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Abstract
Background: Tumor regression grade (TRG) correlates with prognosis in patients with locally advanced
rectal cancer (LARC), but there is controversy regarding the use of magnetic resonance imaging (MRI) for
determining TRG. This study to evaluate the diagnostic value of change rate in signal intensity (SI) and
volume (V) from MRI to TRG following preoperative chemoradiotherapy (CRT) in patiens with LARC.

Materials and methods: This retrospective analysis examined 82 LARC patients who were admitted to our
institution between Oct 2017 and Oct 2019. Patients underwent pre- and post-CRT T2-weighted (T2W),
diffusion-weighted (DW)/apparent diffusion coe�cient (ADC), and contrast-enhanced T1-weighted
(ceT1W) MRI. Change rate of volume and relative SI ratio(%△V and %△SIR) from each sequence were
determined. All LARCs were con�rmed pathologically and classi�ed into TRG 0, 1, 2 and 3. Descriptive
statistics and receiver operating characteristic (ROC) analysis, with calculation of area under the curve
(AUC), were used to compare the diagnostic performances.

Results: Sixteen patients had TRG-0, 15 had TRG-1, 35 had TRG-2, and 16 had TRG-3. Except for ADC-
%△SIR, the remaining%△V and %△SIR on T1W, DWI, and ceT1W had signi�cant differences among the
four groups. %△V and/or %△SIR did not distinguish TRG-1 from TRG-2 nor TRG-2 from TRG-3, but
differences between other TRGs were identi�ed by %△V and/or %△SIR on T2W, DWI, and ceT1W. The
combined use of DW-%△V and T2W-%△SIR provided the best diagnostic performance in distinguishing
of TRG-0 from TRG-2 (AUC: 0.954) and from TRG-3 (AUC: 1.000).

Conclusions: Preoperative MRI of LARC patients can determine TRG and may improve selection of the
preoperative therapy.

Background
The use of multiple treatment modalities for locally advanced rectal cancer (LARC) has markedly
improved patient outcomes during the last three decades(1). A major reason for this improvement is the
use of neoadjuvant chemoradiotherapy (CRT)(1, 2). CRT provides major bene�ts in terms of tumor
regression grade (TRG) and tumor downsizing, factors that are signi�cantly and independently
associated with improved survival and disease-free survival (DFS)(3). For example, Huh et al. compared
the prognostic signi�cance of TRG in patients with rectal cancer after preoperative CRT and found better
5-year overall survival (OS) and DFS in patients with TRG0 (complete response) than in those with TRG1
(moderate), and TRG2–3 (minimal–poor)(4). Suzuki et al. used a modi�ed classi�cation system based
on pathological T (ypT) stage and TRG, and showed that a less advanced stage was independently
related to improved DFS(5). Assessment of preoperative TRG after CRT may help to stratify patients
according to prognosis so that clinicians can administer the most appropriate preoperative therapy(6).
Therefore, it is important to determine TRG before surgery of these patients. The responses to
preoperative CRT are variable, and range from pathologic complete response (pCR) to cancer progression.
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Approximately 10 to 30% of rectal cancer patients achieve pCR after CRT, leading some researchers to
recommend a ‘wait-and-see’ policy regarding surgery, with clinical follow-up for these patients(1, 2, 7).

Magnetic resonance imaging (MRI) is a non-invasive examination that is playing an increasingly
important role in oncology, and is now the gold standard for initial staging of rectal cancer and
assessment of restaging after neoadjuvant CRT(7). Several studies reported the use of TRG based on MR
(mrTRG) following preoperative CRT for predicting pathological TRG (pTRG), DFS, and OS in patients
with LARC(1, 6, 8–13). However, there are differences between mrTRG and pTRG, and there is no
consensus on whether mrTRG can be used as a surrogate of pTRG(7, 10, 11) because it is di�cult to
distinguish tumors from tissue �brosis based on MRI signal intensity (SI) after CRT(3, 14). Consequently,
some studies performed quantitative analyses of MRI results with morphological evaluations to assess
TRG after CRT based on tumor SI and volume (V), and showed promising results(11, 14–19). Other
studies reported that tumor SI and V had some potential additional diagnostic value for patients who
were pathological good responders(2, 11, 16, 20).

Previous studies examined the use tumor SI and V to discriminate pCR or other response groups from
non-pCR or other nonresponsive groups(16, 21), and reported questionable performance in identi�cation
of different TRGs. There is good evidence that TRG after CRT is associated with DFS and OS in patients
with LARC(4–6, 10, 13), so an accurate clinical assessment of the preoperative response is essential.
However, no study has yet reported the use of quantitative multiparametric MRI to determine TRGs in
LARC.

We hypothesized that relative SI (SIR) and change of V, determined by different MRI sequences before
and after CRT, were associated with TRG. We therefore evaluated the diagnostic value of different MRI
sequences in predicting pTRG after preoperative CRT in patients with LARC.

Methods
This retrospective study was approved by the Institutional Review Board and Research Ethics Committee
of our Hospital. The need for written informed consent was waived.

Patients
Clinical data were obtained from the hospital database for 168 consecutive patients with rectal cancer
who received total mesorectal resection (TME) after CRT between October 2017 and October 2019 (Fig.
1). The inclusion criteria were: histologically con�rmed rectal adenocarcinoma; locally advanced disease
(staged by pre-CRT MRI results as cT3–4 and/or N-category positive and/or positive extramural venous
invasion and mesorectal fascia); completion of standard CRT, followed by TME; availability of pre- and
post-CRT MRI results from different sequences, including T2-weighted (T2W), diffusion-weighted
(DW)/apparent diffusion coe�cient (ADC), non-contrast-enhanced T1-weighted (nonceT1W), and
contrast-enhanced T1-weighted (ceT1W); and receipt of standard TME within 8 to 10 weeks of
completing the full CRT course(21). The exclusion criteria were: non-resectable and/or metastatic
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disease; insu�cient quality of MRI results; tumor with signet ring cell carcinoma after TME, with several
high-signal mucus components (based on T2WI) and numerous postoperative pathological mucus lakes
(greater than 50%); and more than 10 weeks between post-CRT MRI and surgery. This last exclusion
criterion was used because tissue changes can occur when there is a long interval between post-CRT MRI
and surgery(2).

MRI protocol
Patients were examined using different MRI machines (Table 1) at 1.5 and 3.0 T with a phased array
body coil and without bowel preparation. Oblique axial or axial T2W, ceT1W, and ADC images were
retrieved from the Picture Archiving and Communication System (PACS, Carestream, Canada). Routine
rectal MRI protocols and image acquisition parameters were used (Supplementary Table). The �rst MRI
examination was performed to assess tumor stage, and the preoperative MRI was used to assess
treatment response and restaging after CRT.
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Table 1
Clinical and MRI characteristics of patients in the four TRG groups.

Characteristics   TRG 0
(16)

TRG 1
(15)

TRG 2
(35)

TRG 3
(16)

P

Gender Male 12 12 24 13 0.74

Age, years (mean ± SD)   48.94 ± 
10.22

53.20 ± 
8.14

52.83 ± 
10.04

50.44 ± 
12.17

0.54

MRI unit Pre- /post-
CRT

        0.71/0.34

  Siemens
Verio

1/0 1/0 2/6 4/1  

  siemens
TrioTim

2/2 0/2 4/1 3/1  

  Siemens
skyra

2/1 1/2 1/3 1/1  

  Siemens
Avanto

6/7 7/6 17/18 6/10  

  Siemens
Aera

5/6 5/3 9/7 2/2  

  Philips
Ingenia

0/0 1/1 1/0 0/1  

  GE 750w 0/0 0/1 1/0 0/0  

Tumor differentiation           0.53

  Well 0 1 4 1  

  Moderate 15 13 30 14  

  Poor 1 1 1 1  

Pre-nCRT T stage (n)           0.28

  T4 3 7 16 7  

  T3 13 8 19 9  

Post-CRT MRI restage (n)           < 0.01

  T4 0 5 5 4  

  T3 4 8 20 11  

  T2 8 2 10 1  

  T0 4 0 0 0  
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Characteristics   TRG 0
(16)

TRG 1
(15)

TRG 2
(35)

TRG 3
(16)

P

Pre- to post-CRT MRI,

days (mean ± SD)

  91.44 ± 
19.29

118.87 ± 
96.29

111.49 ± 
74.72

85 ± 
39.1

0.36

Post-CRT MRIto
surgery,days (mean ± SD)

  17.25 ± 
10.75

16.87 ± 
12.84

16.86 ± 
12.86

9.63 ± 
7.58

0.16

ypT stage           < 0.01

  T4 0 2 3 4  

  T3 0 5 16 8  

  T2 0 7 14 4  

  T1 0 1 2 0  

  T0 16 0 0 0  

Evaluation of SI and V
Two gastrointestinal radiologists with expertise in rectal cancer diagnosis (7 years for one and 5 years for
the other) independently calculated tumor V and SI by manually tracing the tumor boundaries on the axial
images and placing free-hand regions-of-interest (ROIs), which provided the area of the lesion for each
tumor-containing section (Fig. 2). Any disagreements were resolved by discussion until a consensus was
achieved. On the T2W images, tumors were de�ned as areas of isointense or hyperintense signal relative
to the hypointense signal of normal adjacent muscular rectal wall. On the DW images, areas of high SI,
compared with the normal bowel wall or background of tissue with lower SI, were considered indicative of
tumor; portions of the tumor with a high DW signal and a high ADC were avoided, so as to avoid T2 shine-
through in the ADC data. On the ceT1W images, areas with enhanced SI relative to the normal bowel wall
were considered as tumor. On post-CRT T2-weighted MRI, areas of markedly low SI at the location of the
primary tumor bed were interpreted as �brosis. Because the risk for residual tumor in these �brotic areas
may be about 50%, they were included in the measurements of V and SI(16).

Whole-tumor V was then calculated by multiplying each cross-sectional area by section thickness (Fig. 2,
V1–V2). Post-CRT measurements were performed with comparison to pre-CRT images to ensure the ROIs
were placed within same axial level of the location of the primary tumor. The ROIs with maximal area of
tumor were obtained on single sections of axial T2W, ADC, nonceT1W, and ceTW. The intestinal lumen
and artifact areas were avoided after ROI selection. In some patients, high SI zones were not identi�ed on
post-CRT DW images, in which case the ROIs were positioned at the location of the tumor bed before CRT
(Fig. 3). The SI of the iliopsoas muscle (SIm) was used as reference tissue, with careful avoidance of any
intramuscular fat(11, 22–24).
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The Δ was de�ned as the absolute change in V and SI values between pre-CRT and post-CRT
measurements, and %Δ as the percentage change. The formulas used to calculate T2W-%△V, DW-%△V,
ceT1W-%△V, T2W-%△SIR, DW-%△SIR, and ceT1W-%△SIR are in the Supplementary Materials(16, 22, 25).

Another independent radiologist, who had 10 years of expertise in gastrointestinal diagnostics,
independently assessed each pre-and post-treatment MRI result. This radiologist was blinded to the
clinical, histopathological, and other characteristics of the patients.

Pathological evaluation after CRT
Surgically resected specimens were pathologically analyzed according to the seventh edition of the
American Joint Committee on Cancer (AJCC) TNM staging system and the Ryan et al. staging system(26,
27). Tumor stage (T0–T4b) and pTRG were recorded. Patients were categorized based on response to
therapy using a 4-point TRG system: TRG0, complete response with no viable cancer cells; TRG1,
moderate response with single cancer cells or small groups of cancer cells; TRG2, minimal response with
residual cancer outgrown by �brosis; and TRG3, poor response with minimal or no tumor killing and
extensive residual cancer. The our TRG assessment of the pathology system is only for the primary
tumor, and the most widely used TRG systems are those of Ryan(27) for the primary tumor which has
been modi�ed by AJCC(26) with the 4-point TRG scoring system(28).

Statistical analysis
Data were expressed as numbers and percentages for categorical variables and as means ± standard
deviations for continuous variables. The Kruskal-Wallis test (continuous variables) and the χ2 test
(categorical variables) were used to assess the signi�cance of differences. The thresholds of %Δ values
and different combinations for prediction of TRG were assessed using receiver operating characteristic
(ROC) analysis, with identi�cation of the best cutoff value (point nearest the upper left corner) using
logistic regression analysis with the Firth bias-correction(20). Differences in diagnostic performance were
determined by comparing the ROC curves using the method described by DeLong et al.(29). The κ test
was used to assess agreement between post-CRT restaging MRI results and ypT stage. Five patients were
randomly selected from each of the four TRG groups to evaluate inter-observer variability for two
readings by calculating intraclass correlation coe�cients (ICCs), which were classi�ed as poor (0–0.2),
fair (0.21–0.4), moderate (0.41–0.6), good (0.61–0.8), or excellent (0.8–1.0). Statistical analysis was
performed using SPSS version 19.0, MedCalc version 19.0.4, and GraphPad Prism version 7.0. P-values
were calculated using two-sided tests, and values less than 0.05 were considered signi�cant.

Results
We enrolled 82 patients with LARC who ful�lled the inclusion and exclusion criteria. The average age was
51.67 years (± 10.16, range: 27–71) and there were 61 men (74.4%) and 21 women (25.6%).

Patient and treatment characteristics
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There were 16 patients (19.5%) with TRG0, 15 patients (18.3%) with TRG1, 35 patients (42.7%) with
TRG2, and 16 patients (19.5%) with TRG3 (Table 1). These groups had no signi�cant differences in
gender, age, MRI machine used for examination, tumor differentiation, pre-CRT T stage, time between pre-
and post-CRT MRI, and time between post-CRT restaging MRI and surgery. The median time between pre-
and post-CRT MRI was 92.5 days (range: 31–498) and the median time between restaging MRI and
surgery was 12 days (range: 1–63). All patients were staged using MRI pre-CRT as cT3 (59.8%) or cT4
(40.2%).

The TRG groups had signi�cant differences in post-CRT MRI T restage and ypT stage (both P < 0.001),
but with low inter-observer agreement (κ = 0.191). In particular, post-CRT MRI T restaging showed that
43.9% of all tumors were downstaged, but ypT staging indicated that 70.73% of all tumors were
downstaged (Table 2).

Table 2
Agreement of post-CRT clinical T restagewith ypT stage.
post-CRT

T restage

ypT stage

Yp T0 Yp T1 Yp T2 Yp T3 Yp T4

cT 0 4 0 0 0 0

cT 1 0 0 0 0 0

cT 2 8 2 4 7 0

cT 3 4 1 18 19 1

cT 4 0 0 3 3 8

%△V and %△SIR from T2W, DW, and ceT1W sequences
Except for ADC-%△SIR, the remaining %△V and %△SIR from the T1W, ADC/DWI, ceT1W sequences had
signi�cant differences among the four TRG groups (Table 3, Fig. 4). In particular, the T2W-%△V, DW-%△V,
ceT1W-%△V, T2W-%△SIR, and ceT1W-%△SIR values declined as the TRG grade declined from 0 to 3.
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Table 3
Comparison of %△V and %△SIR values from the T1W, ADC/DWI, and ceT1Wsequences in the fourTRG

groups.
Parameter TRG 0(%) TRG 1(%) TRG 2(%) TRG 3(%) P

T2W-%△V 86.01 ± 15.33 43.73 ± 31.31 37.48 ± 31.53 23.27 ± 27.79 < 0.01

DW-%△V 88.89 ± 12.95 54.62 ± 31.13 42.54 ± 24.63 32.63 ± 29.70 < 0.01

ceT1W%△V 81.99 ± 14.93 48.81 ± 22.37 39.06 ± 25.84 22.30 ± 28.45 < 0.01

T2W-%△SIR 44.73 ± 8.95 29.39 ± 13.28 6.85 ± 38.31 0.2 ± 32.12 < 0.01

ADC-%△SIR −301.19 ± 880.12 −16.24 ± 51.95 −72.94 ± 401.05 −41.9 ± 111.42 0.78

ceT1W-%△SIR 34.02 ± 36.18 17.62 ± 32.76 −11.42 ± 53.09 −26.67 ± 40.74 < 0.01

Diagnostic performance for TRG
We performed ROC analysis to compare the diagnostic performance of different values (T2W-%△V, DW-
%△V, ceT1W-%△V, T2W-%△SIR, ceT1W-%△SIR, and DW-%△V*T2W-%△SIR) in predicting pTRG (Fig. 5
and Table 4).
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Table 4
Results from receiver operating characteristic analysis of %△V and %△SIR from the T1W, ADC/DWI,

ceT1W sequences for discrimination of different TRGs.

  AUC Cutoff

(%)

SENS

(%)

SPEC
(%)

ACC(%) PPV

(%)

NPV

(%)

P

TRG 0 vs.TRG 1              

T2W-%△V 0.92(0.77,0.99) 77.59 75.00 100 87.10 100 78.95 < .01

DW-%△V 0.93(0.78,0.99) 83.72 81.25 100 90.32 100 83.33 < .01

ceT1W%△V 0.93(0.77,0.99) 77.54 75.00 100 87.10 100 78.95 < .01

TRG 0 vs.TRG 2              

T2W-%△V 0.94(0.83,0.99) 61.61 93.75 85.71 88.24 75.00 96.77 < .01

DW-%△V 0.95(0.85,0.99) 72.02 93.75 94.29 94.12 88.24 97.06 < .01

ceT1W%△V 0.94(0.84,0.99) 69.43 87.50 97.14 94.12 93.33 94.44 < .01

T2W-%△SIR 0.90(0.78,0.96) 29.39 100 74.29 82.35 64.00 100 < .01

ceT1W-%△SIR 0.75(0.61,0.86) −6.42 100 54.29 68.63 50.00 100 .01

DW-%△V *
T2W-%△SIR

0.95(0.86,0.99) 0.38 93.75 97.14 96.08 93.75 97.14 < .01

TRG 0 vs.TRG 3              

T2W-%△V 0.98(0.86,1.00) 62.78 93.75 100 96.88 100 94.12 < .01

DW-%△V 0.98(0.86,1.00) 68.64 93.75 100 96.88 100 94.12 < .01

ceT1W%△V 0.98(0.86,1.00) 60.40 93.75 100 96.88 100 94.12 < .01

T2W-%△SIR 1.00(0.89,1.00) 26.72 100 100 100 100 100 < .01

ceT1W-%△SIR 0.86(0.69,0.96) −9.23 100 81.25 90.63 84.21 100 < .01

DW-%△V *
T2W-%△SIR

1.00(0.98,
1.00)

−0.12 100 100 100 100 100 < .01

TRG 1 vs.TRG 3              

T2W-%△SIR 0.90(0.74,0.98) 24.98 73.33 100 87.1 100 80.00 < .01

ceT1W-%△SIR 0.82(0.64,0.93) −11.68 86.67 81.25 83.87 81.25 86.67 < .01

AUC, area under the receiver operating curve; PPV, positive predictive value; NPV, negative predictive
value; SENS, sensitivity; SPEC, speci�city; ACC, accuracy.



Page 12/23

There was excellent diagnostic performance for T2W-%△V, DW-%△V, and ceT1W-%△V in distinguishing
TRG0 and TRG1 (AUC = 0.921 ~ 0.933, sensitivity = 75.00 ~ 81.28%, speci�city = 100%, p < 0.001). There
was good-to-excellent diagnostic performance for T2W-%△V, DW-%△V, ceT1W-%△V, T2W-%△SIR, ceT1W-
%△SIR in distinguishing TRG0 and TRG2 (AUC = 0.895 ~ 0.954, sensitivity = 87.50 ~ 100%, speci�city = 
54.49 ~ 97.14%, p < 0.001) and in distinguishing TRG0 and TRG3 (AUC = 0.859 ~ 1.000, sensitivity = 
93.75 ~ 100%, speci�city = 81.25 ~ 100%, p < 0.05). There was good diagnostic performance for T2W-
%△SIR, and ceT1W-%△SIR in distinguishing TRG1 and TRG3 (AUC = 0.817 ~ 0.900, sensitivity = 73.33 ~ 
86.67%, speci�city = 81.25 ~ 100%, p < 0.05). However, these parameters could not signi�cantly
distinguish TRG1 from TRG2, nor TRG2 from TRG3 (Fig. 4).

Comparison of diagnostic performance for TRG
For discriminating TRG0 from TRG2, the AUC was 0.937 (95% CI: 0.831,0.986) for T2W-%△V, 0.946 (95%
CI: 0.845,0.990) for DW-%△V,0.939 (95% CI: 0.835,0.987), 0.939 (95% CI: 0.835, 0.987) for ceT1W-%△V,
and 0.954 (95% CI: 0.855,0.993) for DW-%△V * T2W-%△SIR. These four parameters had sensitivity
ranging from 87.5 to 100%, speci�city ranging from 74.29 to 97.14, and accuracy ranging from 82.35 to
96.08% (Table 4). These values were also signi�cantly greater than the AUC of 0.746 (95% CI: 0.605,
0.858) for ceT1W-%△SIR (p = 0.0080 ~ 0.0154). The AUC values calculated from the different parameters
were not signi�cantly different, although the AUC of DW-%△V * T2W-%△SIR was slightly higher than the
AUCs of T2W-%△V, DW-%△V, and ceT1W-%△V, T2W-%△SIR for discriminating TRG0 from TRG2, and
TRG0 from TRG 3.

Interobserver agreement
Our calculations of ICCs, based on data of 20 cases from two readings, indicated that all ICC values were
excellent (T2W-%△V: 0.936; DW-%△V: 0.939; ceT1W-%△V: 0.911; T2W-%△SIR: 0.933; and ceT1W-
%△SIR: 0.976), except for the ICC of ADC-%△SIR (0.325).

Discussion
Our purpose was to determine the value of %△V and %△SIR from multiparametric MRI, using individual
sequences and sequence combinations, for predicting preoperative TRG after CRT in the patients with
LARC. Our results indicated good to excellent diagnostic performance from T2W-%△V, DW-%△V, ceT1W-
%△V, T2W-%△SIR, ceT1W-%△SIR, and DW-%△V * T2W-%△SIR for discriminating TRG0 from TRG1,
TRG0 from TRG2, and TRG0 from TRG3; and for discriminating TRG1 from TRG3. Although our ROC
analysis indicated no signi�cant differences among these AUC values, DW-%△V * T2W-%△SIR had
highest AUC values. In addition, none of the measurements were useful for distinguishing TRG1 from
TRG2, nor for distinguishing TRG2 from TRG3. To the best of our knowledge, no prior studies
comprehensively compared the diagnostic performances of change in V and SIR using T2W, DWI, and
ceT1W MRI sequences to predict TRG in patients with LARC after CRT. Predicting preoperative TRG may
help clinicians to stratify patients by prognosis and to implement optimal preoperative therapy(4).
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We found a low agreement of post-CRT MR T restaging and ypT stage (κ = 0.191), consistent with the
results of some prior studies that mrTRG cannot be used as a surrogate to predict pTRG(3, 7, 11).
Previous research reported that MR quantitative results of tumor V and SI were important prognostic
indicators for tumor change during CRT and response after CRT. In particular, van den Begen et al. and
Lambregts et al. reported that visual changes in rectal tumor morphology (�brosis) and volume occurred
during CRT(14, 19). Tumor V correlated with downstaging of rectal cancer(17, 30), and Lambregts et al.
reported that post-CRT DWI volumetry provided the best results for detection of patients with a CR after
CRT (AUC = 0.92, sensitivity = 70%, speci�city = 98%)(17). In line with previous studies, we found that
tumor V had excellent diagnostic performance in discriminating TRG0 from TRG1, TRG0 from TRG2, and
TRG0 from TRG3 (AUC = 0.921 ~ 0.984, sensitivity = 75 ~ 93.75%, and speci�city = 85.71 ~ 100%).

Hötker et al. determined tumour volumetry from post-treatment dynamic contrast enhanced (DCE)-MRI
and DW-MRI, and reported good correlations with histopathological percent tumour regression in resected
specimens, and performance that was superior to post-CRT T2 tumour volumetry(11). In the present MRI
study, the diagnostic performance of tumor V from DW was slightly greater than that from T2W and
ceT1W, although there were no signi�cant differences among AUC values. The better performance of DW
images may be because this method provides easier recognition of viable tumor remnants, because they
appear hyperintense compared with the low SI of surrounding non-neoplastic tissue. These results are in
contrast with previous studies which showed that post-CRT DW MR volumetry provided excellent
diagnostic performance in assessing CR (AUC = 0.93) and was signi�cantly more accurate than T2-
weighted MR volumetry(16).

CRT may lead to no change or only a slight change in tumour V in poor responders, but there may be
�brotic transformation that cannot be visually identi�ed(31). The measured value of SIR may have
different changes, because SIR and V can respond differently to CRT(22–25). Wan et al reported that
T2WI SI related parameters, which had AUC ranging from 0.694 to 0.762, sensitivity from 68.2 to 77.3%,
and speci�city from 63.6 to 77.0%, were potential predictors for pCR in LARC patients after CRT(15). The
value of intra-tumor heterogeneity evaluated by DW for predicting TRG after CRT in the lower rectum and
measurements of ADC change induced by CRT may have considerable diagnostic value for the
estimation of CR(25, 32). DCE-MRI in rectal cancer is promising, mainly for prediction of prognosis and
assessment of response to CRT(33). Our results are in contrast with previous studies, in that we identi�ed
%ΔSIR on T2W and ceT1W as promising diagnostic tools for distinguishing CR from non-CR and TRG1
from TRG3, respectively. However, our ADC-%△SIR results were useless, and this discrepancy from
published data is probably due to the use of different protocols, different methods for ROI selection, and
differences in factors contributing to magnetic �eld inhomogeneity, such as pH, hydration status, and
susceptibility effects(25, 32, 34, 35).

Previous studies used SIR and V from MRI sequences to discriminate pCR or response groups from non-
pCR or nonresponsive groups, not for discrimination of different TRG groups(2, 3, 6, 11, 15, 19, 21, 25, 32,
35). In contrast, we used changes of SIR and V from T2W, DW/ADC, and ceT1W sequences to
differentiate different TRGs after CRT. Our results indicated that T2W-%△V, DW-%△V, ceT1W-%△V, T2W-
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%△SIR, ceT1W-%△SIR, and DW-%△V * T2W-%△SIR provided high diagnostic performances, with
accuracies of 82.35 to 100%, in prediction of TRG after pCRT, better than reported in previous studies(2, 6,
14–19, 25, 27, 30, 32, 33). In discriminating TRG0 from TRG2, the AUC for ceT1W-%△SIR was
signi�cantly lower than the AUC for other sequences (p < 0.05). In discriminating pCR from non-pCR and
TRG1 from TRG3, there were no signi�cantly different AUC values from using different parameters. This
indicates that multiple parameters provided high diagnostic performance for discriminating pCR from
non-pCR and TRG1 from TRG3. DW-%△V * T2W-%△SIR had the best prediction of TRG, with AUCs of
0.954 ~ 1.000, sensitivity of 93.75%~100%, speci�city of 97.14 ~ 100%, and accuracy of 96.08%~100%.
%△V and %△SIR did not distinguished TRG1 from TRG 2, nor TRG2 from TRG3, possibly because there
were only small differences in V and �brotic transformation between these TRGs or because there were
changes in ROI selection after CRT. The V parameter can distinguish TRG0 from TRG1, possibly because
the ROI area is smaller in TRG0 than TRG1; the ROI for TRG0 has a �brous bed but no tumor, but the ROI
of TRG1 contains some tumor and some �brous bed.

Although our results are encouraging, there were some limitations to our study. First, this was a
retrospective study and there were small numbers of patients in the different TRG groups, and this could
have led to selection bias. Thus, it is necessary to examine more patients and use a prospective study to
con�rm our results. Second, our data were from multiple MRI machines because it was collected
retrospectively. However, except for the fair inter-observer correlation of TRG with ADC-%△SIR, other MRI
measurements that had excellent inter-observer correlation(2, 17, 25). Previous studies reported better
reproducibility of SIR than SI for several MRI sequences(2, 16, 18, 22–24, 34, 35). Moreover, Hötker et al.
reported that DCE-MRI volumetry had better inter-observer agreement(11). Third, the selection of an ROI
and comparison of MRI results before and after CRT was somewhat subjective; however, to overcome
these limitations, we evaluated a relatively large area of cancerous tissue(32). Blazic et al. reported that
the use of single-section and whole-tumor volume methods provided similar accuracy in predicting CR
based on post-CRT measurement of ADC change, and that use of single sections was less time-
consuming(25). Finally, there were variations in the timing between the pre- and post-CRT MRI
examinations, with a large standard deviation, and no uniform and standard CRT scheme. These factors
could have increased the risk of selection bias. However, we used the rate of change in V and SIR, and the
degree of tumor change after CRT was incorporated into the corresponding TRG groups, and did not
in�uence grouping of cases by TRG(15, 16).

In conclusion, despite the several limitations of this study, T2W-%△V, DW-%△V, ceT1W-%△V, T2W-%△SIR,
ceT1W-%△SIR, and especially DW-%△V* T2W-%△SIR, provided good to excellent diagnostic performance
regarding TRG prediction after CRT in patients with LARC. These results require con�rmation by a large
prospective cohort study. The advantages of establishing the preoperative TRG in these patients are that
it provides more effective management that can be speci�cally tailored to individual patients, it provides
reliable predictions of prognosis after CRT, and it may indicate the suitability of non-operable
management, such as further CRT.
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Abbreviations
LARC: locally advanced rectal cancer; CRT: chemoradiotherapy; TRG: tumor regression grade; SI: signal
intensity; V: volume; MRI: magnetic resonance imaging; T2W: T2-weighted; DW: diffusion-weighted; ADC:
apparent diffusion coe�cient; ceT1W: contrast-enhanced T1-weighted; nonceT1W: non contrast-
enhanced T1-weighted; △V: difference of volume between pre-CRT and post-CRT tumor; %△V: percent
change of tumor V; SIt: SI of tumor; SIm: SI of muscle; SIR: tumor/muscle SI ratio; △SIR: change of SIR
between pre- and post-CRT; %△SIR: percent change of SIR; ROC: operating characteristic curve; AUC: area
under the curve; pCR: pathological complete remission; TME: total mesorectal excision; ROI: region-of-
interest; cT: clinical tumor stage.
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Figure 1

Enrolment and TRG classi�cation of the study population. TME: total mesorectal excision; CRT:
chemoradiotherapy; TRG: tumor regression grade; MRI: magnetic resonance imaging.
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Figure 2

Quantitative volumetric (V) and signal intensity (SI) measurements performed before and after CRT in a
representative 63-year-old male patient with LARC who had histologically con�rmed moderately
differentiated adenocarcinoma stage T4 before CRT, and stage T2 after CRT. Whole-tumor V was
calculated by multiplying each cross-sectional area by section thickness (V1–V2). SI of the tumor was
measured as the largest relative ROI of cancerous tissue obtained on single same sections of axial T2W,
ADC, nonceT1W, and ceTW and from measurements of muscle SI (insets in the upper-left corner). Post-
CRT measurements of SI were performed with reference to pre-CRT MRI results to ensure ROIs were
placed within same axial level of the primary tumor. The interval between pre- and post-CRT MRI was 115
days, and the interval between post-CRT MRI and surgery was 4 days. Comparison of the pre-CRT and
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post-CRT results indicated the tumor changed by 71.08% in T2W-%△2W- , 64.89% in DW-%△V, 68.72% in
ceT1W%△V, −27.81% in T2W-%△SIR, and −65.24% in ceT1W-%△SIR. The �nal histologically analysis
con�rmed ypT2 and pTRG2.

Figure 3

Quantitative signal intensity (SI) measurements performed before and after CRT in a 52-year-old male
patient with LARC who had histologically con�rmed moderately differentiated adenocarcinoma stage T4
before CRT and stage T2 after CRT. Pre-CRT, the patient had a well-de�ned, almost circular tumor mass.
Post-CRT, tumor SI zones were not identi�ed in the T2W, ADC, nonceT1W, and ceT1W images. The ROIs
were positioned at the location of the tumor bed before CRT, based on comparison with pre-CRT MRI
results. The interval between pre- and post-CRT MRI was 91 days and the interval between post-CRT MRI
and surgery was 9 days. Comparison of the pre-CRT and post-CRT results indicated the tumor changed by
97.77% in T2W-%△V, 94.29% in DW-%△V, 81.37% in ceT1W%4.29% in DW-%△V, 81.ion o and −5.76% in
ceT1W-%. The �nal histological analysis con�rmed ypT0 and pTRG0.
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Figure 4

Distribution of %△V and %△SIR in the four TRG groups. Central symbol: median; lower and upper
boundaries:25th and 75th percentiles.
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Figure 5

Comparisons of receiver operating characteristic curves determined by %△V and %△SIR from the T1W,
ADC/DWI, and ceT1Wsequences for discrimination of different TRGs.
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