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Dynamic Contrast Enhanced MRI (DCE-MRI)
• DCE-MRI is an important tool to 

evaluate the anatomy and function of 
the kidneys
• DCE-MRI offers 
• detailed anatomical evaluation by 

assessing the contrast uptake visually 
• quantified kidney function by fitting a 

tracer kinetic model and estimating its 
parameters.
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DCE-MRI in clinical MR urography exams for 
children
• Identify changes in renal pathophysiology that occur in association with impaired 

drainage and obstruction.
• high temporal resolution ( ~3sec/volume) to capture the passage of contrast agent in 

vascular system and through the organs
• high spatial resolution to evaluate the degree of hydronephrosis, crossing vessels etc.

Sila Kurugol, QUIN lab, Boston Children's and Harvard Medical School



Conventional DCE-MRI with Cartesian Imaging
Limitations 
• Sensitive to respiratory 

motion
• Fails to achieve high 

temporal resolution 
required for accurate tracer 
kinetic model fitting

- Sensitive to motion 
- Low temporal resolution (12s)
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How to achieve higher temporal resolution?
Accelerated imaging: Undersampling kspace + parallel imaging: taking 
advantage of coil sensitivity information to remove aliasing due to 
undersampling
Compressed sensing increases imaging speed by exploiting image 
redundancy, i.e. sparsity in some appropriate transform basis 
• Sparsity in temporal dimension (t)

Sila Kurugol, QUIN lab, Boston Children's and Harvard Medical School

Piecewise smooth temporal signal
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How to achieve higher temporal resolution?
Compressed sensing enables 
reconstruction from a reduced number 
of k-space samples acquired in an 
incoherent fashion=> accelerated 
imaging
• Translated to MRI by Lustig et. al

Sila Kurugol, QUIN lab, Boston Children's and Harvard Medical School
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Figure 1. a) Continuous acquisition of radial lines with stack-of-stars golden-

angle scheme in iGRASP. b) Point spread function (PSF) of an undersampled 

radial trajectory with 21 golden-angle spokes and 256 sampling points in each 

readout spoke for a single element coil (top) and for a sensitivity-weighted 

combination of 8 RF coil elements (bottom). The Nyquist sampling requirement is 

���
ʌ��§���. The standard deviation of the PSF side lobes was used to quantify 

the power of the resulting incoherent artifacts (pseudo-noise) and incoherence 

was computed using the main-lobe to pseudo-noise ratio of the PSF. 

 

Golden angle stack of stars radial k-space sampling
● Radial k-space sampling
• Incoherent sampling, pseudo noise like artifacts
• Radial lines are continuously acquired including the 

center of k-space
• Each sampled line contains equally important 

information, especially the contrast information. 
• Balanced sampling of k-space makes the acquisition 

motion-robust.
• Can achieve desired temporal resolution by selecting 

number of spokes per volume

● Radial imaging + Compressed Sensing 
Reconstruction of Dynamic Volumes*: improves 
image quality by reducing streaking artifacts due to 
undersampling.

*Feng L, et al. GRASP. Magn Reson Med. 
2014;72: 707–717.
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Cartesian VIBE
Time resolution=11s
- Sensitive to motion 
- Low temporal 
resolution

Dynamic Radial  VIBE+ CS 
reconstruction (GRASP)
Time resolution=3.3s
+ Streaking artifacts are eliminated 
with CS reconstruction

Dynamic Radial  VIBE
Time resolution=3.3s
+ Robust to respiratory motion
+ Hight temporal resolution
- Streaking artifacts

Kurugol et. al, Ped. Radiol. 2020 Kurugol et. al, J. Ped Urology 2020

DCE-MRI for kidney imaging
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Challenge: Bulk motion
● Babies with congenital kidney disease

○ Assess kidney function1,2

● Non-sedated, feed and wrap method2

Challenge: Heavy breathing motion

● Nervous, sick children with kidney disease

1Kurugol, Ped. Radiol. 2020
2Kurugol et. al, J. Ped Urology 2020 

Challenge: DCE-MRI in the presence of motion
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Factors effecting motion compensation in 
DCE-MRI

Rate of motion events

Duration of motion free periods.

Scale of motion
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Challenge: Bulk Motion causes signal dropout

Coll-Font J, Afacan O, Chow JS, Lee RS, 
Stemmer A, Warfield SK, Kurugol S. Bulk 
motion-compensated DCE-MRI for 
functional imaging of kidneys in newborns. 
JMRI 2020 Jul;52(1):207-16.



Standard GRASP Reconstruction
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Bulk Motion Detection
coil

sli
ce

time

C1
C2

C3

C4

v1

C1
C2

C3

C4

v2

≠

Small inner product!

Coil profile K-space line Center of line

𝑣(𝑠𝑙, 𝑡)(𝑣(𝑠𝑙, 𝜏)

Coll-Font J, Afacan O, Chow JS, Lee RS, 
Stemmer A, Warfield SK, Kurugol S.. JMRI 
2020 Jul;52(1):207-16.



Motion detection using self navigation

○ Metric for motion detection1,2: S(t) > threshold

Outlier metric Threshold            Outlier detected K-space line           Center of line
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Motion-compensated (MoCo) GRASP
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MoCo GRASP improves image quality
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MoCo GRASP improves image quality
G

RA
SP

M
oC

o 
G

RA
SP

Time

SNR=10.7

SNR=19.9

Quantitative 
Intelligent 
Imaging Group



MoCo GRASP improves image quality
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Results: Tracer-Kinetic Model Fit
ISMRM 2020 Keep Still: Managing Motion in the Body         

Jaume Coll-Font, CRL, Boston Children's Hospital

Goodness of fit (nRMSE) Parameter Variance
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ISMRM 2021 Jaume Coll-Font, CRL, Boston Children's Hospital

Challenge: Motion in DCE-MRI causes misalignment
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Coll-Font J, Afacan O, Chow JS, Lee RS, Warfield SK, Kurugol S. 
Modeling dynamic radial contrast enhanced MRI with linear time 
invariant systems for motion correction in quantitative 
assessment of kidney function. MEDIA. 2021 Jan 1;67:101880.



ISMRM 2021 Jaume Coll-Font, CRL, Boston Children's Hospital

• Challenge: Contrast changes over time
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ISMRM 2021 Jaume Coll-Font, CRL, Boston Children's Hospital

LTI model
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s 𝑡 ≈ ℎ 𝑡 ∗ 𝑎(𝑡)

𝑎 𝑡 = 𝛿(𝑡 − 𝑡")

Measured signal

Input function

Tissue filtration

h(t) -> LTI model

Coll-Font J, Afacan O, Chow JS, Lee RS, Warfield SK, Kurugol S. 
MEDIA. 2021 Jan 1;67:101880.

https://github.com/quin-med-harvard-edu/LiMO_MoCo Quantitative 
Intelligent 
Imaging Group



Experiments
• 10 infants (0-4 months)
• Imaging protocol:
• 3T Siemens Skyra/Trio
• Stack-of-stars 3D FLASH
• GRASP reconstruction  1.25x1.25x3.0 mm   x 3.3 sec

• Sequence of images aligned:
• Registration to LiMo-MoCo reference1

• Registration to single volume (for comparison)

• Fitted  tracer-kinetic model
• 100 wild bootstrap repetitions

ISMRM 2021 Jaume Coll-Font, CRL, Boston Children's Hospital
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MEDIA. 2021 Jan 1;67:101880.
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Registered
Images

Results: Registration

Motionless 
Template

Original
Images
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Results: Registration
ISMRM 2021 Jaume Coll-Font, CRL, Boston Children's Hospital
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Fig. 8: Line of voxels plotted over time for example subjects in the patient data experiments. Left, coronal reference image showing the line of voxels in red. Right,
line of plots for all registration methods and the No-MoCo baseline. Before registration, the voxel intensities present small oscillations, sharp discontinuities and
outliers (indicated with red arrows). All registration methods corrected the small oscillations and most discontinuities. The “Total Variation” metric for the three
subjects was (0.456, 0.232 and 0.354) for LiMo-MoCo, (0.498, 0.284 and 0.420) for REFVOL, (0.469, 0.261 and0.407) for gPCA and (0.451, 0.311 and 0.419) for
No-MoCo. LiMo-MoCo consistently aligned the volumes in time and corrected the volumes corrupted by motion with the LTI model.

statistically significant between LiMo-MoCo and gPCA, as well as between LiMo-Moco and No-MoCo (with p-values 1.54 · 10�6

and 1.76 · 10�5), but not for REFVOL (with p = 0.025).

4.2. Real Data Results

We first show the line plots from three sample subjects in Figure 8. The plots correspond to a subject who presented small but

continuous motion (A), a subject who showed larger and continuous motion at the start of the scan (B) and a subject who showed

large sudden bulk motion at discrete instances of time (C). Broadly, all plots show the temporal evolution of each voxel undergoing

the changes of intensity expected from the contrast agent intake with some discontinuities and distortions due to motion. However,

there are some di↵erences compared to the synthetic data experiments that must be addressed. Due to the nature of the MRI data

acquisition, the reconstructed volumes present streaking artifacts and increased noise during motion events. In some cases, rapid

bulk motion events result in signal dropout, which creates sudden outliers in time. These are particularly evident in the line plots of

subject (C).

All registration methods were capable of aligning the volumes and correcting the majority of discontinuities and distortions

from the original No-MoCo cases. However, some small errors remained, particularly in areas with continued motion and increased

noise. These are indicated in Figure 2 with red arrows and appear as small discontinuities in the contrast lines. One particular

alignment error that remained for gPCA were the sudden changes in position observed in subject (C). These, combined with the

lower performance of gPCA in the synthetic data experiments, suggest that this method is insensitive to rapid bulk motion events

and is better suited to correct for smooth motion such as respiration.

Figure 9 illustrates the temporal behavior of the DCE signal in time before and after registration. Before motion correction,

the volumes in the first part of the sequence (t1 and t2) were misaligned with the last section (t4). Moreover, the volume acquired

during motion (t3) was corrupted and presented large signal dropout. Consequently, the corresponding intensity curves presented

large discontinuities and signal dropout. The LTI model could capture the temporal behavior despite the the motion artifacts and

12 Coll-Font et al. /Medical Image Analysis (2020)

Fig. 8: Line of voxels plotted over time for example subjects in the patient data experiments. Left, coronal reference image showing the line of voxels in red. Right,
line of plots for all registration methods and the No-MoCo baseline. Before registration, the voxel intensities present small oscillations, sharp discontinuities and
outliers (indicated with red arrows). All registration methods corrected the small oscillations and most discontinuities. The “Total Variation” metric for the three
subjects was (0.456, 0.232 and 0.354) for LiMo-MoCo, (0.498, 0.284 and 0.420) for REFVOL, (0.469, 0.261 and0.407) for gPCA and (0.451, 0.311 and 0.419) for
No-MoCo. LiMo-MoCo consistently aligned the volumes in time and corrected the volumes corrupted by motion with the LTI model.

statistically significant between LiMo-MoCo and gPCA, as well as between LiMo-Moco and No-MoCo (with p-values 1.54 · 10�6

and 1.76 · 10�5), but not for REFVOL (with p = 0.025).

4.2. Real Data Results

We first show the line plots from three sample subjects in Figure 8. The plots correspond to a subject who presented small but

continuous motion (A), a subject who showed larger and continuous motion at the start of the scan (B) and a subject who showed

large sudden bulk motion at discrete instances of time (C). Broadly, all plots show the temporal evolution of each voxel undergoing

the changes of intensity expected from the contrast agent intake with some discontinuities and distortions due to motion. However,

there are some di↵erences compared to the synthetic data experiments that must be addressed. Due to the nature of the MRI data

acquisition, the reconstructed volumes present streaking artifacts and increased noise during motion events. In some cases, rapid

bulk motion events result in signal dropout, which creates sudden outliers in time. These are particularly evident in the line plots of

subject (C).

All registration methods were capable of aligning the volumes and correcting the majority of discontinuities and distortions

from the original No-MoCo cases. However, some small errors remained, particularly in areas with continued motion and increased

noise. These are indicated in Figure 2 with red arrows and appear as small discontinuities in the contrast lines. One particular

alignment error that remained for gPCA were the sudden changes in position observed in subject (C). These, combined with the

lower performance of gPCA in the synthetic data experiments, suggest that this method is insensitive to rapid bulk motion events

and is better suited to correct for smooth motion such as respiration.

Figure 9 illustrates the temporal behavior of the DCE signal in time before and after registration. Before motion correction,

the volumes in the first part of the sequence (t1 and t2) were misaligned with the last section (t4). Moreover, the volume acquired

during motion (t3) was corrupted and presented large signal dropout. Consequently, the corresponding intensity curves presented

large discontinuities and signal dropout. The LTI model could capture the temporal behavior despite the the motion artifacts and

12 Coll-Font et al. /Medical Image Analysis (2020)

Fig. 8: Line of voxels plotted over time for example subjects in the patient data experiments. Left, coronal reference image showing the line of voxels in red. Right,
line of plots for all registration methods and the No-MoCo baseline. Before registration, the voxel intensities present small oscillations, sharp discontinuities and
outliers (indicated with red arrows). All registration methods corrected the small oscillations and most discontinuities. The “Total Variation” metric for the three
subjects was (0.456, 0.232 and 0.354) for LiMo-MoCo, (0.498, 0.284 and 0.420) for REFVOL, (0.469, 0.261 and0.407) for gPCA and (0.451, 0.311 and 0.419) for
No-MoCo. LiMo-MoCo consistently aligned the volumes in time and corrected the volumes corrupted by motion with the LTI model.

statistically significant between LiMo-MoCo and gPCA, as well as between LiMo-Moco and No-MoCo (with p-values 1.54 · 10�6

and 1.76 · 10�5), but not for REFVOL (with p = 0.025).

4.2. Real Data Results

We first show the line plots from three sample subjects in Figure 8. The plots correspond to a subject who presented small but

continuous motion (A), a subject who showed larger and continuous motion at the start of the scan (B) and a subject who showed

large sudden bulk motion at discrete instances of time (C). Broadly, all plots show the temporal evolution of each voxel undergoing

the changes of intensity expected from the contrast agent intake with some discontinuities and distortions due to motion. However,

there are some di↵erences compared to the synthetic data experiments that must be addressed. Due to the nature of the MRI data

acquisition, the reconstructed volumes present streaking artifacts and increased noise during motion events. In some cases, rapid

bulk motion events result in signal dropout, which creates sudden outliers in time. These are particularly evident in the line plots of

subject (C).

All registration methods were capable of aligning the volumes and correcting the majority of discontinuities and distortions

from the original No-MoCo cases. However, some small errors remained, particularly in areas with continued motion and increased

noise. These are indicated in Figure 2 with red arrows and appear as small discontinuities in the contrast lines. One particular

alignment error that remained for gPCA were the sudden changes in position observed in subject (C). These, combined with the

lower performance of gPCA in the synthetic data experiments, suggest that this method is insensitive to rapid bulk motion events

and is better suited to correct for smooth motion such as respiration.

Figure 9 illustrates the temporal behavior of the DCE signal in time before and after registration. Before motion correction,

the volumes in the first part of the sequence (t1 and t2) were misaligned with the last section (t4). Moreover, the volume acquired

during motion (t3) was corrupted and presented large signal dropout. Consequently, the corresponding intensity curves presented

large discontinuities and signal dropout. The LTI model could capture the temporal behavior despite the the motion artifacts and



ISMRM 2021 Jaume Coll-Font, CRL, Boston Children's Hospital

Results: Tracer-kinetic fit
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Conclusions
• DCE-MRI can be used to both to evaluate renal anatomy and quantify renal function
• DCE-MRI requires high temporal resolution to capture the passage of CA in 

vascular system and through the organs
• Accelerated imaging can be achieved with compressed sensing (CS) using 

incoherent undersampling (golden angle stack of stars sequence), and sparsity in 
time domain during non-linear, iterative CS reconstruction.
• Bulk motion in babies when imaging without sedation and in children reduce the 

image quality
• Intermittent motion can be detected and removed during reconstruction.
• Motion may also cause misalignment between the series of volumes
• Model based registration realigns the volumes and improves the accuracy in 

estimating the tracer kinetic model parameters.

Sila Kurugol, QUIN lab, Boston Children's and Harvard Medical School
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Purpose: To generate an AIF, when the measured AIF may be inaccurate, using a population AIF 
combined with a reference region model.

Cost function:

An arterial input function (AIF) model using a combination of a population model and a 
reference region for improved estimation of the kidney function
Cemre Ariyurek, Onur Afacan, Jeanne Chow, Sila Kurugol

!̅𝜃 = argmin
"#
+
$

𝐾%&'()"#$% 𝜃̅ − 𝐾%&'()#&'%
𝜃̅

*

*
+ λ 𝐶+,+ 𝑡 − 𝐶-.% 𝑡, 𝜃̅ *

*

Minimizes the error between transfer constants obtained from
reference region model and optimized AIF

Minimizes the error between 
population AIF and optimized AIF

ROI-based AIF Population AIF Optimized AIF
GFR estimation was
improved (R2=0.75) by 
using an optimized AIF 
which combines a 
population and a 
reference region model
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Purpose: To introduce a deep image prior based DCE-MR image reconstruction. It will achieve both 
improved image quality as in compressed sensing reconstruction, but also will keep temporal features of 
the signal for accurate estimation of quantitative parameters.

Deep image prior based DCE-MRI Reconstruction for Functional Imaging of Kidneys
Aziz Kocanaogullari, Cemre Ariyurek, Onur Afacan, Sila Kurugol
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