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Dynamic Multi-echo DCE- and DSC-MRI in
Rectal Cancer: Low Primary Tumor Ktrans

and DR�2 Peak Are Significantly Associated
With Lymph Node Metastasis
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Purpose: To implement a dynamic contrast-based multi-echo MRI sequence in assessment of rectal cancer and evaluate
associations between histopathologic data and the acquired dynamic contrast-enhanced (DCE) and dynamic susceptibili-
ty contrast (DSC) -MRI parameters.
Materials and Methods: This pilot study reports results from 17 patients with resectable rectal cancer. Dynamic
contrast-based multi-echo MRI (1.5T) was acquired using a three-dimensional multi-shot EPI sequence, yielding both
DCE- and DSC-data following a single injection of contrast agent. The Institutional Review Board approved the study
and all patients provided written informed consent. Quantitative analysis was performed by pharmacokinetic modeling
on DCE data and tracer kinetic modeling on DSC data. Mann-Whitney U-test and receiver operating characteristics
curve statistics was used to evaluate associations between histopathologic data and the acquired DCE- and DSC-MRI
parameters.
Results: For patients with histologically confirmed nodal metastasis, the primary tumor demonstrated a significantly low-
er Ktrans and peak change in R�2, R�2-peakenh, than patients without nodal metastasis, showing a P-value of 0.010 and
0.005 for reader 1, and 0.043 and 0.019 for reader 2, respectively.
Conclusion: This study shows the feasibility of acquiring DCE- and DSC-MRI in rectal cancer by dynamic multi-echo
MRI. A significant association was found between both Ktrans and R�2-peakenh in the primary tumor and histological nodal
status of the surgical specimen, which may improve stratification of patients to intensified multimodal treatment.
Level of Evidence: 4
Technical Efficacy: Stage 2
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Current international guidelines recommend MRI as

part of primary staging of rectal cancer.1 MRI helps

identify patients with increased risk of local recurrence and

the need of neoadjuvant chemoradiotherapy (CRT).2

Despite improvements in multimodal rectal cancer manage-

ment during the past decades, with local recurrence rates

below 10%,3 a considerable number of patients experience

poor disease outcome resulting from metastatic disease pro-

gression.4 Reliable detection of metastatic lymph nodes

(N1 stage), a main prognostic indicator of distant metasta-

sis, is still a challenge in rectal cancer MRI. At present, the

most accurate criterion is the morphological finding of
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irregular-contoured nodes with mixed signal intensities in

T2-weighted MR images. However, these MRI findings are

associated with substantial misinterpretation and the diag-

nostic accuracy is relatively poor. A recent meta-analysis of

21 clinical studies showed a diagnostic accuracy for lymph

node staging of 71%.5

To improve the ability of MRI to predict patients at risk

of developing metastatic disease, considerable interest is focus-

ing on the tumor microenvironment. Dynamic contrast-

based MRI is an increasingly popular method for tumor char-

acterization, enabling quantitative assessment of phenotypic

properties.6 The most commonly used dynamic acquisition is

dynamic contrast-enhanced (DCE) MRI, enabling assessment

of tissue properties such as capillary permeability and extracel-

lular volume fraction.7 There is currently no consensus con-

cerning the role of DCE-MRI in rectal cancer patients.

However, according to a recent study, this technique may

improve the detection of nodal metastasis.8

Dynamic susceptibility contrast (DSC) MRI is most

commonly used to measure perfusion in the brain.9 Howev-

er, studies have also shown the feasibility of using this

approach to assess microvasculature in rectal cancer10 and

phenotypic characteristics of breast tumors.11–13 Recognizing

that rectal tumors are highly angiogenic, it is hypothesized

that DSC-MRI may provide valuable information for assess-

ing pathophysiological properties in this patient group.

Multiple echoes can be acquired in a high temporal resolu-

tion dynamic contrast-based MRI sequence, allowing quantita-

tive measurements of the dynamic change in both longitudinal

(R1 5 1/T1) and transverse relaxation rate (R�2 5 1/T�2). As a

result, DCE- and DSC-data can be obtained during a single

dynamic examination, thus yielding information on pathophysi-

ological properties related to both tissue- permeability and perfu-

sion. In earlier studies, the feasibility of a multi-echo MRI

technique has been demonstrated through both simulations and

in the assessment of breast cancer.14,15 The use of dynamic

multi-echo imaging for combined DCE- and DSC-MRI analy-

sis have also been demonstrated in brain tumors.16–18

The aim of this pilot study was to implement a

dynamic contrast-based multi-echo MRI sequence in the

assessment of rectal cancer, and to evaluate associations

between histopathologic data and the attainable DCE- and

DSC-MRI parameters.

Materials and Methods

Study Patients
The investigation was performed within a prospective biomarker

study approved by the Institutional Review Board and the Regional

Committee for Medical and Health Research Ethics. The study was

performed in accordance with the Helsinki declaration. Written

informed consent was obtained for all patients before participation.

The principal inclusion criterion was histologically confirmed

rectal cancer scheduled to radical treatment. The patient cohort

within the present study was enrolled between March 2014 and

June 2015 and all cases had primary pelvic surgery without neoad-

juvant CRT. The study cohort included two patients with a preop-

erative staging of T4 disease and five patients with a preoperative

staging of T3N1 disease. According to national guidelines, one

patient did not receive neoadjuvant CRT due to age (above 75

years) and frailty. The other T4 case was not accepted for CRT by

the regional radiotherapy center. In six patients with N1 disease,

the lymph node had a margin of more than 2 mm from the meso-

rectal fascia; hence, these were also referred to surgery without neo-

adjuvant CRT. The resected tumor specimens underwent standard

histopathologic staging (pTN), including determination of the

absence or presence of extramural venous invasion. Patient and

tumor characteristics are provided in Table 1.

MRI Acquisition
In this pilot study, 24 patients were examined, of which five were

excluded because of bowel motion and two because of image arti-

facts. Imaging was performed on a Philips Achieva 1.5 Tesla (T)

system (Philips Healthcare, Best, The Netherlands) with NOVA

Dual HP gradients (33 mT/m maximum gradient amplitude,

180 T/m/s slew rate). A five-channel cardiac coil with parallel

imaging capabilities was applied. To reduce bowel peristalsis, gluca-

gon (1 mg/mL, 1 mL intramuscularly) and BuscopanVR (20 mg/mL,

1 mL intravenously) were given immediately before the patient was

centered in the scanner. The dose of BuscopanVR was divided in

two; giving half the dose together with the glucagon and the sec-

ond half before the dynamic contrast-based MRI acquisition. Con-

ventional high-resolution fast spin-echo T2-weighted images of the

pelvic cavity and rectum were obtained in the sagittal and transver-

sal planes as well as perpendicular to the tumor axis (repetition

time (TR) 5 2820–3040 ms; echo time (TE) 5 80 ms; acquisition

matrix 5 256 3 230; slice thickness 5 2.5 mm; number of

averages 5 6; and echo train length 5 20).

Dynamic contrast-based multi-echo data were acquired by a

three-dimensional (3D) T1-weighted multi-shot EPI sequence with

three echoes. TR 5 39 ms, TE1 5 4.6 ms, echo spacing 5 9.3 ms, flip

angle 5 28 8, EPI factor 5 9. The acquired matrix size was 92 3 90

over a 180 3 180 mm field of view. Twelve slices were acquired with a

thickness of 10 mm. The temporal resolution was approximately 2 s/

imaging volume with 60 dynamic series acquired. A ProSet fat sup-

pression technique was applied along with a parallel imaging (SENSE)

factor of 1.7 in the RL direction. All slices were acquired parallel to

the T2-weighted images perpendicular to the tumor axis.

The dynamic multi-echo sequence was interleaved with a

high spatial resolution 3D T1-weighted TFE sequence (THRIVE),

as part of a split-dynamic MRI framework detailed in a recent

study.14 In this framework, one set of THRIVE baseline images

was initially acquired. The dynamic multi-echo sequence was then

started and five to seven baseline acquisitions were obtained before

contrast agent (CA) administration. The multi-echo acquisition

was repeated approximately 30 times during the wash-in phase,

immediately followed by the first postcontrast THRIVE acquisi-

tion. During the intermediate and late postcontrast phase, six split

sessions were conducted, each containing four multi-echo acquisi-

tions and one THRIVE acquisition. In addition, a series of 14

multi-echo acquisitions were obtained after the last THRIVE
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acquisition to improve curve fitting for kinetic modeling. To avoid

non-steady state effects, dummy repetitions (i.e., no data sampling)

were run for 2500 ms at the beginning of each multi-echo seg-

ment. Only results from the dynamic multi-echo data are reported

in this work.

A dose of 0.2 mL/kg body weight of gadolinium-based CA

(DotaremVR 279.3 mg/mL, Guerbet, Roissy, France) was injected as

a bolus (3 mL/s) directly followed by 20 mL of physiologic saline

solution.

Given that the multi-echo acquisition was run as part of a

split-dynamic MRI framework, simulations were performed to

investigate whether the splitting of dynamic time-series influences

the reliability of parameter estimation in comparison with a conti-

nous acquisition. The simulations are described in Appendix A.

Image Analysis
Diagnostic radiological TNM stages were assessed according to

international guidelines and the 7th edition TNM staging system.19

Guided by T2-weighted and diffusion-weighted images, two radiol-

ogists with 14 (A.N.) and 7 (S.H.H.) years of experience indepen-

dently contoured whole-tumor volumes of interest (VOIs) by

means of free-hand delineations.

Image postprocessing was performed using the nordicICE

software (NordicNeuroLab, Bergen, Norway). The dynamic change

in R1, DR1, was estimated using the spoiled gradient echo (SPGR)

signal equation, denoted SSPGR(t), assuming a linear relationship

between the CA concentration and change in R1 (1/T1):

CtðtÞ5

�
1=T1ðtÞ

�
2 1=T1;0

r1
(1)

where r1 is the longitudinal relaxivity of the CA and T1,0 is the T1

of the tissue in the absent of CA. A similar linear relationship

(described by r�2-relaxivity) was assumed for the 1/T�2-dependence.

Both T1- and T�2-relaxivity was assumed to be equal in blood and

tissue and the conversion from relaxation rate to CA concentration

was, therefore, not explicitly performed (because the relaxivity term

then cancels out). The signal from a SPGR sequence is given by:

SSPGRðtÞ5S0

sina
�

12e2TR=T1ðtÞ
�

12cosa
�

e2TR=T1ðtÞ
� e2TE=T �2 ðtÞ (2)

where S0 is proportional to the thermal equilibrium magnetization,

TR is the repetition time of the sequence, TE is the echo time,

and a is the flip angle. T�2-effects were eliminated from Eq. [2] by

estimating the initial signal intensity (SI) amplitude at each time-

point by least-squares fitting the multi-echo data to the assumed

mono-exponential TE-dependent term:

Sðt ;TEnÞ5SPDðtÞe2TEn=T �2 ðtÞ (3)

where n51..3, SPD(t) is the estimated SI in the absence of T�2-

effects. Eq. [3] thus provided estimates of both the T�2-corrected

signal used for R1(t) estimation as well as R�2(t) estimation used for

DSC-based analysis. Solving Eq. [2] with respect to the time-

dependent R1 gives:

TABLE 1. Patient and Tumor Characteristics*

No. of patients 17

Gender

Male 11 (64.7%)

Female 6 (35.3%)

Median age (years)a 66 (50–88)

Malea 66 (52–88)

Femalea 71 (50–77)

Median tumor volume (cm3)a,b 18.8 (4.5–64.0)

rTNM stagesc

mrT1 2 (11.8%)

mrT2 5 (29.4%)

mrT3 8 (47.1%)

mrT4 2 (11.8%)

mrN0 10 (58.8%)

mrN1 6 (35.3%)

mrN2 1 (5.9%)

rM0 16 (94.1%)

rM1 1 (5.9%)

Surgery

Low anterior resection 13 (76.5%)

Abdominal perineal resection 3 (17.6%)

Transanal endoscopic microsurgery 1 (5.9%)

pTN stagesd

pT1 4 (23.5%)

pT2 4 (23.5%)

pT3 8 (47.1%)

pT4 1 (5.9%)

pN0 10 (58.8%)

pN1 6 (35.3%)

pN2 1 (5.9%)

Extramural venous invasiond

Yes 6 (35.3%)

No 11 (64.7%)

*Except where indicated, data are numbers of patients, with
percentages in parentheses.
aNumbers in parentheses are ranges.
bMean tumor volumes calculated from two independent radiol-
ogists’ tumor delineations in MRI.
cAssessed with MRI or CT according to the tumor-node-
metastasis system. Prefix ‘mr’ denotes MRI-assessed staging,
prefix ‘r’ denotes radiologically assessed staging (MR and/or
CT)
dDetermined by histopathological evaluation of the surgical
specimens.
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R1ðtÞ52
1

TR
ln

12K ðtÞ
12cosðaÞK ðtÞ

� �
(4)

where

K ðtÞ5 SPDðtÞ
SPD;0

� 12E1;0

12cosðaÞE1;0
(5)

and

E1;05e2TR=T1;0 : (6)

Here, SPD(t) is the estimated SI in the absence of T�2-effects at

time t, SPD,0 is the average T�2-corrected SI at baseline, and T1,0 is

the pre-contrast longitudinal relaxation time. Precontrast T1-values

were estimated in six patients using a modified Look-Locker inver-

sion recovery (MOLLI) technique. Average T1-values ( 6 SD) were

measured to 1528 6 40 ms in blood and 1354 6 103 ms in cancer

tissue and used as a fixed T1-baseline for SPGR signal conversion

in arteries and tumors, respectively. The measured T1-values in

blood agreed well with literature values.20

The DR1-time curves were then analyzed on a voxel-by-voxel

basis using the extended Tofts pharmacokinetic model7:

CtðtÞ5K transCaðtÞ � e2K trans

ve
t1vpCaðtÞ (7)

where � represents the convolution operator and Ktrans is the vol-

ume transfer constant between the plasma volume, vp, and the

extravascular extracellular space volume, ve. An arterial input func-

tion (AIF), Ca, was obtained for each patient by extracting the

DR1-time curves from an artery supplying the region of interest

(ROI) using an automatic cluster-algorithm,21 and an average AIF,

estimated across all patients, was generated and used for quantita-

tive analysis. Possible voxel-wise time-delays between the AIF and

tissue response were automatically corrected for using a previously

published approach.22 Voxel-wise DR1-time curves were also ana-

lyzed by estimating the maximum peak enhancement (Peakenh),

time-to-peak (TTP), area under the curve (AUC), wash-in rate,

and wash-out rate.

The DR�2-time curves were analyzed using the established

tracer kinetic model for DSC-MRI,23 expressing the relationship

between the tissue response and the AIF, yielding semi-quantitative

analysis of blood flow (BF) and blood volume (BV). Correspond-

ing mean transit time (MTT) is given by the central volume prin-

ciple: MTT 5 BV/BF. To minimize contamination due to CA

recirculation and leakage, the dynamic DR�2 data was fitted to a

gamma-variate function.24,25 For each patient, an AIF was obtained

by extracting the DR�2-time curve from an artery supplying the

ROI using an automatic cluster-algorithm.21 Finally, the voxel-wise

DR�2-time curves were analyzed by estimating the maximum

dynamic peak change (R�2-peakenh) and area under the curve (R�2-

AUC). Due to the early onset of the first intravascular CA passage,

only data from the first multi-echo segment was used for DSC-

based analysis.

Statistical Analysis
Statistical analysis was performed using R version 2.10.1 (R Foun-

dation for Statistical Computing, Vienna, Austria) and MATLAB

R2015a version 8.5.0 (Mathworks, Inc., Natick, MA). The follow-

ing pathological stages were grouped in the statistical analysis; T1

and T2, T3 and T4, and N1 and N2. Mann-Whitney U-test was

used to evaluate associations between kinetic parameters and histo-

pathologic data. A P-value< 0.05 was considered significant. Statis-

tically significant parameters were further evaluated using receiver

operator characteristic (ROC) curve statistics. A two-way intraclass

correlation coefficient (ICC) for continuous variables was used to

evaluate interobserver agreement for the measured whole-tumor

VOIs.

Results

MRI Analysis
Table 2 summarizes the associations between kinetic param-

eters attainable with the dynamic contrast-based multi-echo

sequence and histopathologic evaluation of the surgically

resected specimens. Parameters showing statistically signifi-

cant association with histopathology are presented as box

plots in Figure 1. For patients with histologically confirmed

nodal metastasis, the primary tumor showed a significantly

lower Ktrans (P 5 0.010 for reader 1 and P 5 0.043 for read-

er 2) and R�2-peakenh (P 5 0.005 for reader 1 and P 5 0.019

for reader 2) than patients without nodal metastasis. The

corresponding area under the ROC curves (sensitivity, spe-

cificity) was 87 (71%, 90%) and 90 (86%, 90%) for reader

1, and 80 (86%, 80%) and 84 (86%, 80%) for reader 2,

respectively. For reader 1, primary tumor wash-out also

showed a significant association with nodal status

(P 5 0.025), corresponding to an area under the ROC curve

(sensitivity, specificity) of 83 (71%, 90%). Furthermore, for

reader 1, T1 and T2 tumors showed a significantly higher

kep (P 5 0.045) and BV (P 5 0.021), compared with T3

and T4 tumors, corresponding to an area under the ROC

curve (sensitivity, specificity) of 76 (78%, 75%) and 83

(71%, 90%), respectively. For reader 2, no significant associ-

ations were found between the DCE or DSC parameters

and pT-stage. A mismatch between mrN and pN was found

in 6 of 17 patients (35.3%), corresponding to an accuracy

of 64.7%.

Figure 2 shows DCE and DSC data obtained from

the multi-echo sequence in a sample case, as well as result-

ing parametric maps merged as an overlay on a T2-weighted

image.

Figure 3 shows data from four cases and demonstrates

the added value of DR�2 analysis of the primary tumor in

distinguishing patients with and without nodal metastasis.

Figure 4 shows the measured AIF and VOI curves

together with the corresponding gamma-variate fitted curve

for a selected case. The figure demonstrates the importance

of CA administration timing and acquisition length of the

first multi-echo acquisition segment to include the first pass

bolus.
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Interobserver Agreement
The ICC (95% confidence interval) between the two readers

was 0.95 (0.87–0.98) for all whole-tumor VOIs, 0.81

(0.32–0.96) for T1- and T2-stage tumor VOIs, and 0.95

(0.80–0.99) for T3- and T4-stages tumor VOIs.

Simulations
Mann-Whitney U-test showed that there was no significant

difference in the estimation of neither Ktrans (P 5 0.71), kep

(P 5 0.81), ve (P 5 0.99) nor vp (P 5 0.71) when using a

continuous and a split dynamic MRI acquisition.

Discussion

Our study identified a significant association between both

Ktrans and R�2-peakenh in primary rectal tumors and the nod-

al status evaluated by histopathology of the surgical speci-

men, showing an area under the ROC curve of 87% and

90% for reader 1, and 80% and 84% for reader 2, respec-

tively. In comparison, standard radiologic assessments of

nodal status agreed with histopathologic evaluation in

64.7% (11 of 17 patients). This finding is comparable to

that of a recent meta-analysis (5). Low tumor Ktrans and

R�2-peakenh were significantly associated with the presence of

lymph node metastasis.

One hypothesis supporting these findings is that the

peak change in tumor R�2 reflects tissue blood supply, and

that low R�2-peakenh may be associated with hypoxic tissue

with insufficient blood flow. This hypothesis is supported

by other results obtained in our study. First, tumor Ktrans,

which is influenced by blood flow and permeability, was

also significantly lower in patients with lymph node metas-

tasis. Second, tumor BF and Peakenh was lower in

N1 patients compared with N- patients, consistent with

reduced perfusion in a high permeability (flow limited)

regime.7 The estimated plasma volumes (vp) were, however,

similar in N- and N1 patients, which may be unexpected

given the reduced flow hypothesis. There may be several

reasons for the apparent lack of vp differentiation between

N1 and N- patients. First, changes in vp and perfusion

could be partially decoupled in tumors due to changes in

vascular structures leading to changes in CA MTT. In a sit-

uation where perfusion is decreased but MTT is proportion-

ally increased, vp would remain unaffected (from the central

volume principle: BF 5 BV 3 MTT). Second, estimations of

FIGURE 1: Box plots showing the parameter kep (a) and BV (b) when comparing T1- and T2- versus T3- and T4-stage tumors, and
Ktrans (c,f), wash-out (d), and R�2-peakenh (e,g) when comparing patients with and without nodal metastasis. The plotted data are
based on whole-tumor medians extracted using VOI from reader 1 (a–e) and reader 2 (f,g). Box plots illustrate median (line inside
box) and mean (circle inside box) values, interquartile range (box), minimal and maximal values (lines extending above and below
box).
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vp from the extended Tofts model may be unstable or insen-

sitive to small vp changes due to model over-fitting or water

exchange effects reducing the first-pass amplitude of T1-

weighted DCE data.26 The association between R�2, tumor

hypoxia and blood flow is also supported by previous litera-

ture,27,28 although their different MR data acquisition and

analysis cannot be directly related to our parameter, R�2-pea-

kenh. To further investigate our hypothesis and elucidate the

exact mechanism behind the associations between low R�2-

peakenh, low Ktrans and lymph node metastasis, supplemen-

tary studies are required.

The nodal status represents a main prognostic marker

for metastatic progression and unfavorable survival. A posi-

tive N-stage will also have implications for treatment, as

these patients should be considered for neoadjuvant CRT,

and extended pelvic surgery to include all lymph nodes.

However, reliable staging of lymph nodes is one of the most

challenging tasks in diagnostic imaging of rectal cancer. Our

finding suggests that DCE- and DSC-MRI of rectal cancer

may provide important indicators of lymph node status,

thereby improving mrN staging prior to therapy. Similar to

our findings, tumor Ktrans values have recently been shown

to be lower in N1 patients compared with N0 patients.29

To our knowledge, associations between DSC-MRI and his-

topathologic data have not been reported in rectal cancer

patients. However, a recent study by Goh et al showed that

primary colorectal tumor blood flow measured by perfusion

computed tomography (CT) was significantly lower in

patients with metastatic relapse compared with disease-free

patients.30

For one reader, our study also showed a significant

association for kep when comparing T1- and T2- versus

T3- and T4-stage tumors, with a lower kep being associated

with higher tumor T-stage. This result is in agreement with

that of a recent study showing a significantly higher mean

kep in T1 stage tumors compared with T2–4 stage

tumors.29 A difference was found between the two readers

when evaluating the association between histopathologic

data and the DCE- and DSC-MRI derived parameters.

This may be caused by a lower interobserver agreement in

T1- and T2-stage tumor volumes, compared with T3- and

T4-stage tumor volumes. This difference is probably caused

by difficulties in delineating small tumors. The findings of

a recent meta-analysis of MRI tumor staging in rectal can-

cer support this view. They report a lower diagnostic accu-

racy of staging T1 and T2 tumors compared with T3 and

T4 tumors.31

Given that the multi-echo acquisition was run as part

of a split-dynamic MRI framework, simulations were per-

formed to investigate whether the splitting of dynamic time-

FIGURE 2: A 66-year-old male histologically diagnosed with adenocarcinoma. The figure shows high temporal resolution DR1- (a)
and DR�2 (d) time curves. The curves were extracted using a region of interest (red outline), drawn by an experienced radiologist,
delineating the tumor at a central slice. Resulting parametric maps representing Ktrans (b), kep (c), BV (e), and R�2-peakenh (f) are
shown as overlay on a T2-weighted image.
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FIGURE 3: High temporal resolution DR1- (a) and DR�2-time curves (b) from four rectal cancer patients, and corresponding T2-
weighted images merged with parametrical maps representing R�2-peakenh (c–f). The DR1- and DR�2-time curves were extracted
using a region of interest (red outline), drawn by an experienced radiologist, delineating the tumor at a central slice. Case 1 (c)
and 2 (d) showed a negative pN-stage (N-), whereas case 3 (e) and 4 (f) showed a positive pN-stage (N1). Note the difference in
DR�2-time curves where the N- tumors showed a strong transient increase during the bolus first-pass while the N1 tumors showed
lower R�2-enhancement. This can also be seen in the parametric maps where the N1 tumors showed an overall low dynamic change
in R�2, whereas the N- tumors appear highly heterogeneous with hot-spots demonstrating a strong increase in R�2.



series may influence the reliability of parameter estimation

in comparison with a continous acquisition. According to

our simulations, the split dynamic acquisition did not sig-

nificantly affect the accuracy of kinetic parameter estimates

compared with using a continuous acquisition. Uncertainties

in the estimates were found to increase with increasing para-

metric value for both acquisition methods, with a somewhat

larger error for the split dynamic approach. This may indi-

cate that the splitting process reduces the sensitivity to accu-

rately estimate extremely abnormal kinetic values. However,

this difference was not statistically significant, and the find-

ings suggest that essential information is not lost in the

splitting process, and that a split dynamic approach will

provide sufficient information of the contrast enhancement

kinetics for clinically relevant parametric values.

Given the high vascular permeability in rectal cancer,

the measured DSC data are likely contaminated by leakage

effects that cannot be reliably removed by standard leakage

correction approach (gamma variate fitting).25 In theory,

first-pass DR�2 values could be strongly attenuated in the

presence of CA extravasation due to loss of CA compart-

mentalization and consequent reduction in effective r�2-relax-

ivity. Leakage corrections based on kinetic modelling are

successfully applied to brain DSC-MRI,32 but these meth-

ods require access to reference data from a region with no

CA extravasation and, hence, not applicable in noncentral

FIGURE 4: A 67-year-old male histologically diagnosed with adenocarcinoma. The figure shows the AIF automatically detected
together with the average DR�2-time curves during bolus first pass (a). The corresponding gamma-variate-fitted curve is shown as
dotted line. The average DR�2-time curves were extracted from a central slice. Parametric maps representing BV (b) and R�2-peakenh

(c) are shown as overlay on T2-weighted image.
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nervous system applications. Alternative correction methods

have been proposed in the brain, where the tissue residue

function is corrected directly.33 These more advance

approaches were not tested in the current study due to lim-

ited signal-to-noise ratio (SNR) and additional modelling

complexity due to variable temporal resolution. It should be

noted that leakage effects alone are unlikely to explain the

reduced R�2-peakenh in N1 patients compared with N-

patients. Because N1 subjects also had lower Ktrans, it

would be expected that leakage effects were less dominant in

these patients and hence R�2-peakenh less under-estimated

compared with the N- cases. Correction for CA leakage

effects should, therefore, potentially lead to an even greater

differentiation in perfusion metrics between the N1 and N-

patients.

R�2 peakenh can be considered a pseudo-marker for tis-

sue perfusion in the limiting case when the AIF can be

approximated by a delta function. In practice, CA disper-

sion requires deconvolution of the AIF from the tissue

response to derive semi-quantitative estimates of perfusion

(BF).23 Deconvolution-based perfusion (BF) estimates (and

corresponding estimated of BV and MTT) were additionally

obtained in the present work. With the exception of BV,

which was significantly lower T3/T4- compared with T1/

T2-stage tumors, these parameters did not show any statisti-

cally significant association with histopathological confirmed

T- or N-stages. Presence of significant leakage effects is

clearly a confounding factor in this analysis, but it may still

be surprising that BF was less sensitive than R�2 peakenh

because the two metrics should be equally affected by leak-

age effects. Furthermore, BF should in theory be less depen-

dent on patient-specific variations in CA injection profiles,

cardiac output, and other confounding factors. The appar-

ent lack of sensitivity of BF in predicting T- or N-stage

could be partly due to inaccurate AIF determination, and

the fact that AIF deconvolution is sensitive to noise and

insufficient SNR in the DSC data could thus result in low

accuracy in the resulting BF estimates.34

Due to a relatively long TE, the first echo may be sig-

nificantly affected by T�2 signal attenuation, especially for

high CA concentrations in blood, which in turn results in

errors in the DCE-derived parameters. Given the multi-echo

acquisition, T�2 signal attenuation in the DCE data was cor-

rected for by extrapolation back to TE 5 0, yielding the ini-

tial SI amplitude in the absence of T�2-effects. This

approach has recently been shown to reduce errors in DCE-

derived parameters.35

While this study suggests that DCE- and DSC-MRI

data acquired by a multi-echo sequence may aid the diag-

nostics of N-status in rectal cancer patients, several potential

study limitations needs to be addressed. First, the results

must be interpreted in light of the limited sample size of

this single center study. Further studies will be performed to

test our findings and evaluate the robustness and clinical

utility in a larger patient cohort. Second, motion artifacts

due to peristalsis represent a problem when acquiring

dynamic data. To reduce motion artifacts by peristalsis, glu-

cagon and BuscopanVR were routinely administered immedi-

ately before the patient was centered in the scanner.

In this work, 5 of 24 patients were excluded due to

motion artifacts, and motion correction strategies should be

implemented when acquiring dynamic data from the rec-

tum. Next, susceptibility effects and consequent T�2-induced

signal loss due to air cavities may be a problem in this ana-

tomical region. Furthermore, as the CA gradually accumu-

lates in the bladder, susceptibility artifacts may occur in the

late postcontrast phase, affecting the DR�2 measurements in

the surrounding tissue. However, due to the early onset of

the first intravascular CA passage, early postcontrast data

may be sufficient for the DSC analysis. Finally, due to limit-

ed spatial resolution in the multi-echo sequence, the mea-

sured SI in each voxel may be affected by partial volume

effects. This can particularly be a problem when measuring

an AIF from smaller arteries supplying the tissue of interest.

In conclusion, a dynamic contrast-based multi-echo

MRI technique has been implemented and tested in rectal

cancer patients. A significant association was found between

both primary tumor Ktrans and R�2-peakenh and nodal status,

suggesting that a combined DCE- and DSC-MRI acquisi-

tion may help to determine N-status in diagnostic rectal

cancer staging and, hence, enable improved patient stratifi-

cation to multimodal treatment.
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Appendix A

Simulations
A series of Monte Carlo simulations were performed to

investigate whether a split dynamic acquisition technique

influences the reliability of parameter estimation in

dynamic MR-measurements in comparison with a con-

ventional continous acquisition. The simulations were

performed using in-house algorithm developed in MAT-

LAB (The MathWork Inc. version 7.14.0.739 (R2012a),

Natick, MA), according to a framework detailed by in a

recent study.14
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A system input function was simulated as a gamma vari-

ate function36 with an additional exponential term to

simulate steady state effects.33 Corresponding tissue CA-

concentration time curves were simulated according to

the extended Tofts model7 by randomly selecting the

kinetic parameters within a defined range of values; 0.13–

3.17 min21 for Ktrans, 0–80% for ve and 0–20% for vp. The

selected Ktrans- and ve-range were based on values previ-

ously observed in a clinical rectal cancer study,37 and was

defined as the mean value 6 two standard deviations

(SD). The bolus-arrival-time was randomly selected

between 0 and 10 s, and a random Gaussian noise corre-

sponding to a signal-to-noise ratio (SNR) of 20 at a tem-

poral resolution of 2 s was added to the CA-

concentration time curves. The selected SNR was based

on values observed in the patient data.

To investigate the relaibility of the split dynamic

acquisition technique in comparison with a conventional

continous acquisition, one thousand simulations were

performed with a fixed temporal resolution of 2 s. The

system input function and tissue response curves were

then resampled using the split dynamic scheme as imple-

mented in the split dynamic technique, before adding

noise based on the selected SNR. Kinetic parameter esti-

mates for the continous- and splitted CA concentration

time curves were then obtained.

Statistical Analysis
The goodness of fit for a given parameter estimation was

evaluated by plotting the nominal parameter value against

the estimated value and performing linear regression anal-

ysis, including model residuals and residual norms to the

resulting plots. Mann-Whitney U-test was used to test

the difference between the split dynamic acquisition and

the continuous acquisition, with the null hypothesis that

the data obtained from the two acquisition methods are

samples from continuous distributions with equal medians.

A statistical significance level of 5% was used.
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