

To explore the potential benefit and complementary value of a multiparametric ap-

proach using diffusion-weighted (DW-) and dynamic contrast-enhanced (DCE-) mag-

netic resonance imaging (MRI) for prediction of response to neoadjuvant chemoradio-

therapy (nCRT) in esophageal cancer.

Material and Methods

Forty-five patients underwent both DW-MRI and DCE-MRI prior to nCRT (pre), dur-

ing nCRT (week 2-3) (per) and after completion of nCRT, but prior to esophagectomy

(post). Subsequently, histopathologic tumor regression grade (TRG) was assessed.

Tumor apparent diffusion coefficient (ADC) and area-under-the-concentration time

curve (AUC) were calculated for DW-MRI and DCE-MRI, respectively. The ability

of these parameters to predict pathologic complete response (pCR, TRG1) or good

response (GR, TRG≤ 2) to nCRT was assessed. Furthermore the complementary

value of DW-MRI and DCE-MRI was investigated.

Results

GR was found in 22 (49%) patients, of which 10 (22%) patients showed pCR. For

DW-MRI, the 75th percentile (P75) ∆ADCpost-pre was most predictive for GR

(c-index = 0.75). For DCE-MRI, P90 ∆AUCper-pre was most predictive for pCR

(c-index = 0.79). Multivariable logistic regression analyses showed complementary

value when combining DW-MRI and DCE-MRI for pCR prediction (c-index = 0.89).

Conclusions

Both DW-MRI and DCE-MRI are promising in predicting response to nCRT in

esophageal cancer. Combining both modalities provides complementary information,

resulting in a higher predictive value.
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Introduction

Worldwide esophageal carcinoma continues to affect more than 450.000 people an-

nually, with 5-year overall survival rates rarely exceeding 35% [2, 11, 12]. Currently,

neoadjuvant chemoradiotherapy (nCRT) followed by surgery is considered standard

of care for patients with resectable locally advanced esophageal cancer. Many studies

have reported that the degree of response to neoadjuvant therapy is associated with

patient prognosis, with pathologic complete response (pCR) having the most favor-

able long-term prognosis [11, 14, 58, 60, 61]. Accurate prediction of good response to

nCRT potentially allows a wait-and-see approach, with omission of surgery and close

clinical follow-up. On the other hand, accurate prediction of poor response allows

early treatment modification, e.g. intensification of neoadjuvant therapy or primary

surgery.

Unfortunately, diagnostic modalities including endoscopic biopsy, endoscopic ultra-

sonography and computed tomography (CT) that are currently used to identify

pathologic response yield unsatisfactory results [103,120]. Highest overall pooled sen-

sitivities and specificities were found for 18F-FDG-PET(/CT), however, with values

ranging from 67% to 70% this is still insufficient to justify changes in clinical decision-

making [23,24]. Meanwhile, functional MRI techniques are emerging as an advanced

imaging technique since it visualizes different and possibly complementary tumor char-

acteristics. With diffusion-weighted (DW-) magnetic resonance imaging (MRI) the

variation in free diffusion of water molecules between different tissues is visualized, al-

lowing it to distinguish tumorous tissue with high cellular density from healthy tissue

using the apparent diffusion coefficient (ADC) [37, 38, 121]. With dynamic contrast-

enhanced (DCE-) MRI, the vascular integrity is visualized using administration of a

contrast agent, allowing to monitor neoplastic changes in tissue [122]. Two recent

pilot studies reported that tumor alteration on both DW-MRI and DCE-MR imaging

during the first 2-3 weeks of nCRT for esophageal cancer are highly predictive for

pCR [66,123]. However, these findings have not yet been validated in a larger cohort.

Also, no direct comparison between DW-MRI and DCE-MRI for treatment response

evaluation in this setting has been reported.

The purpose of the current study was to evaluate, in a multicenter setting, whether

combining data from both DW-MRI and DCE-MRI in patients receiving nCRT for

esophageal cancer yields complementary information for response prediction, and may

therefore increase predictive power compared to single technique MR imaging.
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Table 4.1: Patient and treatment-related characteristics for both institutes.

Study popula- Study popula- Combined analysis

tion UMCU tion NKI DWI/DCE

(n=31) (n=14) UMCU+NKI

(n=34)

Gender

Male 27 11 29

Female 4 3 5

Age, years (at start RT)* 64.5 ± 7.6 58.6 ± 13.0 62.4 ± 10.1

Clinical T-stage

T2 6 (19%) 2 (14%) 5 (15%)

T3 25 (81%) 12 (86%) 29 (85%)

Clinical N-stage

N0 9 (29%) 6 (43%) 10 (29%)

N1 8 (26%) 5 (36%) 12 (35%)

N2 12 (39%) 3 (21%) 9 (26%)

N3 2 (6%) 0 (0%) 3 (9%)

Type

SCC 3 (10%) 2 (14%) 4 (12%)

AC 26 (84%) 12 (86%) 28 (82%)

ASC 2 (6%) 0 (0%) 2 (6%)

Location

Proximal third of esophagus 1 (3%) 0 (0%) 1 (3%)

Middle third of esophagus 3 (10%) 1 (7%) 3 (9%)

Distal third of esophagus 23 (74%) 6 (43%) 21 (62%)

Gastroesophageal junction 4 (13%) 7 (50%) 9 (26%)

Acquisition, no. of days

Pre (before start nCRT) † 6 (2 - 14) 5 (-1 - 11) 6 (-1 - 14)

Per (after start nCRT)† 10 (8 - 17) 15 (9 - 16) 10 (8 - 17)

Post (after completion nCRT)† 41 (17 - 62) 39 (31 - 65) 40.5 (17 - 57)

Post scan - surgery interval† 10 (5 - 48) 11.5 (4 - 19) 11.5 (4 - 48)

The patient characteristics from the combined analysis are summarized in the third column.

SCC = squamous cell carcinoma; AC = adenocarcinoma ; ASC = adenosquamous carcinoma.

Data presented as counts with percentages in the parentheses unless stated otherwise.

* Data presented as mean ± SD.

† Data presented as median (range).

Material and methods

Study population

Patients were included in the University Medical Center Utrecht (UMCU) and in the

Netherlands Cancer Institute (NKI), from August 2013 to January 2016. Written
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informed consent was obtained from all patients and this study was approved by the

institutional review board of each center. Patients with contraindications for 1.5 T

MRI with administration of a contrast agent were not eligible for inclusion. All 46

patients with biopsy-proven esophageal cancer receiving nCRT followed by surgery

who underwent all MRI studies were initially included in this study. One patient was

excluded due to a very small tumor volume (<2.5 mL on the initial scan). Of the

remaining patients, 31 were scanned in the UMCU and 14 in the NKI (Table 4.1).

Treatment protocol

All patients included in this study were planned to receive weekly administration of

intravenous carboplatin (area under the curve of 2 mg/mL per minute) and paclitaxel

50 mg m−2 (50 mg/m2 body-surface area) for 5 weeks, with concurrent radiotherapy

of 41.4 Gy in 23 fractions of 1.8 Gy [11]. All patients were treated with step-and-

shoot intensity modulated radiation therapy (IMRT) or volumetric modulated arc

radiotherapy (VMAT), planning goals were to cover at least 99% of the target volume

with a minimum of 95% of the prescribed dose. Five to ten weeks (median 8 weeks)

after completion of neoadjuvant treatment, all patients underwent a transhiatal or

transthoracic esophagectomy.

Histopathologic assessment

Histopathologic assessment of the resection specimen was performed by a dedicated

pathologist with GI subspecialty according to Mandard, with a tumor regression

grade (TRG) ranging from 1 (pCR) to 5 (absence of regressive changes) [17]. Two

approaches were applied to discriminate between response to treatment: an analysis

was performed to differentiate between patients with good (GR, TRG≤2) versus poor

response (noGR, TRG≥3), and pathologic complete response (pCR, TRG1) versus

no pathologic complete response (no-pCR, TRG≥2).

MRI acquisition

Acquisition of MR images was performed at three time points: a baseline scan prior

to treatment (pre), a scan after two weeks (8-13 fractions) of nCRT treatment (per)

and a preoperative scan, 3-9 weeks after completion of nCRT treatment (post). In all

patients there was a similar initial intention to schedule surgery 6-8 weeks after com-

pletion of nCRT and plan the post-scan within two weeks prior to surgery. All image

acquisition was performed on a 1.5 T Philips Achieva or Ingenia (Best, The Nether-

lands) using the Torso (16 channels) or Anterior/Posterior (28 channels) receive coils,

respectively. The same imaging protocol was used in both institutes. DWI scans

were acquired in transverse plane during free breathing, for three different b-values

(0, 200, 800 s mm−2), with a bandwidth per pixel of 29.4 or 23.4 Hz for the Achieva

and Ingenia, respectively. The DCE-series consisted of 62 3D scans, scanned with a
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Table 4.2: Scan parameters of the used MRI protocol

DWI EPI DCE T2W B0 †
(STIR) (3DFFE T1W) (MS-TSE)

Scan plane transverse coronal transverse transverse

Slice thickness (mm) 4.00 3.00 4.00 (gap: 2.48) 4.00

Voxel size (mm) 3.25 1.18 or 1.98* 0.67 4.06

TR (ms) 7241 3.43 1604 630.4

TE (ms) (TE2) 76.2 1.53 100 4.6 (9.2)

Flip angle (◦) 90 20 90 30

Temporal resolution (sec) N.A. 3 N.A. N.A.

Number of time frames N.A. 62 N.A. N.A.

b-values (s mm−2) 0, 200, 800 N.A. N.A. N.A.

N.A. = not applicable.

† Dual acquisition ; * second parameter applicable for scans acquired with Ingenia scanner.

temporal resolution of 3 seconds. After the 10th scan the contrast agent was injected

with an automatic syringe pump at a flow rate of 1 mL/sec (for patients >100 kg

2 mL/sec), followed by a saline injection. In the UMCU gadobutrol (Gd-BT-DO3A,

Gadovist; Schering AG, Berlin, Germany) was used at a dose of 0.1 mmol/kg of body

weight, at the NKI Dotarem (Gadoteric acid, 0.5 mM; Guerbet, Paris, France) was

used with a fixed dose of 7.5 mmol for each patient. In order to prevent artifacts in the

aorta due to pulsatile flow, the heart was included in the scanned volume. Prior to the

DCE scan, a transverse T2-weighted scan was acquired for anatomical verification with

a multi-slice turbo spin echo sequence, using a navigator for respiratory triggering [66,

123]. Detailed scanning parameters are presented in Table 4.2.

Image analysis

DWI scans were corrected for geometric distortions using a B0-field inhomogeneity

map [124] and ADC values were calculated using a mono-exponential model. DCE

scans were processed according to a previously reported protocol [123]. Rigid regis-

tration was performed to account for motion between scans. A series of scans with

variable flip-angles were acquired. This enabled quantification of the intrinsic tissue

T1 time which is required to quantify the contrast agent concentration after injec-

tion [125]. The area-under-the-concentration versus time curve (AUC), defined as

an integral over 60 seconds after inflow of contrast, was calculated. Examples of a

T2-weighted, a DWI and a DCE scan and the corresponding ADC- and AUC-maps

are shown in Figure 4.1. To minimize inter-observer variability, the primary tumor

was automatically delineated on the initial b800 DWI using a contouring algorithm

in ITK-SNAP v3.4.0.QT4 with 2 clusters in pre-segmentation mode and default evo-

lution parameters [98]. As a result, a region with high values on the b800 DWI

was delineated. These automatic delineations were verified and manually adjusted if
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necessary (e.g. in case of volume overestimation or the inclusion of lymph nodes),

using both the ADC-map and T2-weighted scan in Volumetool, an in-house devel-

oped image software tool [126]. This pre-delineation was registered to the next time

point (per) and manually adjusted for possible shrinkage in the circumference of the

esophagus, which was then propagated to the final time point (post), again followed

by manual adjustments if necessary. In other words, in each individual patient the

cranio-caudal length of the delineations remained constant over the three time points.

All adjustments were performed in consensus by two readers (S.E.H. and L.G.) and

verified by a radiation oncologist (S.M.).

Data analysis

In line with our previous work [66, 123], mean, median and several percentiles (P75/

P90) were calculated for ADC (DW-MRI) and AUC (DCE-MRI) within the delin-

eations on both modalities. Separate time points as well as percentage differences

between time points were analyzed. The first acquired scan was used as a reference

for these calculations, as this was found to provide the highest predictive performance

in the prior studies on DW-MRI or DCE-MRI. Previously published optimal thresh-

olds for both modalities were reoptimized in this larger patient cohort.

Figure 4.1: An example of acquired MRI scans for one patient for one time point (pre scan). In (a) a
T2W scan is shown with in (d) the coronal view of the same scan. (b) A b800 DW-MRI scan and its
corresponding ADC-map in (c). In (e) the 24th scan of a DCE-MRI series is shown, during inflow of
contrast in the tumor. The corresponding calculated AUC-map is found in (f).
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A quantitative quality assessment was performed on all DW-MRI scans because some

scans were visually of poor quality. Scans with poor quality typically showed high

noise levels in the lung and/or poor visibility of the spleen, therefore on the b800 DWI

both organs were delineated and mean signal values were divided to reach a quanti-

tative quality measure (spleen/lung). The analysis of the DW-MRI and a combined

analysis of DW-MRI and DCE-MRI was only performed in scans in which the afore-

mentioned quality measure was higher than mean minus standard deviation (SD) of

the whole patient group.

Statistical analysis

Patient and treatment-related characteristics were described as count with percent-

ages, mean with SD or median with range as appropriate. The association between

response and DW-MRI or DCE-MRI parameters was estimated using univariable

logistic regression analysis. Diagnostic performance measures (i.e. sensitivity, speci-

ficity, positive predictive value (PPV) and negative predictive value (NPV)) were

computed and receiver operating characteristics (ROC) curve analysis was performed,

calculating the area-under-the-curve (c-index). A p-value of <0.05 was considered sta-

tistically significant. Complementary value of DW-MRI and DCE-MRI was assessed

using a multivariable logistic regression model. Model performance was assessed by

the Akaike Information criterion [127]. Predictive values were only presented when

DW-MRI and DCE-MRI were complementary. Ideal cut-off values were calculated

by giving equal weight to sensitivity and specificity. The threshold in terms of prob-

ability (output of logistic regression) were converted in terms in of ADC and AUC

following the equation:

Probability (pr) =
e(α+β1·X1+β2·X2+..+βn·Xn)

1 + e(α+β1·X1+β2·X2+..+βn·Xn)
(4.1)

with n the number of variables X (univariable [n=1], techniques combined [n=2]),

and α/β constants calculated by the logistic regression model. All statistical analyses

were performed in SPSS Statistics version 22 (IBM Corp., Armonk, NY, USA) and

visual representations using GraphPad Prism 6.07 software (GraphPad Software, La

Jolla, CA, USA).

Results

For the total group of 45 patients, assessment of the histopathologic tumor type

revealed adenocarcinoma in 38 (84%) patients, squamous cell carcinoma in 5 (11%)

patients, and adenosquamous carcinoma in 2 (4%) patients. Patient- and treatment-

related characteristics are shown in Table 4.1. The resection specimen showed good

response (TRG 1-2) in 22 (49%) patients, of which 10 (22%) patients showed pCR.
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Table 4.3: Predictive values for both DW-MRI and DCE-MRI discriminating pCR versus no-pCR and
GR versus noGR.

n Threshold Sens.

(%)

Spec.

(%)

PPV

(%)

NPV

(%)

c-index p-value

GR vs. noGR

P90 ∆AUCper-pre 45 33.7% 68 57 60 65 0.64 0.261

P75 ∆ADCpost-pre 34 22.4% 87 58 62 85 0.75 0.031

pCR vs. no-pCR

P90 ∆AUCper-pre 45 27.7% 90 63 41 96 0.79 0.028

P75 ∆ADCpost-pre 34 29.5% 83 54 28 94 0.76 0.050

Combined 34 0.138* 100 75 46 100 0.89 0.086/0.052**

Only the most predictive parameters are shown. Also a combined analysis using multivariable logistic

regression, which was found to be complementary, is presented.

Sens. = Sensitivity ; Spec. = Specificity

* Probability value following Equation 1 with model values: α=-2.244, βAUC=-0.034 and βADC=0.044.

** for P90 ∆AUCper-pre and P75 ∆ADCpost-pre respectively.

DCE-MRI parameter AUCper 90th percentile (P90) showed a significant difference in

separating pCR from no-pCR (p = 0.044, c-index = 0.72). An initial increase followed

by a decrease was found when comparing the three time points. AUC P90 showed

for pCR values of 34.0 ± 9.4 mmol L−1 s [mean ± SD], 36.8 ± 8.3 mmol L−1 s and

29.5 ± 13.9 mmol L−1 s for pre, per and post, respectively. Similarly, AUC P90 for no-

pCR was 34.3 ± 9.5 mmol L−1 s, 48.9 ± 16.1 mmol L−1 s and 32.0 ± 9.6 mmol L−1 s,

for pre, per and post, respectively. When comparing differences between scans with

respect to the first time point, the most predictive value to separate pCR from no-

pCR, was the relative increase in tumor AUC with a P90 ∆AUCper-pre of 10.6% ±
17.6% and 45.2% ± 41.5% for pCR and no-pCR, respectively (p = 0.028, c-index =

0.79) (Figure 4.2a,b). No significant differences were found for ∆AUC in predicting

GR versus noGR (Table 4.3).

Quantitative quality assessment of the b800 maps for the three different time points re-

sulted in spleen/lung image intensity ratio [mean ± SD] values of 5.9 ± 2.0, 5.0 ± 1.7

and 4.4 ± 1.7 for pre, per and post scans, respectively. A total of 24 out of 138

(17%) scans revealed a value below mean-SD, with a large overlap within the same

patients for the three time points. This resulted in exclusion of 11 patients (AVL

[n=5] and UMCU [n=6]), of which 7 GR and 4 noGR (Table 4.1, 3rd column). No di-

rect relation was found between excluded patients and patient and treatment-related

characteristics (e.g. TN-stage, tumor location). For the remaining 34 patients, anal-

ysis was performed on DW-MRI parameter ADC. Analysis of the three time points

showed only a significant difference in separating GR from noGR for ADCper P90

(p = 0.040, c-index = 0.70) and ADCpost P90 (p = 0.040, c-index = 0.70). An increas-

ing trend in ADC over time was found for both good and poor responders (median

ADC for GR 1.87 ± 0.41 · 10-3 mm2 s−1 [mean ± SD], 2.31 ± 0.37 · 10-3 mm2 s−1 and
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Figure 4.2: In (a) and (b) 90th percentile (P90) ∆AUCper-pre is presented as a function of response and
in (c) and (d) 75th percentile (P75) ∆ADCpost-pre. In (a,c) pathologic complete response (pCR) and
no-pCR are differentiated while in (b,d) good response (GR) versus poor response is shown. Each dot
represents a patient and the two institutes are indicated separately (UMCU in black/NKI in grey). The
solid black line for each group represents the median. Threshold lines are indicated for which predictive
values are calculated for separation based on response.
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2.72 ± 0.62 · 10-3 mm2 s−1 for pre, per and post, respectively, and for noGR 1.96

± 0.32 · 10-3 mm2 s−1, 2.15 ± 0.37 · 10-3 mm2 s−1 and 2.41 ± 0.51 · 10-3 mm2 s−1).

Significant associations with response were found in ∆ADC with respect to the first

time point. ∆ADCper-pre P90 resulted in a [mean ± SD] of 23.5% ± 20.5% and

9.8% ± 11.7% for GR and noGR respectively (p = 0.035, c-index = 0.70). The

most predictive parameter was ∆ADCpost-pre P75 with [mean ± SD] of 45.0% ±
25.3% and 23.1% ± 25.2% for GR and noGR respectively (p = 0.031, c-index = 0.75)

(Figure 4.2c,d). Analysis of ∆ADC in predicting pCR versus no-pCR did not show

significant associations (Table 4.3).

Multivariable logistic regression analysis, including patients for whom both DW-MRI

and DCE-MRI were available (n=34), revealed that these parameters were comple-

mentary in predicting pCR (c-index = 0.89). Predictive values of this model and

the univariable analysis are presented in Table 4.3. The ∆AUCper-pre as function of

∆ADCpost-pre is presented in Figure 4.3 in which threshold lines of both univariable

models as well as the multivariable model are shown. The ROC-curves of the logistic

regression models are shown in Supplementary figure 4.1a for both GR and pCR, in

which the chosen threshold for the complementary model predicting pCR is marked.

Since percentile values are not commonly produced in analysis software, predictive

values and ROC-curves are also presented for mean ∆AUCper-pre and ∆ADCpost-pre

in Supplementary Table 4.1 and Supplementary Figure 4.1b. Slightly lower c-index

and predictive values were reached, multivariable logistic regression showed no com-

plementary value.

Figure 4.3: 90th percentile (P90) ∆AUCper-pre is plotted as function of 75th percentile (P75) ∆ADCpost-pre.
Each dot represents a patient and TRG scores are differentiated using different symbols, with pathologic
complete response (pCR) highlighted in red. Equal thresholds from Fig. 4.2 predicting pCR are indicated
in dotted lines. The solid line represents the threshold line (separating pCR from no-pCR) from the
multivariable logistic regression model, for which the probability equals 0.138.
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Discussion

This multi-center prospective study demonstrates that DW-MRI and DCE-MRI pro-

vide complementary information for predicting response to nCRT in patients with

esophageal cancer. Separate analysis of both DW-MRI and DCE-MRI showed trends

in discriminating good from poor responders comparable to previously published

work [66,123].

To our knowledge, this is the first study investigating the complementary value of

DW-MRI and DCE-MRI for response prediction in patients with esophageal cancer.

A previous published study assessed the independent value of intravoxel incoherent

motion (IVIM) MRI and DCE-MRI in patients with esophageal cancer, but did not

report a combined analysis [128]. In other tumor sites multiple studies have reported

superior descriptive accuracies of combined analyses compared to separate analyses

[42,43].

Both DW-MRI and DCE-MRI showed significant associations with response when

ADC and AUC were analyzed at separate time points. However, higher c-index values

and significant associations with response were found for both modalities when differ-

ences between time points were analyzed, which is in correspondence with our previ-

ously published work and publications concerning other tumor sites [44,66,123,129].

In the DCE-MRI series, the most predictive parameter was the difference between the

pre-scan and the scan acquired during nCRT. Analyses of DW-MRI series showed,

in contrast to previous published work [66], that differences between the post and

baseline-scan had a higher predictive value than differences between baseline and per-

scans. Correct prediction of response during treatment may enable early modification

of the treatment (i.e. nCRT intensification or discontinuation) while prediction of re-

sponse using a post-treatment scan can guide the choice to omit surgery and possibly

use a wait-and-see approach [130,131].

Combining both modalities increased predictive values and showed that they comple-

ment each other (Fig. 4.3). In this study, uni- and multivariable logistic regression

models were used to predict response to nCRT in patients with esophageal cancer. To

further optimize the prediction model, the addition of other modalities could be exam-

ined, as well as the use of other models (e.g. machine-learning methods) [132,133].

A different approach was chosen for delineation of the tumor compared to our previ-

ous work. To minimize inter-observer variability, the pre-scan was delineated using

automatic-contouring software [98], which was then transformed to the following time

point. Adjustments for possible anatomical changes in esophageal circumference were

made using both the ADC-map and anatomical T2-weighted images. This method is

less user-dependent and more sensitive to detect quantitative differences within the

tumor over time, because it includes the cranio-caudal length and circumference of

the initial tumor on all MR scans. The delineation is thus not solely based on the
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high b800 signal intensity of each time point separately. This could explain why the

∆ADCpost-pre was found to be more sensitive to response prediction compared to our

previous study [134]. Furthermore, in the current study the DCE-MRI parameter

AUC resulted in higher predictive values compared to our previous results, what may

be caused by the differences in delineation approaches between this study and our

previous smaller DCE-study [123].

In the determination of a threshold for separating responders from non-responders, a

trade-off is made between a preference for high specificity (proportion of poor respon-

ders well classified), high sensitivity (proportion of good responders well classified),

high PPV or high NPV, depending on the purpose. The threshold can be changed to

achieve for example a high NPV when the goal is to justify therapy discontinuation

in poor responders.

Some limitations apply to this study. First, the reproducibility within patients of

the researched parameters is unknown. However, the ADC calculation was validated

using a diffusion phantom in both institutes (HPD, Boulder, USA). Second, the ex-

clusion of patients due to poor scan quality resulted in a relatively small sample size

of the DW-MRI and multivariable logistic regression analyses, therefore leading to

limited clinical impact. Although poor scan quality was found to be patient depen-

dent (i.e. the same patients showed poor scan quality at multiple time points), no

relations were found between excluded patients and clinical parameters. After the

current study, adjustments to the imaging protocol were made. Promising results

were obtained with higher and more stable scan quality and less influence of the pres-

ence of breathing motion, which could have possibly influenced the predictive values

found in this study. A multicenter prospective validation study in a large cohort of

patients is currently underway, which should resolve the limitations in the current

literature (ClinicalTrials.gov identifier NCT03474341). The current study justifies

studying both modalities, since they showed to be of complementary value. Third,

the timing of the second scan was based on our previously published work [24,66,123].

However, a study that is currently being performed in our institute is assessing the

optimal time point for response prediction during the course of nCRT, which could

further improve the reported predictive values. The timing of surgery was intended to

be 6-8 weeks after nCRT with a post-scan within two weeks prior to surgery. Due to

for example logistic reasons this date varied. Variations in time between neoadjuvant

therapy and surgery impact the observed pathologic response and could therefore

influence our results [135,136].

In conclusion, our multicenter study shows that changes in both DW-MRI and DCE-

MRI parameters during treatment are promising imaging markers for prediction of

response to nCRT in patients with esophageal cancer. Furthermore, both modali-

ties provide distinct predictive information about the tumor, resulting in increased

accuracy when using a multiparametric response prediction model.
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Supplementary Figure 4.1: (a) ROC-curve for univariable DW-MRI and DCE-MRI percentile values
(P90/P75) as presented in Table 4.3. For pCR versus no-pCR the ROC-curve of the complementary
multimodality analysis is shown in red with the diamond marker indicating the chosen threshold. This
point can be varied depending on the desired weight towards high sensitivity, specificity, PPV or NPV.
(b) ROC-curves for the supplementary results using only mean-values for both AUC and ADC.

Supplementary Table 4.1: Predictive values for both DW-MRI and DCE-MRI discriminating pCR versus
no-pCR and GR versus no-GR using mean values for both modalities. Indicated p-values are calculated
using univariable logistic regression.

n Threshold Sens.

(%)

Spec.

(%)

PPV

(%)

NPV

(%)

c-index p-value

GR vs. noGR

mean ∆AUCper-pre 45 29.0 68 57 60 65 0.64 0.248

mean ∆ADCpost-pre 34 19.6 87 58 62 85 0.72 0.067

pCR vs. no-pCR

mean ∆AUCper-pre 45 27.6 90 57 38 95 0.77 0.036

mean ∆ADCpost-pre 34 25.4 83 54 28 94 0.67 0.190

Sens. = Sensitivity ; Spec. = Specificity.
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Abstract

Purpose

The aim of this methodological study was to assess the impact of three fitting ap-

proaches on the resulting intravoxel incoherent motion (IVIM) MRI parameters in

patients with esophageal cancer.

Method

Twenty-four patients treated with neoadjuvant chemoradiotherapy (nCRT) for esopha-

geal cancer underwent six sequential MRI scans. Scans were acquired prior to the

start of nCRT, followed by weekly MRI scans during nCRT. A coronal IVIM-MRI

was acquired with 13 b-values ranging from 0 to 800 s mm−2. The performance of

three different fitting approaches to the Bihan bi-exponential function computing

IVIM-MRI-related diffusion and perfusion parameters was compared at voxel-level

within the suspected tumor region. For reference purposes two conventional mono-

exponential models were fitted using three b-values.

Results

A total of 47.294 tumor voxels were analyzed by three different fitting approaches

to the bi-exponential Bihan function using Bland-Altman density plots. All three

fitting approaches resulted in good fits between data and model (median R2 values

between 0.96 and 0.97). However the fitted model parameters between the approaches

varied, which was especially apparent in the pseudo-diffusion D∗ with median values

of 22.0, 28.9 and 32.7 ·10-3 mm2 s−1 for the Bihan-fixed, Bihan-free and Bayesian

approaches, respectively. Despite the high R2 values, the Bihan-free approach showed

large outliers, especially for D∗.

Conclusion

Although only small differences were found in fitting performance, large discrepancies

within the model parameters were observed between various fitting approaches for

IVIM-MRI data. It is expected that these differences influence the accuracy and

precision in longitudinal IVIM studies for response assessment. Therefore, we strongly

argue to explicitly report specifications of fitting approaches used in future IVIM

studies to be able to compare outcomes between studies.
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Introduction

Intravoxel incoherent motion (IVIM) magnetic resonance imaging (MRI) is increas-

ingly investigated in relation to modeling tumor characteristics. In diffusion-weighted

(DW) MRI typically two to three scans are acquired with different diffusion weights

(b-values), followed by calculation of the apparent diffusion coefficient (ADC) using a

mono-exponential function. Many studies research the potential of tumor ADC values

and their relation to treatment outcome [37, 38, 44, 66]. However, already in the late

80’s Bihan et al. demonstrated that the signal decay as a function of b-values is not

mono-exponential and depends on perfusion in the lower range of b-values [39]. To

account for this phenomenon, a two-compartment model was proposed. This model

more accurately reflects tumor biology and heterogeneity, and as a consequence could

have large potential in assessing treatment-induced changes.

Esophageal cancer is known to have a poor 5-year overall survival rate. The 29%

of patients who have a pathologic complete response after neoadjuvant chemoradio-

therapy (nCRT) followed by an esophagectomy have the most favorable long-term

prognosis [11, 12, 58, 60, 61]. Since accurate prediction of response potentially allow

for omission of esophagectomy, multiple studies have assessed the potential of sev-

eral modalities to predict response to nCRT in esophageal cancer [66, 120, 123, 137].

Both DW-MRI (diffusion) and dynamic-contrast enhanced (DCE) MRI (perfusion)

have shown to serve as good predictors for response [66, 123]. As IVIM theoretically

combines information on both perfusion and diffusion, it is of interest to investigate

its usefulness for response assessment in esophageal cancer. The use of IVIM instead

of DCE (combined with DWI) would spare the patient from intravenous contrast

injection [128,138].

Before investigating the correlation between IVIM and other modalities, establishing

a reliable fitting procedure is of great importance. Multiple studies were published

investigating different models and fitting approaches [40,139–141], demonstrating that

substantial discrepancies can occur in precision and accuracy depending on the applied

fitting approach [40]. However, the voxel-based influence of using different approaches

for IVIM-MRI fitting in esophageal cancer is unclear yet. In view of current and future

large multi-center trials for response assessment in patients with esophageal cancer

including IVIM-MRI, the aim of this methodological study was to assess the influence

of using three different fitting approaches. For this purpose an extensive IVIM-MRI

dataset of patients with esophageal cancer, acquired at six time points per patient,

during the course of nCRT was analyzed.
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Figure 5.1: The transverse (a) and sagittal (b) anatomical T2-weighted MultiVane scan of the baseline
scan of a patient with adenocarcinoma. In (c) and (d) the transverse and sagittal view (zoomed in) of
the b800 scan, linked to the T2-weighted scans (see green crosshair). It is clearly visible that the tumor
shows a hyperintense signal on the IVIM scan. The tumor delineation is depicted in red in all images. It
should be noted that this delineation does not represent a clinical delineation of the tumor, but represent
a slightly reduced volume for IVIM analysis purposes.

Methods and Materials

Study population

This prospective observational single-center study was approved by the local medical

ethics committee and written informed consent was obtained from all patients. Pa-

tients with contraindications for MRI were not eligible for inclusion. A total of 27

consecutive patients were included, between March 2016 and October 2017. All pa-

tients were scheduled to undergo esophagectomy, followed by pathologic assessment of

treatment response. Three patients were excluded from analysis due to poor visibility

of the tumor on diffusion-weighted images (n=2) and withdrawal of informed consent

(n=1). Of the remaining 24 patients included for analysis, in two patients one of

the six time points was missing, in one patient a scan session was stopped before the

IVIM series was scanned and in one patient a scan session suffered from poor tumor

visibility, resulting in a total of 140 scan series available for analysis.

MRI acquisition

MR images were acquired at six time points; once prior to the start of treatment

followed by five weekly MR scans during the course of nCRT. All images were ac-

quired on a 1.5 T MRI system (Philips Ingenia, Best, the Netherlands), using the

Anterior/Posterior (28 channel) receive coils. A respiratory-triggered anatomical T2-

weighted scan was acquired with a multi-slice turbo spin echo sequence (TR/TE =
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1983/100 ms, resolution = 0.67x0.67x6.48 mm3). In the later part of the cohort a dif-

ferent anatomical scan was acquired, namely a respiratory-triggered scan with Multi-

Vane motion compensation (TR/TE = 2039/100 ms, resolution = 0.62x0.62x3 mm3,

SENSE = 2). Respiratory-triggering was performed using a navigator placed on the

diaphragm/liver interface. A coronal IVIM-MRI was acquired with 13 b-values rang-

ing from 0 to 800 s mm−2 (b-values= 0, 10, 20, 30, 40, 50, 75, 100, 150, 200, 350,

600, 800 s mm−2, resolution = 3.25x3.25x4.0 mm3, bandwidth per pixel = 22.9 Hz,

TR = 4087 ms, free breathing). Number of squared averages (NSA) for all b-values

was equal to 2, except for b=0, 600 and 800 with NSA = 4 and b=200 and 350 with

NSA = 3, which resulted in a total scanning time of 6:36 minutes for the IVIM scan-

series. Correction for geometric distortions in the IVIM images was performed using

a B0field map (resolution 4.06x4.06x4 mm3, TR = 630.4 ms, TE1/TE2 = 4.6/9.2 ms,

flipangle = 30◦) [124].

Image analysis

Three-dimensional B-Spline registration on the IVIM series was used to mitigate the

respiratory motion within the acquisition (registration between even and odd slices)

using an approach introduced by Guyader et al. [142]. Delineation of the tumor was

performed on the initial b800 s mm−2 scan using an automated contouring algorithm

based on clustering (ITK-SNAP [98]) and verified by 2 readers (A.S.B. and S.E.H.)

using the anatomical T2W scan (Figure 5.1). For each of the subsequent time points

a rigid registration was performed, based on the transverse T2W, with respect to the

baseline scan. Using this registration the initial delineation was propagated to the

subsequent time points and manually adjusted if necessary (e.g. for shrinkage of the

esophageal circumference). Within this delineation analysis of IVIM-parameters was

performed.

The current study investigated different fitting approaches of the bi-exponential (or

Bihan) model, as presented in Equation 5.1:

Sb = S0 ·
[
(1− Fp) · e−b·D + Fp · e−b·D

∗
]

(5.1)

with S0 representing the signal at b = 0 s mm−2, Fp the perfusion-fraction, D the

diffusion and D∗ the pseudo-diffusion. Since conventional DWI analysis is based on

mono-exponential fitting of two or three b-values (Equation 5.2), this analysis was

also included for reference purposes:

Sb = S0 · e−b·ADC (5.2)

with ADC representing the apparent diffusion coefficient. A schematic overview of

the different fitting approaches is presented in Figure 5.2.
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Table 5.1: Patient characteristics

Characteristic n

Gender

Male 22 (92%)

Female 2 (8%)

Age (at start RT), years (SD) 67.3 (6.7)

Clinical T-stage

cT1 1 (4%)

cT2 1 (4%)

cT3 22 (92%)

Clinical N-stage

N0 8 (33%)

N1 12 (50%)

N2 3 (13%)

N3 1 (4%)

Histopathology

Squamous cell carcinoma 6 (25%)

Adenocarcinoma 17 (71%)

Undifferentiated carcinoma 1 (4%)

Location

Proximal third of esophagus 0 (0%)

Middle third of esophagus 1 (4%)

Distal third of esophagus 21 (88%)

Gastro-esophageal junction 2 (8%)

GTV (mL)

Mean (SD) 48.5 (27.5)

Range 6.7 - 126.3

GTV = gross tumor volume.

NOTE - Data presented as counts with percentages

in the parentheses unless stated otherwise

The mono-exponential fits were calculated using an in-house written tool using

b-values of 0, 200 and 800 s mm−2 (approach 1, ADC0) and b-values of 50, 200

and 800 s mm−2 (approach 2, ADC50). Since the influence of the pseudo-diffusion

(D∗) can typically be neglected for higher b-values, the bi-exponential model us-

ing a non-linear least squares fit was fitted in a two-step manner, where the initial

fit included a weighted fit of the diffusion (D) and perfusion-fraction (Fp) using all

b-values ≥ 200 s mm−2 [143,144]. The weight was defined as: wb=signalb ·
√

NSA, as

this accounts for the assumed differences in SNR between the b-values. Subsequently,

using all 13 b-values, D∗ was fitted using the input-parameters as calculated in the

initial fit (approach 3, Bihan-fixed). In addition, the second fit was also performed fit-

ting all parameters and using the initial fitted Fp and D as starting values (approach

4, Bihan-free). In approaches 3 and 4 the following limits were used for D, Fp and
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D∗ respectively: minima of 1·10-5 mm2 s−1, 0.0005, 1·10-3 mm2 s−1 and maxima of

6·10-3 mm2 s−1, 0.9995, 0.125 mm2 s−1. In addition, a Bayesian-probability approach

was fitted including all 13 b-values, with the probability for the diffusion-weighted

signal defined as:

P (S|DFpD∗) ∝
[

1
2

∑
b

(
S(b)− S0 · [(1− Fp) · e−b·D + Fp · e−b·D

∗
]
)2
]N

2

(5.3)

in which N represents the total number of b-values [40]. For all three parameters

a prior-distribution was generated including knowledge of expected parameters val-

ues for esophageal cancer from previous reports [145, 146] (see inlay-figures in Fig-

ure 5.2). An initial 200 ‘burn-in’ samples were used and a total of 3000 generated

samples, similarly as described by Barbieri et al [40]. Finally, the output consisted

of 3000 combinations of parameter values. Since these parameters are correlated the

final values for D, Fp and D∗ were estimated by assessing the maximum value in a

3D-histogram of the ‘trace’, preserving the correlations in the 3000 samples (approach

5, Bayesian).

Statistical analysis

Model performance of each fitting procedure was assessed by the calculation of the

coefficient of determination, i.e. R2. The R2 value describes to what extend the model

fit describes the IVIM datapoints. For R2 = 1 a perfect fit through all data points

is found, whereas for a R2 value below 1, there is a remaining undescribed variance

in the data. In this study the same model (Equation 5.1) is used for the IVIM data

analysis, for which three different fitting approaches are compared.

Figure 5.2: A flowchart of the different models and fitting approaches on to fit IVIM-data. The fitting
approaches for the Bihan model were calculated in Matlab. Names of all approaches, as referred to in the
text, are out-lined. For the Bayesian approach the used input prior distributions are visualized underneath.
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Patient and treatment-related characteristics were described as count with percent-

ages or mean with standard deviation (SD) as appropriate. All calculations were

performed in Matlab (The Mathworks Inc, Natick, MA) and all image registrations

in Elastix (Version 4.7) [147], if not stated otherwise. Bland-Altman density plots

were used to illustrate the differences between the various IVIM fitting approaches,

including lines at the mean and upper and lower limits of agreement (LoA) (±1.96 ×
SD).

Results

Patient and tumor characteristics

Patients had a mean age (±SD) at the start of radiotherapy of 67.3±6.7 years, and

most of them presented with a clinical T3-stage tumor (22/24). Further patient

characteristics are presented in Table 5.1. The 140 IVIM-series originating from 24

patients resulted in a total of 47.294 suspected tumor voxels to be analyzed.

Fitting results

Table 5.2 summarizes the results of the four parameters (D, Fp, D
∗ and R2) over

all separate voxels within the delineation of the tumor for each time point and each

patient, presenting the data as median (25th - 75th percentile). To visualize the differ-

ences in model fits and parameter maps, Figures 5.3-5.4 show the model fits through

two tumor-voxels and the parameter maps D, Fp and D∗ for one tumor. The various

model fits using all 13 b-values can appear to be very similar (Figure 5.3a), but can

also differ (Figure 5.3b) within two different voxels from the same tumor. Similar to

Figure 5.3, a comparison of the different approaches within a tumor (Figure 5.4) shows

an overall agreement within the fitted parameters, with similarities in heterogeneity

within the tumor. However it is also apparent that D∗ shows larger discrepancies

between the three approaches compared to D and Fp.

Computational time

Calculation of the mono-exponential models was performed on the entire image space,

while for the IVIM-based models calculations were performed on the tumor delineation

with a 15 mm surrounding margin. The mono-exponential models had a typical

computation time of <5 seconds per patient per time point, while for ≈3000 voxels

(delineation of 11 mL with additional margin) calculation of all three IVIM-fitting ap-

proaches was comparable, taking approximately 15-20 minutes per approach (parallel

calculations on typically 4 cores).
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Figure 5.3: a) Signal decay of one voxel as function of b-value. Different lines represent different fitting
algorithms. ADC50 is more in line with the bi-exponential models due to the fact that large part of
the perfusion-dominated part is excluded in this fit. Furthermore, although most algorithms appear very
similar, small visual differences can indicate large differences in D∗ (41.8, 38.6 and 28.8 *10-3 mm2 s−1

for the Bayesian, Bihan-fixed and Bihan-free approaches, respectively). b) Similar to (a) a signal decay
of a different voxel in the same tumor.

Voxel-based Bland-Altman analysis

To visualize the differences in the fitting results of the three parameters (D, Fp, D
∗)

and R2 between the three fitting approaches on a voxel-based level Bland-Altman

density plots of all voxel values were created (Figure 5.5). This data includes voxels

of different tumor types, different time points during nCRT, and of both of good and

of poor responders. The R2 density-maps (Figure 5.5j-l) visualize that main part of all

fitted voxels result in high model performance (R2 > 0.95 within the majority of vox-

els). However, it is demonstrated that both the Bihan-free and Bayesian approaches

have an offset towards higher R2 values compared to the Bihan-fixed approach, since

both the mean and the majority of points lie below zero (Figure 5.5j-k). When com-

paring the Bayesian and Bihan-free approaches, these approaches seem to behave very

similar, although there is a small offset away from the mean line (Figure 5.5l).

Parameter D (Figure 5.5a-c) has a relatively dense hotspot of values located around

2·10-3 mm2 s−1, indicating that all approaches find D values in similar range. Further-

more, the anisotropic shape indicates that the ‘per-voxel-agreement’ does not depend

highly on the fitted value for D. The Bihan-fixed and Bayesian approaches behave

the most similar, indicated by the smallest LoA. Generally the Bayesian approach

resulted in smaller D values compared to Bihan-free (distribution skewed towards

negative values). However, the median (Table 5.2) and mean values were higher for

the Bayesian approach. The light-blue area crossing the upper LoA in both Fig-

ure 5.5a and c indicates that the Bihan-free approach converges to very small values

in some voxels, in contrast to both the Bihan-fixed and Bayesian approaches.
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For Fp (Figure 5.5d-f) most voxels resulted in values between 0.1 and 0.5 and that the

agreement between approaches decreases for larger Fp. Comparing the Bihan-fixed

approach with both the Bihan-free and Bayesian approaches, both the Bihan-free and

Bayesian approaches showed smaller values for Fp since large part of the voxels lie

above zero. The small hotspot for low Fp arising in Figure 5.5e, just below zero,

represents voxel values that were found to be close to zero in Bihan-fixed while the

Bayesian approach fitted higher (more realistic) values for Fp. The light-blue region

in Figure 5.5d, underneath the lower LoA, indicates a model instability of the Bihan-

free approach, since these voxels have fitted values close to the upper fitting boundary

compared to regular fitted values in the Bihan-fixed approach.

All figures for D∗ (Figure 5.5g-i) show wide LoA when compared to the range of the

majority of points on the x-axis. This visualizes the large variety found in fitted D∗

Figure 5.4: For the same location in the tumor as in Figure 5.1, the different parameter maps D, Fp

and D∗ are shown (sagittal plane) for both the Bihan-fixed, Bihan-free and Bayesian approaches. The
colorbar indicates the scaling of the different parameters. The tumor delineation is depicted in red, with
a linked voxel indicated by the yellow crosshair.
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Figure 5.5: Bland-Altman density-maps of each fitted parameter (D, Fp and D∗) and R2 value for all
voxels (N= 47.294). The first column represents a comparison between the Bihan-fixed and the Bihan-
free approaches, the second column between the Bihan-fixed and the Bayesian approaches, and the third
column between the Bayesian and the Bihan-free approaches. For each Bland-Altman plot the mean and
±1.96 × SD lines are shown (solid and dashed respectively).

values in all approaches compared to D and Fp. It furthermore indicates that D∗ is

the most sensitive for the chosen fitting approach. In Figure 5.5h, the light-blue area

towards 0.05 mm2 s−1 (x-axis) indicates voxels with a very poor per-voxel-agreement

since the difference between the models equals the mean of both models. Further-

more, comparing the Bihan-free approach with both the Bihan-fixed and Bayesian

approaches it is apparent that the core is tilted above zero, indicating that Bihan-free

often resulted in lower D∗ values.
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Global comparison over the time points

To summarize the voxel-based comparison for the different model fits all three pa-

rameters (D, Fp, D
∗) were presented as boxplots, where the voxels are separated

for the different time points (Figure 5.6). As expected both mono-exponential mod-

els resulted in highest diffusion values, although using 50 s mm−2 as initial b-value

(ADC50) approaches similar values compared to the bi-exponential models. For ref-

erence purposes the literature values from recent publications concerning esophageal

cancer are also included for each parameter [145, 146]. Both D and Fp show clear

increasing trends over time, which is in accordance with the presented literature val-

ues. The larger whiskers (10-90th percentile) found for the Bihan-free approach in all

parameters, underlines the larger variety in fitted values for this approach as was also

seen in Figure 5.5. These error bars end at the maximum value allowed for this type

of fit.

Discussion

In this study, 47.294 voxels from IVIM-data series of 24 patients with esophageal

cancer were analyzed to assess the influence of using three different fitting approaches

of a bi-exponential model. Although a high model performance was found for all ap-

proaches, influence of the different approaches on the fitted parameters was observed

showing different behavior in fitted values. It is expected that these differences in-

fluence the accuracy and precision in longitudinal studies for response assessment in

which IVIM will be used. Therefore, we argue for the explicit reporting of specifi-

cations of fitting approaches used in IVIM studies to be able to compare outcomes

between studies.

The high R2 values found in the different approaches imply that all fits represent the

IVIM-datapoints well. However, although high R2 values were found for most voxels,

large variations can occur for the three fitted parameters comparing the different

approaches. In order to accurately assess response based on differences in IVIM-

data between time points [66, 123], it is important to have a well-described fitting

method. Using simulated data, Barbieri et al. [40] showed similar trends as the current

study between the Bihan-fixed and Bayesian approaches, namely, that the Bihan-fixed

approach resulted in lower D∗ with a smaller range and a tendency towards higher Fp
values (at lower signal-to-noise ratios). The agreement between the fitted parameters

of their simulated data and our data could hint towards the Bayesian approach as

the preferred fitting approach since this approach showed superior performance in the

simulated data. Furthermore, our data showed a minimal offset towards higher R2

values for the Bayesian approach compared to the Bihan-fixed approach.

The larger variety for the different parameters apparent in Figure 5.6, comparing the
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Figure 5.6: Three IVIM parameters D, Fp and D∗ (row 1-3 respectively) plotted for the different fitting
approaches, in which all voxels (N= 47.294) are separated for de six time points (x-axis). For the diffusion
D also the reference models ADC0 and ADC50 are shown. All the boxplot represent the interquartile range
including the median line, the whiskers represent the 10-90th percentile values. For each parameter also
literature values are depicted from two publication concerning IVIM-fits on esophageal cancer [145, 146],
with the timing of the scans with respect to nCRT depicted on the x-axis.

Bihan-free to the Bihan-fixed approach, can be explained theoretically. Model pa-

rameters Fp and D were fitted on the higher diffusion weights (b ≥ 200 s mm−2) and

set fixed in the final fit for D∗ in the Bihan-fixed approach, while in the Bihan-free

approach these values were only used as starting values. This property provides more

freedom in fitting, resulting in a larger variety of fitted values (see also Figure 5.3b).
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Furthermore, since the acquired diffusion-weights were not linearly spread but in-

cluded a majority of data points in the lower segment of diffusion-weights (to be able

to fit the pseudo-diffusion), the weight of the R2 calculation tends towards a good fit

through those points. Therefore, the Bihan-fixed approach resulted in slightly lower

R2 values, as seen in Figure 5.5, since this approach is not allowed to optimize freely

in the lower segment of b-values.

Focusing on the range of the IVIM parameters found in Figures 5.5 and 5.6 it is impor-

tant to keep in mind that this range is also affected by tumor- and treatment-related

differences (e.g. treatment induced changes, tumor type, and good or poor response

to treatment), as no discrimination was made based on tumor type or response (Fig-

ure 5.6) and time points (Figure 5.5). Therefore a smaller range in fitted values in a

certain approach does not necessarily imply superiority over other approaches. The

slightly lower estimated Fp values by the Bayesian-probability fit were more in line

with literature values reported for esophageal cancer (Figure 5.6) [145,146] and various

other tumor sites [40,148,149], compared to both the Bihan-fixed and the Bihan-free

approaches. One of the explanations is that both the fixed and the free algorithms

are (initially) driven by b-values ≥ 200 s mm−2 in which especially the highest b-value

measurements lie close to the noise floor. This could artificially increase the absolute

signal intensity, as the Rician noise regime applies to this situation [150]. In this

situation an underestimation in D and overestimation in Fp can be expected. Fur-

thermore, as Figure 5.3 visualizes, even a small difference in fit can result in a large

difference in especially D∗, underlining the importance of a robust method with high

precision and accuracy. Current data showed, as expected, that a mono-exponential

fit using 50 s mm−2 as initial b-value instead of using 0 s mm−2 revealed more resem-

blance to diffusion values as estimated by the bi-exponential model. The potential

added value of fitting IVIM-data providing both perfusion and diffusion information

in relation to response prediction, compared to solely using mono-exponential fitting,

remains a topic of future research.

Recently, multiple studies were published using IVIM-MRI for esophageal cancer in

relation to early diagnosis, tumor staging and response prediction [128, 145, 146]. A

preliminary study comparing IVIM-MRI of the healthy esophagus versus esophageal

cancer reported Fp values of 0.64 and 0.48, respectively [128]. These values were higher

than the values found in our study. However in the preliminary study no specifications

were reported of the bi-exponential fitting approach. Two studies publishing IVIM-

analysis (as included in Figure 5.6) reported values estimated in only 1 or 3 tumor

slices [145, 146]. In one of these studies [146] no specifications were given on the

fitting approach. These studies reported lower values of perfusion fraction Fp and D

compared to the approaches in our study. Similar to the current study, the presented

values from Zheng et al. [145] included both good and poor responders and the first 3

measurements cover a similar time range during the course of treatment. In this time
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range, a similar increasing time trend of both D and Fp during the course of treatment

was reported. It is promising that the observed increasing time trend in the perfusion

parameter Fp is in accordance to the perfusion as measured by DCE-MRI [123], in

which in general a mild to strong increase (depending on response) was observed in

the AUC over the course of treatment. As also stated in earlier studies [40, 151], the

current study confirms that the different parameters are dependent on the chosen

fitting approach, as can be appreciated from Figures 5.5 and 5.6. Comparison with

literature values is therefore challenging since specifications on used fitting approaches

are often inadequate or sometimes even absent.

A few limitations apply to this study. First, it could be further investigated how

large the influence is of the choice of b-values [152]. A large number of low b-values

were included (8 values ≤ 100 s mm−2) in the imaging protocol of the current study

to enable accurate fitting of the pseudo-diffusion and less scans were acquired in the

higher segment (3 values > 200 s mm−2). Second, the diffusion-weighted scans were

acquired during free breathing. Subsequently, registration of motion was performed

to compensate for motion within the scans [142]. The impact of using respiratory-

triggered or breathhold acquired diffusion-weighted imaging instead of free breathing

acquisition on calculated model parameters is under debate [153, 154], as the pres-

ence of motion within the scans could artificially increase the estimated Fp. Lastly,

since this study was a methodological study focusing on differences in behavior of

voxel-level, the overall spread in the calculated parameters is affected by treatment

induced changes, tumor type and possible response to treatment. Since no ground-

truth is available in clinical data, and to our knowledge no IVIM-phantom exists,

this study is limited to a comparison between the different fitting approaches. In

future studies, repeated measurements without intermediate treatment are of interest

to judge which of the fitting methods gives the most reproducible result. Alterna-

tively, the performance of the IVIM parameters to assess treatment response can be

compared between the fitting methods. In this approach the model that delivers

parameters of the highest discriminative power should be selected for inclusion in a

(multi-parametric) treatment assessment protocol.

In conclusion, although no large discrepancies were found in model performance, it was

found that large differences in behavior and variance occur between different fitting

approaches comparing the fitted diffusion and perfusion parameters. The Bihan-free

approach showed to have numerous outliers in the D∗ fit in which case the fit clipped

at the maximum value, based on which we least advise to use this method. Both the

Bayesian and Bihan-fixed approaches resulted in high R2 values and did not show the

clipped behavior as observed in the Bihan-free approach. The time trends found in D

and Fp for these approaches are promising in light of the potential to predict response

in future research. The differences in the observed fitting parameters of the different

fitting approaches underline the importance to use uniform fitting procedures and
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data analysis in multi-center trials. Furthermore, it is essential to include explicit

reporting of fitting specifications when publishing results on IVIM-data to be able to

compare results between studies.
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Abstract

Purpose

To noninvasively quantify variation in intra-fraction motion of esophageal tumors

over the course of neoadjuvant chemoradiotherapy (nCRT) using 2D cine-magnetic

resonance imaging (MRI) series.

Material and Methods

Patients treated with nCRT for esophageal cancer underwent 6 MRI scans. Scans

were acquired prior to the start of nCRT, followed by weekly MRI scans during nCRT.

Cine-MRI series were acquired in the coronal and sagittal plane (≈1.6 Hz). To be

able to quantify intra-fraction motion over a longer time period, a second cine-MRI

series was performed after 10 minutes. Tumor motion was assessed in cranio-caudal

(CC), anterior-posterior (AP) and left-right (LR) direction. Motion patterns were

analyzed for the presence of deep inhales and tumor drift.

Results

A total of 232 cine-MRI series of 20 patients were analyzed. The largest tumor motion

was found in CC direction, with a mean peak-to-peak motion of 12.7 mm (standard

deviation [SD] 5.6), followed by a mean peak-to peak motion in AP direction of

3.8 mm (SD 2.0) and in LR direction of 2.7 mm (SD 1.3). The CC intra-fraction

tumor motion can differ extensively between and within patients. Deep inhales were

present in 6 of 232 scans (3%). After exclusion of these scans, mean CC peak-to-

peak motion was 12.3 mm (SD 5.2). Correction for tumor drift showed a further

reduction to 11.0 mm (SD 4.6). Despite correction for tumor drift, large variation in

tumor motion occurred within patients during treatment. Mean tumor drift during

the 10 minute interval between the 2 series was 1.5 mm (SD 1.8), with a maximum

of 11.6 mm.

Conclusions

Intra-fraction tumor motion was found to be highly variable between and within

patients with esophageal cancer over the course of nCRT. Correction for deep inhales

and tumor drift reduced peak-to-peak motion. The stochastic nature of both deep

inhales and tumor drift indicates that real-time tumor motion management during

radiotherapy is a prerequisite to safely reduce treatment margins.
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Introduction

Neoadjuvant chemoradiotherapy (nCRT) followed by surgical resection is widely ac-

cepted as standard treatment with curative intent for patients with resectable esopha-

geal cancer [11,58,61]. Due to the presence of positioning uncertainties and respiratory

motion, substantial CTV-to-PTV margins (typically ranging from 10 mm to 15 mm)

are currently applied [11]. Smaller CTV-to-PTV margins would result in a reduced

radiation dose to the surrounding healthy tissues, and would thereby reduce short-

and long-term complications. Furthermore, smaller margins could be used to increase

the dose to the tumor, while maintaining the dose constraints for healthy tissues that

are currently used. In order to develop highly conformal treatment plans with ade-

quate tumor coverage, the irradiation field needs to be adapted to tumor movement.

As such, information about (variations in) tumor movement over the course of nCRT

is desired.

To date, several imaging modalities have been used to assess tumor motion in esopha-

geal cancer patients. Drawbacks of these studies using four dimensional computed

tomography (4DCT) to quantify esophageal tumor motion [47,155–157] are the addi-

tional exposure to radiation and the need for invasive placement of fiducial markers.

Furthermore, 4DCT studies only provide information on the average tumor motion

as observed during CT acquisition, but not on variations in the tumor motion during

scanning. This is due to the reconstruction of 4DCT scans in which the tumor motion

is binned in a defined number of respiratory phases or amplitudes after acquisition,

resulting in the reconstruction of only one breathing cycle in 4DCT. Therefore it is not

possible to measure tumor drift with 4DCT, as measurement of this process requires

reconstruction of multiple breathing cycles.

Esophageal tumor motion can also be visualized with magnetic resonance imaging

(MRI). In cine-MRI, subsequent 2D images are acquired with a high temporal resolu-

tion, which is widely used to study motion patterns in different tumor sites [158–160].

A mean cranio-caudal peak-to-peak motion of 13.3 mm with a wide range of 2.7

to 24.5 mm was found using cine-MRI, in which the mobility of distal tumors was

generally larger than that of more proximal tumors [48].

In previous studies either four-dimensional cone-beam CT (4D-CBCT) was used over

the course of treatment, to quantify variations in tumor motion, or MRI was used at a

single time point prior to treatment. As mentioned above, the disadvantage of 4DCT

imaging is that it does not give information about possible tumor drift. Therefore,

the purpose of our observational study was to quantify variations in intra-fraction

esophageal tumor motion over the course of nCRT within the same patient, using

weekly cine-MRI series. Insight in motion patterns of esophageal tumors could be used

to determine which motion management strategy (e.g. tumor tracking, tumor gat-

ing, dynamic planning) [55, 57] may be the most appropriate for on-line MRI-guided
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radiotherapy [54, 56]. Furthermore, if tumor motion prior to treatment is a reliable

indicator for tumor motion during treatment, personalized PTV margins could be

used in future clinical practice.

Material and methods

Study population

Patients with histologically confirmed esophageal cancer who were planned to receive

nCRT followed by surgery were eligible for inclusion. Neoadjuvant chemoradiother-

apy consisted of 5 weeks of treatment, involving weekly intravenous administration of

carboplatin and paclitaxel with concurrent radiotherapy (41.4 Gy in 23 fractions of

1.8 Gy) according to the CROSS regimen [11]. Standard diagnostic work-up consisted

of endoscopy with biopsies of the primary tumor site, as well as integrated 18F-FDG-

PET/CT for clinical staging. Patients with contraindications for MRI were not eligi-

ble for inclusion. The study was approved by the local medical ethics committee and

written informed consent was obtained from all patients.

MRI acquisition

MRI images were acquired at 6 time points; prior to the start of nCRT, followed by

weekly MR scans during the course of nCRT. All images were acquired on a 1.5 T

Philips Ingenia (Best, the Netherlands), using the Anterior/Posterior (28 channel)

receive coils. Patients were positioned in supine position with both arms next to the

body. Respiratory-triggered sagittal and transverse anatomical T2-weighted scans

were acquired with a multi-slice turbo spin echo sequence (tT2W: TR/TE = 1983/

100 ms, sT2W: TR/TE = 1432/100 ms, resolution = 0.67x0.67x4 mm3). These scans

served as reference to plan 2 cine-MRI series: one coronal and one sagittal cine-MRI

Figure 6.1: Overview of treatment and scanning timeline including a schematic representation of termi-
nology used for indication of intra-fraction motions quantified in this study.
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series To prevent substantial out-of-plane motion the scanning plane of the coronal

cine-MRI series was angulated, such that it was aligned with the largest extent of the

tumor in the sagittal T2-weighted scan. For the sagittal cine-MRI series, the scanning

plane was positioned through the center of the tumor, which was identified using the

transverse T2-weighted scan. The images were both acquired with a resolution of

2.01x2.01 mm and 5 mm slice thickness, during 46 seconds of free breathing (1.6 Hz)

for the coronal and 43 seconds (1.7 Hz) for the sagittal series. In order to quantify the

difference in intra-fraction tumor motion and drift within one scanning session, both

coronal and sagittal cine-MRI series were acquired twice during each scanning session:

the first series was initiated after approximately 20 minutes of scanning and the

second series after scanning a diffusion-weighted (DW) MR series (10 minutes). These

DW-MR scans included a b-value of 800 s mm−2 (SPIR fat suppression, resolution =

3.25x3.25x4 mm3, bandwidth per pixel = 22.9 Hz).

Motion characterization

The primary tumor was delineated on the initial b800 s mm−2 DW-MRI, using an

automated contouring algorithm based on clustering (ITK-SNAP [98]). Afterwards,

this delineation was verified using the transverse T2W scan (tT2W). For each of the

subsequent time points (2 to 6) a rigid registration between the tT2W scan and the

tT2W baseline scan was performed in Elastix (Version 4.7) [147]. Using this registra-

tion, the tumor delineation of the first time point was propagated to the other time

points (2 to 6) and manually adjusted if necessary (e.g. in case of shrinkage of the

esophageal circumference). Next, all tumor delineations were propagated to the cor-

responding 2D cine-MRI series. An optical flow algorithm (RealTITracker [161,162])

was used to quantify tumor motion on the cine-MRI series. Corresponding motion

vector fields were calculated for each frame with respect to a reference frame and

evaluated within the delineated tumor volume. The reference frame was manually se-

lected from 6 consecutive frames in such a way that the shape of the tumor resembled

the tumor delineation as performed on the initial b800 scan as closely as possible. Mo-

tion was evaluated in cranio-caudal (CC), left-right (LR) and anterior-posterior (AP)

directions (Matlab, The Mathworks Inc, Natick, MA, USA). The angulation of the

coronal scanning plane was taken into account for the calculation of the CC-motion,

such that the true CC-motion was calculated. Peak-to-peak amplitudes of tumor

motion were calculated in all three directions. Furthermore, the smallest range to in-

clude 95% of the data points (excluding 5% most extreme data points) was calculated

(C95). This C95 is a more robust measure for tumor motion as it excludes outliers

caused by sporadic movement (e.g. sneezing, hiccups) as seen on the cine-MRI series.

CC-motion patterns analyses were divided into short- and long-term intra-fraction

motion (see Figure 6.1 for schematic overview of timeline and terminology).

Short-term intra-fraction motion was defined as the motion occurring within one cine-

MRI series of 45 seconds, in which the presence of deep inhales and tumor drifting or
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Figure 6.2: a) A cine-MRI scan of a patient with the tumor delineation in red. On the right side the 75
time frames are visible corresponding to the location of the yellow line in the image. b) Amplitude of the
tumor motion in cranio-caudal (CC, red) and left-right direction (LR, blue). The black dashed lines show
the estimated drift lines.

irregular motion patterns were quantified. To estimate the effect of deep inhales on

the motion curves, the minimum value (0th percentile, P0) and 10th percentile (P10)

were compared. No large P10-P0 differences were expected in a regular breathing

curve. However, in a curve in which a deep inhale occurs (presenting as a negative

peak in a motion curve), a large difference in P10-P0 was expected. To determine the

presence of tumor drift in motion curves, drift lines were estimated. These drift lines

were defined as the mid-position (mean) between consecutively found local maxima

and minima in the motion curve. This drift line was subtracted from the motion

curve, after which the difference in peak-to-peak and C95 amplitude for both curves

functioned as a measure for the presence of a drift.

Long-term intra-fraction motion was defined as the motion which occurred within the

10 minute time-interval between the 2 cine-MRI series. This was quantified as the shift

between the initial drift lines (first 6 data-points) of both the first and second cine-

MRI series. This can be interpreted as a conservative surrogate for the displacement

of the esophageal tumor between set-up of the patient and final dose delivery. In

which a positive long-term drift represents a movement in cranial direction.

Statistical analysis

This study was of descriptive nature and therefore no formal sample size calculation

was performed. All visual representations were generated using GraphPad Prism 6.07

software (GraphPad Software, La Jolla California USA) and statistical analysis was

performed in SPSS Statistics version 22 (IBM Corp., Armonk, NY, USA). The mean

and standard deviation (SD) of the peak-to-peak and C95 amplitude for the whole

group were calculated.
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Table 6.1: Patient characteristics

Characteristic n

Gender

Male 20 (100%)

Age (at start RT), years (SD) 66.6 (6.9)

Clinical T-stage

cT2 1 (5%)

cT3 19 (95%)

Clinical N-stage

N0 7 (35%)

N1 9 (45%)

N2 3 (15%)

N3 1 (5%)

Histopathology

Squamous cell carcinoma 4 (20%)

Adenocarcinoma 15 (75%)

Undifferentiated carcinoma 1 (5%)

Location

Proximal third of esophagus 0 (0%)

Middle third of esophagus 2 (10%)

Distal third of esophagus 15 (75%)

Gastro-esophageal junction 3 (15%)

Volume planning GTV (ml)

Mean (SD) 50.9 (25.5)

Range 19.0 - 126.3

GTV = gross tumor volume.

NOTE - Data presented as counts with percentages

in the parentheses unless stated otherwise

Results

Study population

A total of 25 consecutive patients were included, with MR scans acquired between

April 2016 and October 2017. Five patients were excluded for analysis due to small

tumor volume (<7 mL, n=1), poor tumor visibility on MRI (n=3) or withdrawal of

informed consent (n=1), resulting in a total of 20 patients suitable for analysis. In 3

of the included 20 patients, one of the weekly MR-scans during nCRT was incomplete

or missing due to the condition of the patient. In 2 patients the second cine-MR

series was not available at one time point. This led to a total amount of 232 acquired

cine-MRI series for the total study population. All patients were male (20/20) with a

mean age of 66.6 years (SD 6.9). Two patients had a mid-esophageal tumor (patient 1

and 2), 15 patients a distal esophageal tumor (patients 3-17), whereas the remaining 3
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Figure 6.3: Four examples of motion curves with different behavior are visualized. Patient 1: a long-term
drift between series. Patient 2: very regular motion. Patient 4: a deep inhale and short-term drift.
Patient 15: irregular motion behavior in both series. The first 6 data-points in each drift line, indicated
in red, were used to quantify the long-term drift.

patients had a gastroesophageal junction tumor (patients 18-20). Patient and tumor

characteristics are summarized in Table 6.1.

Tumor motion

A coronal cine-MRI frame together with the estimated CC and LR motion is shown

in Figure 6.2. This figure shows excellent visualization of the thorax and abdomen at

1.5T, enabling motion characterization. The largest intra-fraction esophageal tumor

motion was found in CC direction with a mean peak-to-peak motion of 12.7 mm (SD

5.6, range 4.4-33.7). The mean AP peak-to-peak motion was 3.8 mm (SD 2.0, range

0.7-10.2). The least motion was seen in LR direction, with a mean peak-to-peak of

2.7 mm (SD 1.3, range 0.7-8.3). The calculated peak-to-peak and C95 in the CC

direction for the whole group is summarized in Table 6.2. Since CC-motion was 22%

less on average when calculated on sagittal images, analyses were only performed on

the coronal cine-MRI series.

Typical CC tumor motion curves are presented in Figure 6.3. Curves with long-term

intra-fraction drift (patient 1) and short-term intra-fraction drift (patient 4), as well
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as regular (patient 2) and irregular motion behavior (patient 15) are depicted. The

variety of tumor motion for the entire patient group is visualized in Figure 6.4a, in

which the peak-to-peak amplitude is shown in each patient for the 2 scans for each

time point separately. As illustrated by Figure 6.4a, the average intra-fraction tumor

motion can differ extensively between patients, and large variations of intra-fraction

motion are seen within some patients. Furthermore, it indicates that amplitude pre-

diction for tumor motion throughout the treatment course based on the initial two

baseline series (blue line represent mean initial amplitude), creates a risk of severe

overestimation (patient 7) or underestimation (patient 4).

Short-term intra-fraction motion

Analysis of the CC motion patterns based on the P10 and P0 revealed presence of

deep inhales in 6 of the 232 series (3%). In these 6 cine-MRI series, the magnitude of

the tumor motion during these inhales was 2 times larger than that of the remaining

tumor motion, and the P10-P0 value was more than 3 times the standard deviation

above the mean of all 232 series. Results of the short-term drift correction, using

the drift lines within the series, are visualized in Figure 6.4b. A mean reduction in

peak-to-peak amplitude of 1.3 mm (SD 1.8) was found. The largest short-term drift

was present in patient 15 (-12.4 mm), which was verified by visual inspection of the

cine-MRI series and is also depicted in Figure 6.3 (second series). Since a drift line

correction does not compensate for deep inhales, the 3 large amplitudes in the CC

motion of patient 7 - caused by 3 deep inhales - remained. As the presence of these

deep inhales obscured the effect of the drift line correction, cine-MRI series including

deep inhales were excluded. Peak-to-peak and C95 motion amplitudes, as well as the

corresponding drift-corrected amplitudes after exclusion of series with deep inhales are

presented in Table 6.2. A mean peak-to-peak motion of 11.0 mm (SD 4.6, range 4.1-

26.6) was found after exclusion of deep inhales and drift correction. The decrease in

peak-to-peak motion after deep inhale exclusion and drift correction is also visualized

in Figure 6.5. After drift correction, 49% of the scans showed a maximum peak-to-

peak amplitude smaller than 10 mm, compared to 38% before drift correction. Before

any correction the peak-to-peak amplitude of 95% of the fractions fell within 24.6 mm,

this measure of intra-fraction motion was reduced with 5.2 mm if deep inhale exclusion

and drift correction was applied.

Long-term intra-fraction motion

The quantification of shift in CC motion at the start of the drift lines from both the

first and second cine-MRI series indicated the presence of drift within the intermediate

10 minutes between the acquisitions of the two series. One time point was excluded

due to a table movement between the 2 series. A mean long-term drift (absolute

values) of 1.5 mm (SD 1.8) was found, with a maximum long-term drift of 11.6 mm.

For each patient the long-term drift is visualized for all 6 time-points in Figure 6.4c.
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Figure 6.4: Intra-fraction motion for the six different time points visualized for each patient. For every
time point the peak-to-peak CC-motion is shown for both scans within the session. The second series is
indicated with a closed circle. All patients had a distal tumor, except for patients 1 and 2 (both middle
third) and 18 to 20 (gastroesophageal junction). In graph a) the peak-to-peak motion is shown. The blue
solid lines indicate the mean peak-to-peak amplitude based on the two baseline scans. The estimated
short-term (∼45 seconds) and long-term drift (∼10 minutes) are shown in the b) and c), respectively. In
both graphs y=0 is indicated with a dotted line and represents the absence of drift.
*The cine-MRI series of time point 4 for this patient were excluded because of table movement that
occurred between the cine-MRI series.
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Figure 6.5: Fraction of scans with a peak-to-peak amplitude lower than the indicated peak-to-peak
amplitude, both for the original dataset (n=232), the dataset after exclusion of deep inhales (n=226),
and the dataset corrected for tumor drift (n=226). The shift to the left in the lines visualizes the decrease
in average peak-to-peak amplitudes after drift correction.

Table 6.2: Cranio-caudal tumor motion

All data Deep inhale Drift corrected

(n=232) (n=226) (n=226)

Mean SD Range Mean SD Range Mean SD Range

p-t-p (mm) 12.7 5.6 4.4-33.7 12.3 5.2 4.4-28.1 11.0 4.6 4.1-26.6

C95 (mm) 10.9 4.8 3.5-27.3 10.6 4.6 3.5-26.7 9.8 4.0 3.9-25.4

p-t-p = peak-to-peak.

Discussion

In this study, individual intra-fraction motion of esophageal tumors was weekly mon-

itored during the course of nCRT. Interestingly, it was shown that the motion ampli-

tude varied considerably between and within patients. Furthermore, it was found that

a baseline scan is not representative to predict tumor motion throughout treatment.

Similarly to other studies, it was found that the largest tumor motion occurred in the

CC direction.

The large variations in CC amplitudes could be explained by tumor drift within cine-

MRI series (short-term drift), but also by a more constant tumor motion pattern that

includes a deep inhale, resulting in large peak-to-peak amplitudes. The duration of

one fraction of 1.8 Gy (approximately 2 minutes) is comparable with the length of one

cine-MRI series, which makes the tumor motion found in the cine-MRI series represen-

tative for motion that could occur during the delivery of one fraction. Furthermore,

long-term drift that occurred within a 10-minute time-interval was quantified, since

89



Chapter 6

this could be representative for tumor drift in a time-interval needed for daily dose

optimization of the dose plan between positioning of the patient and the actual start

of radiation delivery. The radiation dose distributions of patients with large tumor

motion have been shown to be influenced by this tumor motion [163, 164]. Future

work will concentrate on the possible dosimetric consequences of tumor motion for

radiotherapy delivery in esophageal cancer and the potential of using personalized mo-

tion margins. Furthermore, strategies to mitigate the effect of tumor motion deserve

further investigation.

Some previous studies have mentioned pre-treatment identification of regular and

irregular breathers [165]. A patient-specific tumor margin for the delivery of radio-

therapy could then be determined based on 1 or 2 initial cine-MRI series. However,

this is contradicted by the finding of the current study, since large variation in intra-

fraction motion is observed in some patients, indicating that an estimation of tumor

motion prior to the start of treatment may not represent the actual tumor motion

during treatment. The application of fixed margins for esophageal tumors during

radiotherapy, e.g. using the well known margin recipe [166], might not be sufficient

when taking the complexity and large variety of tumor motion found in this study

into account. However, knowledge of the tumor motion during radiotherapy could

enable more conformal dose delivery and individualized treatment strategies. Cur-

rently available systems in which tumor tracking during dose delivery is possible are

the CyberKnife, using X-ray imaging [52], and the Calypso, using several internal

markers for tumor tracking [53]. Furthermore, an integrated MRI and Linac provides

the advantages of an MRI system, enabling precise tracking of both tumor and sur-

rounding soft tissues during dose delivery [54–57]. Ultimately, motion margins and

consequently unnecessary radiation dose to surrounding organs at risk can be reduced

by these approaches.

The conclusion of this study differs from that of Jin et al. [167], who state that

motion defined in pre-treatment 4DCT is representative for motion throughout treat-

ment. Furthermore, they stated that 97% of the cases had a motion amplitude of

less than 10 mm. While we observed that, after drift correction, only 49% showed a

peak-to-peak amplitude of less than 10 mm. Several differences in study setup can

explain this. Firstly, both studies report on relatively small patient groups. In our

study all patients were male and mainly distal tumors were included, while the study

of Jin et al. includes several females and shows a larger variety in tumor locations.

Especially the more proximally located tumors exhibit the smallest motion [48] and

variability [167], which explains the smaller overall reported variability. Furthermore,

tumor motion between males and females could also differ, based on anatomical vari-

ations of the thorax or a different breathing pattern [168,169]. Secondly, 4D(CB)CT

reconstruction might obscure tumor drift and large inhales, which could be the ori-

gin of the larger variability in intra-fraction motion observed in some patients in our
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MR-based study.

Some limitations apply to our study. First, our study uses temporal 2D datasets,

which could lead to the presence of some out-of-plane motion. The analysis was

performed on a coronal slices, so out-of-plane motion would be in the AP direction.

The average motion observed in this plane is 3.8 mm, which is below the scanned slice

thickness of 5 mm. However, the difference in CC motion found between the coronal

and sagittal scans hints to the presence of some out-of-plane motion, which could

result in an underestimation or overestimation of tumor motion. Second, cine-MRI

series were acquired with both arms positioned next to the body, this could have

influenced the reported tumor motion amplitude when compared to the currently

used radiotherapy position where both arms are raised above the head. However,

the body positioning was consequent throughout all cine-MRI series. Furthermore,

this positioning is not expected to influence the main findings of the current study

regarding the non-representativeness of a baseline scan for tumor motion throughout

treatment and varying motion amplitudes between and within patients.

The size of the motion found in 20 esophageal tumors in 3 different directions pre-

sented in this study compares well with previously published work in esophageal

cancer [48, 46]. Previous published work also described correlations between clinical

tumor stage and the mobility of the esophageal tumor. A significantly smaller tumor

motion was found in cT4 tumors compared to cT1-T3 tumors, possibly due to the fact

that cT4 tumors have an increased adhesion to surrounding tissues [49]. In the current

study no statistical analyses were performed to assess the association between tumor

location [48] or clinical tumor stage [49] and tumor motion due to the relatively small

sample size including mainly distal tumors. In a larger, more heterogeneous cohort,

the relation and clinical characteristics could be studied more extensively.

In conclusion, the largest esophageal tumor motion prior to, and throughout the

course of nCRT, was found in CC direction, followed by the AP and LR direction

using cine-MRI series. Tumor motion in CC direction is highly variable between and

within patients during the course of nCRT, as well as within one cine-MRI series

(45 seconds) and over a 10-minute interval. It was shown that esophageal tumor mo-

tion does not only comprise of respiratory motion, but is also caused by a tumor drift

in some patients. The stochastic nature of both deep inhales and tumor drift indi-

cates that real-time tumor motion management during radiotherapy is a prerequisite

to safely reduce treatment margins.
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Personalizing treatment: differentiation based on response

Esophageal cancer is known to have low 5-year overall survival rates [11–14]. Fur-

thermore, the degree of response is associated with patient prognosis, with the most

favorable long-term prognosis for the 29% of patients reaching pathologic complete

response [11, 14, 58, 60, 61]. For the introduction of personalized treatment schemes

accurate prediction or assessment of response is required in which, depending on

response, patients could follow a different treatment path. This could include for

example a wait-and-see approach with omission of surgery, intensification of neoad-

juvant therapy or primary surgery. An example of a randomized trial in which a

wait-and-see approach is currently being investigated for patients with esophageal

cancer is the SANO trial, in which suspected complete responders are allocated in a

surgery or active surveillance arm [170]. This study uses endoscopy with bite-on-bite

and 18F-FDG-PET/CT at different moments in time to predict response.

In the preceding chapters a range of topics has been discussed with a main fo-

cus on using MR-based (functional) techniques to predict response to neoadjuvant

treatment for patients with esophageal cancer. The potential of using quantita-

tive dynamic contrast-enhanced (DCE-) MRI for response prediction to neoadju-

vant chemoradiotherapy was assessed (Chapter 2). The association between the
18F-FDG-PET/CT parameter SUV, which is widely used clinically, and the quan-

titative diffusion-weighted (DW-) MRI parameter ADC was investigated (Chapter

3) as well as the complementary value of combining DCE-MRI with DW-MRI for

response prediction (Chapter 4). A methodical study on intravoxel incoherent mo-

tion (IVIM) is described in (Chapter 5). Finally, the variations in esophageal tumor

motion during radiotherapy are reported (Chapter 6).

Dynamic contrast-enhanced MRI

Visualizing tissue perfusion with dynamic contrast-enhanced (DCE-) MRI, enables

the differentiation of tumorous tissue from healthy tissue, as tumors are characterized

by angiogenesis paired with increased vascular permeability [35, 36]. Additionally,

in several other tumor sites it was shown that DCE-MRI can be used for response

prediction [76,77].

One of the most used tracer-kinetic models for analysis of DCE-MRI is the Tofts

model [171], providing a link between the tumor physiology and the measured data.

However, this model is highly dependent on the shape of the arterial input func-

tion (AIF) for which often a generic or population-specific AIF is used. A recent

publication using the Tofts model concluded that measures from the Tofts model

were found effective predictors for the efficacy of chemoradiotherapy in patients with
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esophageal cancer [172]. However, another study showed limited reproducibility of

the Tofts model in pancreatic ductal adenocarcinoma, with for most parameters a

’within subject coefficient of variation’ in the order of 20% [173]. In our initial study

including three MRI scans (prior to treatment, during treatment and before surgery)

large variations in peak height were found both between and within patients. There-

fore, in our analysis of DCE-MRI in Chapter 2, the area-under-the-concentration

time curve (AUC) was calculated as quantitative parameter, since this more simple

and robust approach is not influence by the AIF as input parameter. We found that

changes in the AUC within the tumor throughout the first two to three weeks of

treatment differed significantly between good (including also near-pCR) and poor re-

sponders, potentially allowing for early prediction of treatment response. In addition,

the change in AUC prior to surgery compared to the baseline-AUC was found to

differ significantly between pathologic complete responders and non-pathologic com-

plete responders. In this chapter it was concluded that DCE-MRI showed potential

for treatment response assessment and prediction of pathologic complete response and

good response on chemoradiotherapy in patients with esophageal cancer.

Since the potential in relation to response prediction of this MR-modality is increas-

ingly shown for esophageal cancer, we foresee that in the future DCE-MRI will be

increasingly included in standard diagnostic MR-protocols since this could be a use-

ful adjunct to the current available modalities. However, larger trials researching

the optimal analysis approach and time point for response prediction remain of great

essence.

Diffusion-weighted MRI

Tumorous tissue is known for its high cellularity, resulting in a restricted diffu-

sion compared to healthy tissue, which can be measured with diffusion-weighted

(DW-) MRI [37, 38, 121]. When neoadjuvant treatment is effective tumor cellularity

is expected to decrease, hence the apparent diffusion coefficient (ADC) has been eval-

uated for its potential to function as a biomarker for treatment response [174, 175].

An earlier study in our group showed that a difference in ADC in the tumor be-

tween scans during treatment (2-3 weeks) and baseline scans was highly predictive

for histopathologic response in patients with esophageal cancer [66]. These findings

were confirmed in recent publications concerning esophageal cancer [172, 176]. Inter-

estingly, it was shown that DW-MRI can provide important, additional information

in relation to both T and N staging and initial treatment decision-making compared

to e.g. CT or endoscopic ultrasonography, making this technique a useful adjunct in

the clinic [177].
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18F-FDG-PET/CT & DW-MRI

Whole-body 18F-fluorodeoxyglucose positron emission tomography with integrated

computed tomography (18F-FDG-PET/CT) is often used in a pre-treatment setting

to detect distant metastases and regional lymphadenopathy [9,89,90] and also serves

as a useful adjunct to conventional pre-treatment staging modalities for esophageal

cancer [88]. In addition, 18F-FDG-PET/CT has also shown potential for response

prediction [23,24].

In other tumor sides the potential of whether ADC as measured by DW-MRI and

standardized uptake value (SUV) as measured by 18F-FDG-PET/CT can provide

complementary information has been a recent topic of research, reporting correlations

between SUV and ADC parameters [178, 179]. At present, it is unclear whether

ADC and SUV can provide complementary prognostic and predictive information in

patients with esophageal cancer. Therefore, the correlation between ADC and SUV

in patients with esophageal cancer was researched in Chapter 3. No correlations

were found between tumor ADC and SUV, regardless of the underlying histological

subtype. Also, no associations of ADC and/or SUV with tumor stage or grade were

found. Therefore, it was concluded that tumor ADC and SUV values may have

complementary roles as imaging markers in the prediction of survival and evaluation

of response to treatment in esophageal cancer. In designing a multi-parametric multi-

modality study to evaluate the efficiency of predicting the response of esophageal

cancer to neoadjuvant treatment, we therefore see a place for both 18F-FDG-PET/CT

and DW-MRI.

DCE-MRI & DW-MRI

Chapter 4 is a continuation of both studies researching DCE-MRI and DW-MRI.

In this chapter the complementary value was researched of both modalities. Since

both modalities visualize different tumor characteristics, combining these modalities

has been researched in multiple studies concerning other tumor sites [42, 43]. These

studies reported superior descriptive accuracies of combined analyses compared to

separate analyses. In this study, uni- and multivariable logistic regression models

were used to predict response to nCRT in patients with esophageal cancer. It was

found that multivariable analysis of DCE-MRI and DW-MRI showed complementary

value reaching higher predictive values.

Earlier studies regarding different tumor sites also reported superior descriptive accu-

racies of combined analyses of DW-MRI and DCE-MRI compared to separate analy-

ses [42, 43]. An important conclusion presented in a recent meta-analysis concerning

breast cancer researching both DW-MRI and DCE-MRI for predicting response re-

vealed that the type of MRI scan and the time between the start of neoadjuvant

treatment and MRI significantly influenced the sensitivity and specificity [180]. Due
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to a limited number of multiparametric studies available for breast cancer, no direct

comparison between DW-MRI and DCE-MRI was presented.

However, one drawback found in this study was that the quality of the transverse

DW-MR images was not stable, showing large breathing artifacts in some patients.

Therefore, part of the patients had to be excluded from the analysis. As a result,

several adjustments (details in Chapter 5) were made in the MRI scanning proto-

col which was then used for the REACT-trial (abbreviation for: REpeated magnetic

resonance imaging in esophageal cancer for Adaptive radiation treatment planning

during ChemoradioTherapy).

The REACT-trial included acquisition of scans at six time-points, including one base-

line scans and weekly scans during 5 weeks of neoadjuvant treatment. The primary

objective was to develop a patient-specific adaptive radiotherapy planning strategy

using MRI with more precise target coverage and critical organ sparing by safely

reducing treatment margins for resectable esophageal cancer irradiation. Further-

more, our previous studies acquired scans around the second week of treatment based

on two meta-analyses showing this timepoint as most predictive for pathologic re-

sponse [23, 24, 67]. Chapters 2 and 4 indeed showed potential in the prediction of

response using this time-point. However, since the optimal timing of scanning for

response prediction is still unclear, the secondary objective was to find the optimal

timing for MRI guided response assessment to predict pathological response to nCRT

as determined after surgery. One of the main adjustments made to the scanning pro-

tocol included a change in scanning plane of the diffusion-weighted images from trans-

verse to coronal, resulting in higher image quality. Since the largest occurring motion

(breathing motion) appears in line with the scanning plane, most of the motion arti-

facts produced can be corrected for in additional post-processing [142]. Furthermore,

the number of scanned b-values was increased to 13 enabling more advanced fitting

methods for the signal decay, also known as intravoxel incoherent motion MRI.

Intravoxel incoherent motion MRI

In intravoxel incoherent motion (IVIM-) MRI a high number of diffusion-weighted

MRI scans is acquired with a wide range of b-values. IVIM-MRI has been a topic of

research for several reasons. It has the potential of increasing accuracy of response

prediction compared to regular mono-exponential fitting of ADC values in DW-MRI,

with its ability to isolate diffusion and perfusion components. Furthermore, since

in IVIM-MRI also perfusion-related parameters are fitted, it might probe properties

similar to DCE-MRI. Although this is based on different mechanisms, in case of

high correlation, injection of intravenous contrast could become obsolete. Although

the insertion of an i.v. line for contrast injection was only scored as causing most

discomfort during the whole MR procedure in 4% [181], omitting DCE-MRI would

pave the way of frequent MRI scans with reduced time needed in the clinical workflow
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and scan time (scored most discomfort in 22%). On the other hand, it should be noted

that IVIM protocols are known for their high noise levels, which scored highest on

patient discomfort (26%).

So far, varying results have been reported for the correlation between the IVIM

perfusion-related parameters and DCE-MRI parameters outside the esophagus, with

some studies showing significant correlations [138,182] in contrast to others [183,184].

However, before researching the correlation between IVIM and other modalities and

the potential of using IVIM in relation to response prediction [185], obtaining a reli-

able fitting procedure is of great importance.

Several studies compared different approaches for fitting the well-known Bihan model

[39], and concluded that large differences can occur in fitting parameters D (diffusion),

f (perfusion fraction) and D∗ (pseudo-diffusion) between different approaches [40,

141]. Therefore in Chapter 5, as a first step towards researching the potential of

IVIM-MRI for patients with esophageal cancer, the influence of using three different

fitting approaches (Bihan-fixed, Bihan-free and Bayesian) was researched on voxel-

level. Model performance was assessed by calculation of R2 values, which calculates

to what extend the model fit describes the IVIM datapoints. Although no large

differences were found in model performance, it was found that differences in trend

occurred between the different fitting approaches. It is expected that these differences

influence the accuracy and precision in longitudinal studies for response assessment in

which IVIM will be used. Therefore, it was concluded that it is of great importance

to explicit report specifications of fitting approaches used in IVIM studies to be able

to compare outcomes between studies.

Personalizing radiotherapy treatment: safety margins

Another field which serves potential for personalizing the current treatment strategies

is researching the use of personalized tumor margins during radiotherapy. Real-time

tracking of the tumor during dose delivery becomes reality with an integrated MRI

and Linac [54–57] or systems like the CyberKnife (AccurayTM, Inc, USA) [52] or Ca-

lypso (Varian Medical Systems, Palo Alto, CA) [53]. As a first step towards real-time

tumor tracking for esophageal cancer the variations in intra-fraction motion were

researched on different time scales (Chapter 6). Patients treated with nCRT for

esophageal cancer underwent six sequential MRI scans (including one baseline scan).

To quantify intra-fraction motion, two cine-MRI series were acquired with approxi-

mately 10 minutes interval, both in coronal and sagittal plane. Tumor motion was

assessed in cranio-caudal (CC), anterior-posterior (AP) and left-right (LR) direction.

In the CC-plane largest breathing motion was found, therefore CC-motion patterns

were further analyzed for the presence of deep inhales and tumor drift. This study
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showed that intra-fraction tumor motion was found to be highly variable between and

within patients with esophageal cancer over the course of nCRT treatment. Large

variation in intra-fraction motion was observed in some patients, indicating that an

estimation of tumor motion prior to the start of treatment may not represent the

actual tumor motion during treatment. A strategy in which a patient-specific margin

is determined based on 1 or 2 initial cine-MRI series does therefore not reflect the

true tumor motion during treatment. So, pre-treatment identification of regular and

irregular breathers [165] would not function as a proper solution. This study therefore

concluded that the stochastic nature of tumor drift indicated that real-time tumor

motion management during radiotherapy is a prerequisite to safely reduce treatment

margins.

In addition to a possible reduction of the dose to organs at risk which could be achieved

when reducing treatment margins, real-time tumor tracking could also enable dose

painting. To increase the tumor local control rates while sparing healthy tissue, in

dose painting the regular uniform dose is replaced by a individualized dose distribu-

tion [186]. This is designed such that an additional dose is delivered to subvolumes

with for example high radioresistance. These regions could be identified by func-

tional imaging in case response prediction is further exploited towards voxel-based

response predictions. Several recent studies concerning different tumor sites have

shown the (potential) benefit of using dose painting over regular dose description in

relation to local tumor control and survival [187–189]. The high accuracy needed for

this procedure underlines the necessity of tumor tracking during dose painting, and

consequently the use of the sophisticated radiotherapy systems which are mentioned

above.

Future perspectives

This thesis focuses mainly on the use of quantitative MRI analysis for the prediction

of response. Although the studies presented in this thesis demonstrated the predictive

value of several image-based techniques, a couple important questions remain to be

further researched.

First, the conclusions presented in this thesis should be validated in larger patient

cohorts, enabling the development of a robust and accurate prediction model. Sec-

ond, the reproducibility of the different modalities/parameters should be researched

since clinically valid use requires that measurement variations in a given patient be

less than that observed by different observers or measurement. This reproducibility

is two-fold, in which both the inter- and intra-observer variations in delineations con-

tribute, as well as the reproducibility of the measurement itself. In our most recent

studies, a semi-automatic method was used after which only minor manual adjust-

ments were made based on tumor circumference changes through time. In the future
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study including a larger patient cohort and scans with improved quality, a delineation

study researching both the inter- and intra-observer variability and the sensibility

for changes over time could offer new insides. Studies already published concern-

ing esophageal cancer showed sufficient reproducibility comparing two measurements

and two observers [190] and a higher reproducibility in semi-automated delineations

techniques compared to manual delineations [92]. Furthermore, a recent publication

showed promising results researching the repeatability, reproducibility and accuracy

of both DW-MRI and T1-mapping in the breast in healthy subjects and phantoms

(ice-water and gel phantom, respectively) across three sites [191].

Beside the quantitative image-based techniques that were studied in this thesis clini-

cal parameters and qualitative assessment of T2-weighted scans or diffusion-weighted

scans could provide additional information. In addition, several studies showed po-

tential for the use of molecular biomarkers for response prediction in patients with

esophageal cancer [68–70]. Likewise, the presence of circulating tumor cells (CTCs)

in the blood is known to be associated with poor clinical outcome [192]. Since this

method is minimally invasive, it has the potential to be a valuable tool in predic-

tion of treatment outcome. However, this technique remains technically challenging

since CTC enrichment involves isolating these very rare CTCs from billions of red

blood cells and millions of leukocytes per milliliter of whole blood [193]. It was found

that patients with esophageal cancer presenting with an initial negative CTC score,

meaning that no circulating tumor cells were found, or a change from positive to neg-

ative showed a favorable prognosis concerning overall survival and progression free

survival compared to patients with a positive CTC score both at baseline and after

treatment. Pre- and intra-therapeutic CTC enrichment was found to show potential

to e.g. improve preoperative staging [194,195].

A multicenter trial recently initiated in our hospital will address several of the above

mentioned points. The main objective of the PRIDE-trial (abbreviation for: Preop-

erative Image-guided Identification of Response to Neoadjuvant Chemoradiotherapy

in Esophageal cancer) is to develop a multi-parametric prediction model that predicts

the probability of pathologic complete response to nCRT in esophageal cancer by

integrating DW-MRI and DCE-MRI in conjunction with 18F-FDG-PET/CT scans

acquired prior to, during and after administration of nCRT. Since this study will

include a total of 200 patients validation of the conclusions from the preceding chap-

ters in a larger cohort will be possible. In addition, new promising techniques are

also being investigated, with one of the secondary objectives to evaluate the presence

of, and changes in, CTCs in the blood during nCRT as a biomarker for a patients

response to nCRT, the detection of residual disease after nCRT and disease-free and

overall survival.

An ultimate goal would be a personalized treatment scheme in which margins can

be reduced to reduce toxicity to surrounding organs at risk and dose painting is
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possible due to real-time tracking of the tumor and accurate, voxel-based, response

prediction. Additionally, these non- and/or minimally invasive response prediction

techniques would enable a wait-and-see approach in which surgery is only performed

in patients who do not reach a pathologic complete response.

In conclusion, the studies presented in this thesis showed the potential of functional

MRI and PET in the prediction of response in patients with esophageal cancer un-

dergoing neoadjuvant chemoradiotherapy. Furthermore, it was found that different

modalities (e.g. DCE-MRI, DW-MRI and 18F-FDG-PET/CT) could be of comple-

mentary value in predicting response, each visualizing different physiological processes

in the tumor. Therefore, the use of multi-parametric multimodality models should be

further researched in larger patient cohorts, in which the emerging field of machine

learning/deep learning could be profitable in developing response prediction models.

Publications on the potential of these models in relation to biology and medicine are

emerging [196–198], with a recent publication concerning esophageal cancer showing

the value of T2W-MRI radiomic analysis combined with supervised machine-learning

algorithms for response prediction [199]. In addition, it was shown that large varia-

tions were found in tumor motion both between and within patients with esophageal

cancer and the stochastic nature of the variations in motion demonstrated the impor-

tance of real-time tumor motion management during radiotherapy in order to safely

reduce treatment margins.
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Addendum

Nederlandse samenvatting

Wereldwijd staat slokdarmkanker op de 8ste plek van meest voorkomende kanker-

soorten en de incidentie blijft stijgen. Slokdarmkanker wordt gekenmerkt door zeer

slechte overlevingskansen, met de vijfjaars totale overleving tussen de 15 en 25%.

Door het invoeren van een totale slokdarmresectie als behandeling zijn deze over-

levingskansen gestegen tot ongeveer 35%. Tegenwoordig behoort het geven van een

neoadjuvante therapie (wat een aantal weken voorafgaand aan de operatie wordt

gegeven) tot de standaardbehandeling waardoor de overlevingskansen met nog eens

13% gestegen zijn. De neoadjuvante therapie duurt vijf weken en bestaat uit wekelijkse

toediening van chemotherapie gecombineerd met een radiotherapieschema verdeeld

over 23 fracties. Door na de operatie het resectiepreparaat te onderzoeken is in-

middels bekend dat in 29% van de patiënten geen tumorrest wordt gevonden en dat

dus een complete respons is behaald. Voor deze patiënten zijn de overlevingskansen

een stuk positiever met vijfjaars overlevingskansen variërend van 48 tot 65%. Neo-

adjuvante therapie is echter een zware behandeling en ook de slokdarmresectie is

een zeer ingrijpende operatie, die substantiële risico’s op complicaties met zich mee-

brengt. Aangezien het bekend is dat niet alle patiënten in gelijke mate profiteren

van de neoadjuvante therapie zouden we graag in staat zijn te voorspellen welke

patiënten een mogelijke complete respons gaan bereiken en bij welke patiënten de

neoadjuvante therapie niet aan lijkt te slaan. In het geval van een verwachte complete

respons zouden we in de toekomst graag de operatie willen voorkomen. Bij patiënten

waar echter geen respons waargenomen wordt, kan mogelijk de neoadjuvante therapie

aangepast of zelfs onderbroken worden, waarna bijvoorbeeld de operatie sneller plaats

zou kunnen vinden.

Met behulp van magnetic resonance imaging (MRI) kunnen verschillende soorten

scans gemaakt worden, waarvan de anatomische scans het meest bekend zijn. Echter,

met MRI kan bijvoorbeeld ook de perfusie of diffusie van het weefsel gevisualiseerd

worden, in welk geval we praten over functionele MRI-scans. Naar het gebruik van

functionele MRI voor responspredictie wordt veel onderzoek gedaan. Voor slokdarm-

tumoren is in een aantal (kleine) studies al aangetoond dat functionele MRI een

bijdrage kan leveren aan het voorspellen van respons op neoadjuvante therapie.

Om in de toekomst voor elke patiënt een behandelstrategie ‘op maat’ te kunnen maken

kan op verschillende vlakken verbetering behaald worden. Ten eerste is het van belang

een betrouwbare methode te hebben om de respons van patiënten met slokdarmkanker

te voorspellen. In dit proefschrift ligt de focus voornamelijk op het onderzoeken van

verschillende functionele MRI-scans en hun mogelijke waarde in het voorspellen van

de respons bij patiënten met slokdarmkanker. Ook wordt onderzocht hoe het tegelij-

kertijd inzetten van verschillende MRI-scans van toegevoegde waarde kan zijn. Daar-

naast onderzoeken we de mogelijke toegevoegde waarde van MRI met een klinisch veel

gebuikte PET/CT-scan. Ten tweede, als patiënten in de toekomst behandeld worden
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met de nieuwe MRI-geleide radiotherapie (MR-Linac) dan kan tijdens de bestraling de

tumor ‘gevolgd’ worden waardoor de tumor met hogere nauwkeurigheid bestraald kan

worden. Hierdoor verwachten we dat de op populatie-gebaseerde behandelingsmarges

gereduceerd kunnen worden. De mogelijke impact van deze vernieuwde behandeling

is nog onbekend. Als eerste stap is in dit proefschrift onderzocht wat de beweging is

van slokdarmtumoren op verschillende tijdsschalen.

In Hoofdstuk 2 is onderzocht of dynamic contrast-enhanced (DCE) MRI gebruikt

kan worden om de respons bij patiënten met slokdarmkanker te voorspellen. Bij deze

techniek worden na injectie van een contrastmiddel in de bloedbaan herhaaldelijk

scans gemaakt, waardoor het gedrag van het contrastmiddel in de slokdarmtumor

gemeten kan worden. Voor een kwantitatieve vergelijking van waardes tussen scans

die op verschillende tijdstippen genomen zijn, kan de daadwerkelijke concentratie aan

contrast in het weefsel berekend worden. In deze studie vonden we dat veranderingen

over tijd in de geaccumuleerde concentratie in de tumor, gemeten gedurende 60 se-

conden vanaf het moment van instroming van het contrastmiddel, een voorspellende

maat bleek te zijn voor respons. Er werd derhalve geconcludeerd dat DCE-MRI van

toegevoegde waarde kan zijn in een respons-predictiemodel.

In een eerdere studie werd al gevonden dat diffusion-weighted (DW) MRI respons

kan voorspellen bij patiënten met slokdarmkanker. Bij DW-MRI is het signaal op

de scan afhankelijk van de bewegelijkheid van watermoleculen in het weefsel. In een

scan met hoge diffusieweging, wordt er een hoog signaal gevonden in de scan indien er

weinig beweging tussen de watermoleculen mogelijk is. Dit is het geval bij weefsel met

een hoge celdichtheid, zoals bijvoorbeeld tumorweefsel. Als een behandeling aanslaat

wordt verwacht dat de celdichtheid zich begint te herstellen en dat dus het signaal

lager wordt. Voor een kwantitatieve beoordeling van het diffusie-gewogen MRI-signaal

wordt er gekeken naar het verschil in signaal tussen een scan met een lage en een scan

met een hoge diffusieweging. Hieruit wordt de diffusiecoëfficiënt ADC berekend, welke

omgekeerd evenredig is aan het signaal (tumorweefsel vertoont dus een lage ADC

waarde). In Hoofdstuk 3 is onderzocht wat de mogelijke toegevoegde waarde is van

de ADC-parameter zoals gemeten in DW-MRI en de SUV-parameter zoals gemeten

in 18F-fluorodeoxyglucose positron emission tomography met gëıntegreerde computed

tomography (18F-FDG-PET/CT). SUV staat voor standardized uptake value en is een

maat voor de concentratie radioactiviteit in het weefsel. Bij deze techniek wordt via

de bloedbaan radioactief-gelabelde glucose toegediend. Door de hoge stofwisseling in

tumoren wordt hier veel glucose verbruikt waardoor tumoren als een hotspot zichtbaar

zijn op een PET scan. In deze studie werden geen correlaties gevonden tussen ADC en

SUV. Dit betekent dat beide technieken van toegevoegde waarde zouden kunnen zijn

in een model waarin respons voorspeld wordt en dat het gebruik van beide technieken

in toekomstige studies verantwoord is.

In Hoofdstuk 4 is de toegevoegde waarde van DCE-MRI met DW-MRI onder-
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zocht. Aangezien beide technieken andere tumor karakteristieken visualiseren (per-

fusie en diffusie) zou het combineren van deze technieken mogelijk van toegevoegde

waarde kunnen zijn. In deze studie vonden we dat beide technieken inderdaad van

toegevoegde waarde zijn en dat een combinatie hogere voorspellende waardes geeft,

in vergelijking met het gebruik van slechts één techniek. Er werd echter in deze studie

wel gevonden dat de DW-MRI-scans niet van voldoende kwaliteit waren omdat er veel

bewegingsartifacten waargenomen werden in de scans. Daarom is na deze studie het

scanprotocol aangepast. Bij deze wijziging hebben we ook het aantal diffusiewegin-

gen aangepast. In onze eerdere studies werd de ADC bepaald met behulp van 3 dif-

fussiewaardes, waarbij in het nieuwe protocol 13 waardes zijn opgenomen. Het is bek-

end dat het signaalverloop voor lage diffusiewaardes gedomineerd wordt door perfusie,

waardoor het signaalverloop gesplitst kan worden in een snelle perfusie-gedomineerde

diffusie en een langzame diffusie. Het toevoegen van meer diffusiewaardes stelt ons

daarom in staat om uitgebreidere analyses op het signaal te kunnen uitvoeren. Deze

techniek is ook wel bekend als intravoxel incoherent motion (IVIM) MRI. In Hoofd-

stuk 5 hebben we verschillende IVIM fitting-methodes vergeleken voor een grote

dataset met slokdarmtumoren. In deze studie vonden we dat ondanks dat de deter-

minatiecoëfficiënt R2, een maat voor de ‘goedheid’ van de fit, vergelijkbaar was voor

de verschillende methodes, de gefitte parameters wel degelijk verschillen lieten zien.

Geconcludeerd werd dat bij het rapporteren van IVIM-MRI resultaten het van belang

is dat uitgebreide informatie over de toegepaste fittingprocedures bijgevoegd wordt.

Zoals eerder genoemd kan er mogelijk veel winst behaald worden in het personaliseren

van de behandeling als MRI-gestuurde radiotherapie gebruikt gaat worden. Naast het

feit dat marges verkleind zouden kunnen worden, omdat de tumor gevolgd kan worden

tijdens de bestraling, maakt het ook dose-painting mogelijk. Hierbij kunnen binnen

een tumor delen van de tumor met hogere dosis bestraald worden, als deze delen er

bijvoorbeeld van verdacht worden niet voldoende te reageren op de behandeling. In

Hoofdstuk 6 is de intra-fractie beweging van slokdarmtumoren onderzocht in ver-

schillende tijdframes. Zo werd er gedurende de 5 weken van neoadjuvante therapie

wekelijks een MRI-scan gemaakt. Binnen deze MRI-scan bevonden zich twee series

met cine-MRI-scans. Een cine-MRI-scan is een 2D-scan die op hoge tijdsresolutie

opgenomen wordt, met in onze studie 75 frames binnen 45 seconden. Deze scan werd

herhaald na 10 minuten. Hierdoor kon zowel binnen 45 seconden de beweging geana-

lyseerd worden, als de mogelijke drift van de tumor in 10 minuten. Zoals ook in andere

studies gevonden is werd in de cranio-caudale richting de grootste beweging gevon-

den, veroorzaakt door de ademhaling, met een gemiddelde maximale amplitude van

12.7 mm. Uit verder onderzoek van deze beweging bleek dat er erg grote verschillen

gevonden werden tussen de bewegingsamplitudes zowel binnen patiënten als tussen

patiënten door de tijd heen. Verder werd er gevonden dat er met enige regelmaat een

tumordrift kan ontstaan wat grote gevolgen zou kunnen hebben indien dit ook tijdens

een bestraling plaatsvindt. In deze studie werd geconcludeerd dat identificatie van de
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beweging voor de start van een behandeling niet representatief is voor de daadwerke-

lijke beweging tijdens een behandeling en dat real-time volgen van de tumor tijdens

radiotherapie een vereiste is voor het veilig reduceren van de behandelingsmarges en

het eventueel toepassen van techieken als dose-painting.

Concluderend is ons uiteindelijke toekomstdoel het ontwikkelen van een gepersona-

liseerde behandeling voor patiënten met slokdarmkanker. Hierin willen we dat de

marges verkleind worden om toxiciteit in omliggende weefsels te kunnen reduceren

en daarnaast dose-painting mogelijk maken door het real-time volgen van de tumor

tijdens bestraling. Als dit samengaat met een model dat nauwkeurig de respons kan

voorspellen, kunnen we voor patiënten die een goede respons bereiken de ingrijpende

operatie voorkomen. In dit proefschrift hebben we de potentie laten zien van DCE-

MRI voor het voorspellen van respons. Daarnaast hebben we laten zien dat het com-

bineren van meerdere functionele MRI-scans, eventueel gecombineerd met PET/CT,

van toegevoegde waarde is. Dit kan gebruikt gaan worden in een multi-parametrisch

multi-modaliteiten voorspellingsmodel. Verder hebben we laten zien dat, vanwege het

willekeurig gedrag van de variaties in de beweging van slokdarmtumoren, het belan-

grijk is om het real-time volgen van een tumor mogelijk te maken en om zodoende

veilig de marges te kunnen reduceren.
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