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Abstract

Background: To date, only limited magnetic resonance imaging (MRI) data are available concerning tumor
regression during neoadjuvant radiochemotherapy (RCT) of rectal cancer patients, which is a prerequisite for
adaptive radiotherapy (RT) concepts. This exploratory study prospectively evaluated daily fractional MRI during
neoadjuvant treatment to analyze the predictive value of MR biomarkers for treatment response.

Methods: Locally advanced rectal cancer patients were examined with daily MRI during neoadjuvant RCT.
Contouring of the tumor volume was performed for each MRI scan by using T2- and diffusion-weighted-imaging
(DWI)-sequences. The daily apparent-diffusion coefficient (ADC) was calculated. Volumetric and functional tumor
changes during RCT were analyzed and correlated with the pathological response after surgical resection.

Results: In total, 171 MRI scans of eight patients were analyzed regarding anatomical and functional dynamics
during RCT. Pathological complete response (pCR) could be achieved in four patients, and four patients had a
pathological partial response (pPR) following neoadjuvant treatment. T2- and DWI-based volumetry proved to be
statistically significant in terms of therapeutic response, and volumetric thresholds at week two and week four
during RCT were defined for the prediction of pCR. In contrast, the average tumor ADC values widely overlapped
between both response groups during RCT and appeared inadequate to predict treatment response in our patient
cohort.

Conclusion: This prospective exploratory study supports the hypothesis that MRI may be able to predict pCR of
rectal cancers early during neoadjuvant RCT. Our data therefore provide a useful template to tailor future MR-
guided adaptive treatment concepts.
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Background
Colorectal cancer constitutes the third most common malig-
nant tumor disease with an estimated global incidence of
more than one million people per year [1]. The highest an-
nual incidence rates of colorectal cancer are recorded in the
developed countries affecting more than 40 per 100.000
people [1]. In the last decades, the cancer-specific mortality
rates of rectal cancer have declined significantly owing to
considerable advances in treatment as well as improved diag-
nostic techniques and extended screening measures [2, 3].
Radical resection of the rectum remains the mainstay of

curative treatment for rectal cancer; but for locally advanced
disease, multimodal therapeutic approaches including radio-
therapy (RT) have resulted in significantly improved local con-
trol, but no overall survival benefit compared to surgery alone
[4, 5]. Neoadjuvant radiochemotherapy (RCT) followed by
surgery has emerged as a standard of care for patients with lo-
cally advanced rectal cancers, leading to pathologically
complete response (pCR) rates of 11–31% [6–8]. Complete re-
sponders after neoadjuvant treatment have a favourable out-
come with a 5-year disease-free survival of about 83%, making
tailored and potentially organ-preserving treatments relevant
for these patients in order to reduce therapy-related morbidity
and hence improve long-term quality of life [9–11]. In turn,
non-responders need to be identified as early as possible, as
these patients may benefit from modified and potentially more
aggressive treatment concepts and may not be suitable candi-
dates for organ preservation strategies [12].
Consequently, an early prediction of tumor response to

neoadjuvant treatment is of special interest. Its assessment
may require the monitoring of predictive molecular bio-
markers as well as advanced imaging during the course of
RCT, although suitable strategies are lacking to date. In
recent years, magnetic resonance imaging (MRI) has
emerged as the most promising imaging procedure for the
prediction of treatment response during and after neoad-
juvant RCT [13, 14]. However, available studies are diffi-
cult to compare due to inconsistent imaging time points
and assessment of different MRI parameters [15–18].
To the best of our knowledge, no data have been pub-

lished concerning daily anatomical and functional changes
of MRI during RCT in rectal cancer. In recent years, our
group demonstrated the safety and feasibility of a shuttle-
based off-line approach for realizing daily MR-guided
radiotherapy [19, 20]. This analysis aimed to measure daily
evolutions in tumor volume and apparent diffusion coeffi-
cient (ADC), and correlate these findings to the final
pathological response outcome to gain new insights into
detailed MR regression patterns during neoadjuvant RCT.

Material and methods
Patients
Our manuscript analyzed data from a prospective trial
investigating daily MRI in treatment position as a means

of off-line MR-guided radiotherapy [19, 20]. In this
study, 8 patients with locally advanced rectal adenocarcin-
oma were enrolled between October 2013 and June 2017.
All patients completed neoadjuvant RCT. Pathological
complete response (pCR; Dworak regression grade 4)
could be achieved in 4 patients, while the rest of the pa-
tients had a pathological partial response (pPR; Dworak
regression grade 1–3) to neoadjuvant treatment [21]. De-
tailed patient characteristics are provided in Table 1. The
trial was carried out in accordance with the Declaration of
Helsinki (7th revision) and was approved by the independ-
ent ethics commission of the Medical Faculty of the Uni-
versity of Heidelberg (S-144/2013). All patients provided
written informed consent prior to inclusion in this trial.

Patient immobilization and treatment planning
All patients received daily short MR scans in treatment
position prior to irradiation with the same immobilization
equipment used for RT to image the morphological and
functional changes of the tumorous tissue during the
treatment. The transfer of patients between the MR device
and the linear accelerator was realized with a shuttle sys-
tem (Zephyr system, Diacor, Salt Lake City, USA) [19].
Treatment planning was performed using the RaySta-

tion™ treatment planning system (RaySearch, Stockholm,
Sweden). Gross tumor volume (GTV) was defined as the
morphological tumor volume, visible on post-contrast
computed tomography and co-registered MRI scans.
The clinical target volume (CTV) was defined as pro-
posed by Valentini et al. [22]. The planning target vol-
ume (PTV) was defined as the CTV with addition of 5
mm in the horizontal and the cranio-caudal plane.
All patients received 50.4 Gy in 28 fractions and con-

current chemotherapy with 5-fluoruracil (300 mg/m2

body surface area daily, administered intravenously via a
port catheter system).
Inverse treatment planning was used for intensity-

modulated RT. Treatment was carried out using a 6 MV
linear accelerator (Siemens Artiste, Erlangen, Germany).
Prior to each treatment fraction, position verification im-
aging was performed using KV cone-beam CT scans.

MR imaging
Daily MRI examinations were performed for all patients
in treatment position immediately before treatment
using a 1.5 T MRI scanner (Magnetom Symphony, Sie-
mens Healthcare, Erlangen, Germany) [14]. The MRI
protocol included a high-resolution coronal T2-space se-
quence (TR = 2 s; TE = 125ms; voxel size = 1.2 × 1.0 ×
1.12mm3; acquisition matrix 448x288x314), a transverse
T1-vibe sequence (TR = 10ms, TE = 5ms, voxel size =
2.0 × 2.0 × 2.0mm3; acquisition matrix = 228 × 287 × 378)
and transverse DWI. For tumor contouring, transverse
and sagittal images were reconstructed from the coronal
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T2-space sequence. DWI was performed in free breath-
ing and in case of baseline MRI prior to administration
of contrast agent. The following parameters were used for
DWI acquisition: TR = 7.54 s; TE = 96ms; FOV read/
phase 280mm/76.5%; acquisition matrix 102/0/0/78;
Voxel size 2.7 × 2.7 × 3.2mm; slice thickness 3.2 mm;
bandwidth 1442Hz/Px; b-values 0 and 1000s/mm2, gradi-
ent mode 3-scan trace; 50 slices in 1 step; 6 min. ADC
maps were calculated by a monoexponential fitting model.
For a total of 171 of 224 treatment fractions (76%), MRI
scans could be conducted and were analyzed regarding
anatomical and functional dynamics during RCT.

Data analysis
GTV was measured using T2-weighted and diffusion-
weighted images (DWI). The DWI ROIs were semi-
automatically segmented at the setting of b = 1000s/mm2

and by the use of the “Medical Imaging Interaction Toolkit”
(MITK) transferred to co-registered images at the setting of
b = 0 s/mm2 [23]. Co-registered T1 and T2 sequences were
used to assist visually locating the morphological lesion. To
ensure that only areas with restricted diffusivity were

considered for volumetry, a threshold tool of the MITK
software was used. Further segmentation was performed on
each slice, in all sections and within inner limits to reduce
partial volume effects. After semi-automatic generation of
the DWI-based tumor volumes, these were checked by the
two radiologists and manually corrected if necessary. ADC
values in the DWI ROIs were calculated by a monoexpo-
nential fitting model, based on a software code developed
in MATLAB (MathWorks, Natick, Massachusetts).
Volumetric and functional MR data were defined by

the consensus of two diagnostic radiologists. Both radi-
ologists were blinded for the pathological response.

Statistical analysis
Tumor volume at each radiation fraction of RCT was
compared with the corresponding volume at the first and
previous treatment fraction. Furthermore, tumor volumes
and ADC values at baseline as well as at weeks 2 and 4
after initiation of RT were compared between the re-
sponse groups (i.e., pathological complete or partial re-
sponse) using the Wilcoxon-Mann-Whitney test with a
significance level of p < 0.05. These time points were

Table 1 Patients’ characteristics

Characteristics Value Percent

Age (y)

- Median 63.5

- Range 51–72

Gender

-Female 5 62.5

-Male 3 37.5

Clinical stage before treatment (n)

-cT2 N1 1 12.5

-cT3 N0–2 7 87.5

Pathological stage (n)

-ypT0 N0 (pCR) 4 50.0

-ypT2 N0–1 2 25.0

-ypT3 N0–2 2 25.0

Dworak tumor regression grade (TRG)

-Dominant tumor mass with obvious fibrosis (TRG 1 =minimal regression) 2 25.0

-Dominantly fibrotic changes with few tumor cells or groups (TRG 2 =moderate regression) 1 12.5

-Very few tumor cells (TRG 3 = near pCR) 1 12.5

-No tumor cells (TRG 4 = pCR) 4 50.0

Initial tumor volume (ml)

-Median 33.5

-Range 14–95

Total treatment time (d)

-Median 40

-Range 37–43

Abbreviations: y years, n number, pCR pathological complete response, TRG tumor regression grade, ml milliliters, d days
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chosen because they offered complete data. Due to the ex-
ploratory nature of the study, no formal adjustment for
multiple testing was carried out. Statistical analysis was
performed by the R software package, version 3.5.1 (R
Core Team 2018, Vienna, Austria).

Results
Volumetric analysis
T2-based volumetry
All patients exhibited a distinct volume reduction of
the tumor during the course of RCT (see Figs. 1 and 2)

with most pronounced changes in patients reaching a
pCR (see Table 2): From baseline to the end of neoad-
juvant treatment, the average T2-based tumor volume
decreased from 39 cm3 (range 14–95 cm3) to 10.9 cm3

(range 0–28 cm3) Patients with a pCR had a significant
lower absolute T2-tumor volume at the beginning of
RCT as well as after 2 and 4 weeks of treatment (frac-
tion 11 and fraction 22) than those patients with a pPR
(see Fig. 2 and Table 2). The T2-based tumor volumes
of patients with pCR and pPR averaged 19.3 cm3 (range
14–30 cm3) and 58.2 cm3 (range 37–95 cm3) prior to

Fig. 1 Example of tumor regression in a single patient between the first and last fraction of neoadjuvant treatment. Distinct decrease in gross
tumor volume (GTV; red outlined) is evident (a + b: coronal and transverse T2-weighted images at baseline, e + f: coronal and transverse T2-
weighted images at the end of neoadjuvant RCT). The diffusion-restricted area within the GTV (red) also declines until end of RCT, indicating the
treatment-related cell depletion (c + d: transverse DWI sequence obtained with a b-value of 1000 s/mm2 and corresponding ADC-map at
baseline, g + h: transverse DWI sequence (b-value = 1000) and ADC-map at the end of neoadjuvant RCT; the segmented GTV (red) on the ADC-
maps is given to highlight the tumor, however segmentation for the ADC calculation has been performed on high b-value images

Fig. 2 Separate presentation of gross tumor volume dynamics for each patient during neoadjuvant RCT (based on T2w sequence). Between the
complete and partial pathological responders (pCR and pPR) distinct differences of absolute tumor volumes were evident at baseline as well as
over the whole course of RCT
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RCT (p = 0.03), 11.3 cm3 (range 6–18 cm3) and 35.0 cm3

(range 29–43 cm3) at 2 weeks after the initiation of
RCT (p < 0.01), and 3.5 cm3 (range 2–5 cm3) and 27.0
cm3 (range 20–33 cm3) at week 4 during RCT (p <
0.01), respectively. Until the end of neoadjuvant treat-
ment, the mean relative tumor shrinkage rate was
76.7% in the overall study population, 87.1% in the pCR
group and 58.1% in the pPR group as compared to the
baseline tumor volume. The fastest tumor shrinkage
rate relative to the baseline volume was observed dur-
ing the first 2 weeks of treatment independently from
the pathological treatment response. However, in the fol-
lowing weeks distinct differences of tumor shrinkage were
evident between both response groups (see Figs. 1 and 3).

In the overall study population and the subgroups of pa-
tients with pCR and pPR, average tumor volume decreased
by 2.7, 3.1 and 2.1%, respectively, per radiation fraction
compared to baseline volume (please see Fig. 4 and Table 2
for detailed description of daily rectal tumor volume
changes). In the overall study population and the sub-
groups of patients achieving pCR and pPR, tumor
volume declined on average by 7.0, 9.0 and 4.2%
from one fraction to the next. The biggest differ-
ences of daily tumor shrinkage between both re-
sponse groups were observed in the last 3 weeks of
RCT; in the pCR group, average daily tumor shrink-
age was steadily increasing during RCT, while in the
pPR group the tumor shrinkage rates were

Table 2 Comparison of T2-based tumor volumetry between response groups

T2-based tumor volumetry (ml)

pCR pPR

Mean Min Max Mean rel. to BL (%) Mean rel. to PM (ml) n Mean Min Max Mean rel. to BL (%) Mean rel. to PM (%) n

Fx 1 19.3 14 30 100 3 58.2 37 95 100 4

Fx 2 17.5 14 21 100 0 2 56.0 36 92 96.1 4 4

Fx 3 18.5 12 28 93.0 6.5 4 67.5 48 87 90.2 5.5 2

Fx 4 19.7 13 27 91.4 5.3 3 51.3 33 77 88.0 7 3

Fx 5 17.7 11 23 77.6 10 3 43.8 30 65 77.2 12.8 4

Fx 6 17.0 11 23 77.6 6.3 3 49.0 35 63 65.6 6.5 2

Fx 7 12.0 10 16 71.4 8 3 44.3 36 57 70.6 4 3

Fx 8 13.0 9 19 66.3 9.8 4 44.5 37 52 61.6 4.5 2

Fx 9 12.5 7 20 62.7 7.3 4 31.0 31 31 83.8 0 1

Fx 10 10.5 6 17 54.6 15.5 4 37.3 28 47 68.0 9 3

Fx 11 11.3 6 18 58.1 0 4 35.0 29 43 64.9 6.5 4

Fx 12 11.0 9 15 57.1 15 3 31.0 27 35 73.7 5 2

Fx 13 7.7 7 9 57.1 7.3 3 NA – – NA NA 0

Fx 14 7.8 5 12 46.7 18.5 4 35.3 26 44 64.4 1.3 3

Fx 15 6.3 3 9 41.0 20.5 4 32.5 26 39 55.7 5.5 2

Fx 16 7.0 4 11 43.2 0 4 30.8 26 38 57.2 7.5 4

Fx 17 7.3 5 10 39.7 7 3 32.3 27 38 60.4 1 3

Fx 18 5.3 3 8 31.2 15 3 31.0 26 36 54.1 4.5 2

Fx 19 4.8 3 6 30.5 14.8 4 32.0 27 37 56.0 0 2

Fx 20 3.5 2 5 22.2 27 4 28.0 25 31 66.8 5 2

Fx 21 3.8 2 5 24.6 0 4 30.7 24 36 57.0 2.3 3

Fx 22 3.5 2 5 22.2 5 4 27.0 20 33 50.8 9.3 4

Fx 23 3.0 2 4 21.4 11 3 28.5 26 31 51.5 3 2

Fx 24 3.3 2 4 20.9 17.8 3 26.0 25 27 62.5 7 2

Fx 25 3.0 2 4 16.4 8.3 3 27.0 25 30 51.5 2.3 3

Fx 26 2.3 1 4 13.8 16.7 3 24.3 17 31 43.9 5 3

Fx 27 2.0 1 3 12.9 14.5 4 27.0 25 29 41.9 5 2

Fx 28 1.8 0 3 12.9 25 4 23.0 17 28 41.9 2.3 3

Abbreviations: ml milliliters, pCR pathological complete response, pPR pathological partial response, rel. relative, BL baseline, PM previous measurement, Min
minimum, Max maximum, Fx fraction, NA not analyzable, i.e. no values existent
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considerably lower and decreasing until the end of
treatment (see Fig. 5 and Table 2).

DWI-based volumetry
In general, the tumor volumes assessed using DWI (b =
1000s/mm2) were lower than those assessed by T2-based

imaging (see Table 3). At baseline, no significant differ-
ence in average DWI-based tumor volumes between the
pCR and pPR groups was evident (7.8 vs. 23.4 cm3, p =
0.10). In accordance with the T2-based volume assess-
ment, there were distinct volume changes during RCT
(see Table 3). From baseline to the end of neoadjuvant

Fig. 3 Separate presentation of gross tumor volume changes during RCT relative to the first fraction of treatment for each patient (based on T2w
sequence). While in the first 2 weeks all patients exhibited substantial tumor shrinkage, distinct differences were evident between pathological
complete and partial responders (pCR and pPR) in the further course of RCT

Fig. 4 The points in the figure represent average daily volume changes per week relative to the first fraction of neoadjuvant RCT (baseline) for
complete and partial pathological responders (pCR and pPR) separately. Complete and partial pathological responders (pCR and pPR) differed
substantially, particularly in the first 4 weeks of treatment
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treatment, the average DWI-based tumor volume of the
overall study population decreased from 16.7 cm3 (range
5.4–38.3 cm3) to 5.0 cm3 (range 0–28 cm3) After 2 weeks
of neoadjuvant treatment, DWI-based tumor volumes
were lower in the pCR group compared to the pPR
group (pCR vs. pPR: average volume 2.0 cm3 vs. 11.9
cm3, p = 0.06). After 4 weeks of RCT, absolute DWI-
based tumor volumes of pathologically complete re-
sponders were significantly lower than for partial re-
sponders (2.9 cm3 vs. 7.9 cm3, p = 0.03).

ADC analyses
When comparing patients with pCR and pPR, the mean
tumor ADC values at baseline as well as during the
course of RCT widely overlapped; showing no statisti-
cally significant group difference for any ADC dynamics
measures. The baseline average ADC values were com-
parable in both response groups (pCR: 1.04 × 10− 3 mm2/
s, range 0.92–1.25 × 10− 3 mm2/s; pPR: 1.04 × 10− 3 mm2/
s, range 0.96–1.10 × 10− 3 mm2/s; p = 0.30); during RCT,
the average ADC values at weeks 2 and 4 after initiation
of RCT were 1.31 × 10− 3 mm2/s (range 1.22–1.37 × 10− 3

mm2/s) and 1.43 × 10− 3 mm2/s (range 1.38–1.50 × 10− 3

mm2/s) in the pCR group and 1.33 × 10− 3 mm2/s (range
1.21–1.46 × 10− 3 mm2/s) and 1.44 × 10− 3 mm2/s (range
1.27–1.67 × 10− 3 mm2/s) in the pPR group (p = 0.60 and
p = 0.70). The detailed course of ADC values during neo-
adjuvant RCT is summarized in Table 4.

Discussion
For the first time this exploratory study prospectively
evaluated the predictive value of fractional MRI exami-
nations for the early assessment of regression patterns in
rectal cancer patients during neoadjuvant RCT.
In our analysis, T2-based tumor volume at baseline as

well as at weeks 2 and 4 (fraction 11 and 22) of neoadju-
vant RCT significantly correlated with the patients’ pCR
rates as assessed post surgery. In this context, a consist-
ent tumor shrinkage relative to the initial tumor volume
was observed during RCT, whereby the most consider-
able changes manifested in the first 2 weeks of treat-
ment. Until the end of RCT, the average T2-tumor
volume decreased by 87% in the pCR group and by 58%
in pPR patients. When daily rectal tumor volume
changes were compared to the volume measured during
the previous treatment fraction, average tumor shrinkage
rates steadily increased in the pCR group while they de-
creased in the pPR group. Our data support the hypoth-
esis that a pCR may be predicted early during
neoadjuvant RCT based on MRI patterns as tumor vol-
ume thresholds of below 25 ml after 2 weeks and 10 ml
after 4 weeks correlated with the achievement of a post-
RT pCR. However, the proposed threshold values should
be considered with caution due to the small number of
patients in our analysis, which need to be verified in lar-
ger future studies.
Several analyses based on MRI suggested tumor vol-

ume reductions of 70–75% from baseline until re-staging

Fig. 5 The points in the figure represent average daily volume changes per week relative to the previous fraction of neoadjuvant RCT for
complete and partial pathological responders (pCR and pPR) separately. While pathological complete responders (pCR) exhibited steadily
increasing tumor shrinkage rates from week to week, pathological partial responders (pPR) showed largely stable or even declining tumor
shrinkage rates during RCT
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prior to surgery to be associated with a pCR [24–26],
and a recent observational study with weekly MRI re-
ported similar tumor volume changes as compared to
those we found in this analysis, supporting the predictive
value of tumor volume regression during RCT [15].
Further published data investigating the predictive

power of ADC changes in the context of neoadjuvant
treatment showed conflicting results [27–30]. Intven
et al. proposed an initial ADC value of 0.97 × 10− 3 mm2/
s and an ADC difference of 41% between pre-RCT and
pre-surgery MRI scans as a cut-off for differentiation be-
tween good and moderate/poor responders [17]. In con-
trast, ADC values could not predict pathological
treatment response in our analysis as ADC values widely

overlapped between complete and non-complete re-
sponders during RCT. In this context, the small number
of patients in our prospective study has to be considered
concerning the interpretation of results as single outliers
may already distort the statistical analysis. Nevertheless,
our data do not support the suggested predictive value
of delta ADC measurements during RCT.
Several studies analyzed a predictive potential of DWI

volumetry for the identification of rectal cancer patients
with a pCR [30]. One available study proposed that DWI
volumetry after RCT offered the best results for the pre-
diction of pCR with a sensitivity of 70% and a specificity
of 98% [31]. To the best of our knowledge, no data con-
cerning daily DWI volumetry during RCT have been

Table 3 Comparison of DWI-based tumor volumetry between response groups

DWI-based tumor volumetry (ml)

pCR pPR

Mean Min Max Mean rel. to BL (%) n Mean Min Max Mean rel. to BL (%) n

Fx 1 7.8 5.4 11.6 100 3 23.4 5.9 38.3 100 4

Fx 2 5.5 5.3 5.7 91.2 2 17.3 6.4 31.5 78.4 4

Fx 3 7.6 5.6 10.4 107.7 4 32.6 26.0 39.2 91.0 2

Fx 4 4.2 3.0 5.2 46.5 3 13.2 6.1 26.6 74.1 3

Fx 5 4.7 2.7 6.2 51.8 3 11.3 3.5 25.2 52.2 4

Fx 6 4.4 2.9 5.8 58.7 3 13.8 9.4 18.2 38.2 2

Fx 7 5.2 3.2 6.7 75.5 3 11.5 5.7 18.4 38.0 3

Fx 8 4.7 2.3 7.1 65.8 4 18.5 16.1 20.8 51.9 2

Fx 9 4.0 1.8 6.7 60.3 4 7.6 7.6 7.6 128.5 1

Fx 10 4.2 2.1 6.7 66.2 4 14.4 5.5 30.0 72.8 3

Fx 11 4.6 2.5 7.2 70.5 4 11.9 4.5 21.3 54.9 4

Fx 12 3.8 1.8 5.6 52.3 3 6.7 6.6 6.8 75.9 2

Fx 13 3.9 2.6 6.5 76.6 3 NA – – NA 0

Fx 14 4.5 1.1 7.3 79.1 4 13.7 4.4 19.0 78.0 3

Fx 15 3.6 1.7 5.7 58.1 4 14.4 4.3 24.6 68.1 2

Fx 16 3.5 0.9 6.7 53.3 4 9.7 3.7 14.4 46.7 4

Fx 17 3.7 1.2 7.7 57.2 3 7.8 2.4 13.3 40.5 3

Fx 18 2.5 1.2 3.4 31.7 3 9.3 3.0 15.6 45.3 2

Fx 19 3.4 1.5 7.2 57.6 4 8.0 3.3 12.7 44.4 2

Fx 20 3.7 1.2 6.0 65.4 4 5.5 5.4 5.5 62.3 2

Fx 21 3.4 1.0 6.7 54.9 4 5.6 3.5 7.3 39.8 3

Fx 22 2.9 1.1 5.3 47.0 4 7.9 5.1 10.0 46.4 4

Fx 23 3.3 2.2 4.6 66.3 3 8.1 4.1 12.1 50.1 2

Fx 24 3.5 1.6 6.7 60.6 3 4.5 3.3 5.7 44.6 2

Fx 25 2.8 1.4 5.1 43.4 3 6.8 3.8 9.8 43.2 3

Fx 26 1.6 1.1 2.4 26.8 3 9.1 3.5 12.1 42.1 3

Fx 27 2.7 0.7 6.6 52.1 4 10.1 6.1 14.0 36.6 2

Fx 28 2.4 0.7 5.8 44.4 4 8.4 4.2 16.2 42.5 3

Abbreviations: ml milliliters, pCR pathological complete response, pPR pathological partial response, rel. relative, BL baseline, Min minimum, Max maximum, Fx
fraction, NA not analyzable, i.e. no values existent
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reported. In our analysis, significant differences of DWI-
based tumor volumes between patients with pCR and
pPR were observed at week 4 during neoadjuvant RCT.
In contrast, neither the baseline DWI volumetry nor the
relative volume decreases showed a significant difference
between both response groups in our dataset. Our data
suggest that pathological response can be predicted by
DWI volumetry during neoadjuvant treatment, although
our findings have to be corroborated in larger patient
cohorts. In addition, this analysis revealed significant dif-
ferences in T2 and DWI volumetry, which may be ex-
plained on the one hand by the difference between
tumor volumetry based on morphological MRI se-
quences as compared to functional DWI and on the

other hand by the semi-automatic segmentation ap-
proach in case of DWI.
The detailed description of daily volumetric changes in

this study aims to serve as a template to design further
trials to confirm the role of MRI as a means for early re-
sponse assessment in order to devise response-specific
adaptive treatment strategies. Tumor volume decreases
during RCT offer the option to adapt treatment volumes
for a better sparing of the surrounding tissues-at-risk
with a potential impact on acute and late radiogenic tox-
icities as well as perioperative morbidity [15]. There is
an increasing interest in tailoring neoadjuvant treat-
ments more closely to the extent of tumor regression
during RCT based on MRI examinations [32]. Therefore,

Table 4 Comparison of ADC-values between response groups

ADC values (10−3mm2/s)

pCR pPR

Mean Min Max Mean rel. to BL (%) n Mean Min Max Mean rel. to BL (%) n

Fx 1 1.04 0.92 1.25 100 3 1.04 0.96 1.10 100 4

Fx 2 1.10 0.89 1.32 105.1 2 1.02 0.95 1.08 97.6 4

Fx 3 0.98 0.93 1.12 96.2 4 1.04 1.02 1.05 98.5 2

Fx 4 0.99 0.90 1.06 104.5 3 1.09 1.00 1.17 105.9 3

Fx 5 1.13 0.98 1.34 127.9 3 1.07 1.01 1.19 102.9 4

Fx 6 1.17 1.05 1.24 116.0 3 1.12 1.11 1.12 106.0 2

Fx 7 1.18 1.05 1.30 106.5 3 1.16 1.09 1.20 108.3 3

Fx 8 1.19 1.09 1.29 116.4 4 1.20 1.14 1.27 114.0 2

Fx 9 1.24 1.14 1.39 124.6 4 1.30 1.30 1.30 134.9 1

Fx 10 1.21 1.13 1.29 119.1 4 1.29 1.20 1.35 126.0 3

Fx 11 1.31 1.22 1.37 127.7 4 1.33 1.21 1.46 127.8 4

Fx 12 1.31 1.24 1.39 125.6 3 1.26 1.23 1.30 123.4 2

Fx 13 1.24 1.13 1.38 118.8 3 NA – – NA 0

Fx 14 1.36 1.26 1.44 133.6 4 1.30 1.24 1.39 127.5 3

Fx 15 1.35 1.27 1.43 131.4 4 1.43 1.37 1.48 143.9 2

Fx 16 1.40 1.29 1.50 137.3 4 1.34 1.23 1.52 128.7 4

Fx 17 1.38 1.26 1.55 135.5 3 1.33 1.23 1.46 129.9 3

Fx 18 1.45 1.30 1.55 151.9 3 1.34 1.24 1.44 135.1 2

Fx 19 1.38 1.32 1.43 133.1 4 1.36 1.28 1.43 137.0 2

Fx 20 1.33 0.98 1.50 123.2 4 1.35 1.21 1.48 132.3 2

Fx 21 1.52 1.38 1.69 150.0 4 1.31 1.25 1.44 128.6 3

Fx 22 1.43 1.36 1.50 138.0 4 1.44 1.27 1.67 138.2 4

Fx 23 1.43 1.39 1.49 129.4 3 1.40 1.39 1.40 140.8 2

Fx 24 1.47 1.35 1.55 137.8 3 1.37 1.26 1.48 134.5 2

Fx 25 1.44 1.38 1.50 140.5 3 1.36 1.26 1.51 133.6 3

Fx 26 1.41 1.36 1.49 145.3 3 1.53 1.43 1.65 150.2 3

Fx 27 1.51 1.46 1.54 147.1 4 1.35 1.27 1.43 127.3 2

Fx 28 1.50 1.38 1.60 143.7 4 1.53 1.45 1.63 150.1 3

Abbreviations: pCR pathological complete response, pPR pathological partial response, rel. relative, BL baseline, Min minimum, Max maximum, Fx fraction, NA not
analyzable, i.e. no values existent
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MR parameters have to be defined for reliable differenti-
ation between good and moderate or poor responders
during neoadjuvant treatment [15, 16]. Particularly poor
and moderate responders may benefit from dose escal-
ation strategies in order to increase local control and
survival rates. However, the implementation of adaptive
approaches in the daily routine is difficult for practical
reasons. On the other hand, adaptive radiotherapy
(ART) including boost strategies might result in higher
clinical complete response rates (cCR), which has been
suggested to influence progression-free-survival [33]. In
recent years, RCT with consecutive cCR or pCR may
allow wait-and-watch approaches or local tumor exci-
sion strategies, thereby sparing patients mutilating sur-
geries and improving treatment-related toxicities and
quality of life [9, 34, 35]. While standard RCT regimes
result in cCR rates of about 17–28%, considerably higher
cCR rates up to 70% seem to be achievable by higher-
dose RCT approaches [9, 36–39].
This study mainly serves as an accurate template for

determining appropriate measurement times for DWI
and volumetric monitoring during RCT that may be ap-
plicable to novel MRI-guided radiotherapy approaches.
This is of special interest for treatment concepts using
hybrid MRI-linear accelerators, enabling integrated daily
fractional MRI [40–42]. However, it is important to note
the different capabilities of diagnostic MRI (as per-
formed in this prospective study) and imaging provided
by hybrid devices, especially with regard to DWI requir-
ing b0 homogeneity [43].
Despite the complex and comprehensive MR imaging

protocols used here, the small number of patients limits
our analysis, and corroboration of our findings in a lar-
ger patient cohort is warranted. Furthermore, the sample
is not fully representative of the general population, as
the pCR rate in our dataset amounted to 50%; neverthe-
less, as the focus of our analysis was to analyze and re-
port the longitudinal course of MR regression patterns
during neoadjuvant treatment in detail, we feel that this
deviation of the pCR rates from previous cohorts should
not invalidate our data [44, 45]. This analysis does not
include inter-observer evaluation, which could be a po-
tentially important factor, since reported interfractional
volumetric differences during neoadjuvant treatment
could be within the range of expected differences be-
tween independent observers. To date, no other data are
available reporting daily anatomical and functional MR
data for rectal cancer patients undergoing neoadjuvant
radiochemotherapy. Therefore, this study provides a
unique comprehensive dataset, which can help to gain
valuable new insights into detailed MR regression pat-
terns during neoadjuvant treatment of rectal cancers and
the trends observed from this data may serve as a useful
template for future MR-guided radiotherapy studies.

Conclusion
This prospective study supports the hypothesis that MRI
may be able to predict pCR of rectal cancers early during
neoadjuvant RCT. Our data therefore provide a useful
template to tailor future MR-guided adaptive treatment
concepts.
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