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Medical imaging in the 1970/1980s

Cooley, Tukey 1965
Lauterbur 1973
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Medical imaging today

Cooley, Tukey 1965
Lauterbur 1973

T2 STAR
0.2x0.2x2mm
Wiggins & Cloos NYU
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Computing/DL

T2 STAR
0.2x0.2x2mm
Wiggins & Cloos NYU
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Elements of the diagnostic pipeline
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Cooperations

Tom Pock & Co
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Image reconstruction
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MR data acquisition: Fourier (k-) space
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Image reconstruction: Inverse problem

→
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Image reconstruction: R=2

→
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Compressed sensing: Sparse representation

Lustig MRM (2007)
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Compressed sensing: Sparse representation

Total Variation (TV)

Lustig MRM (2007)
Rudin (1992)
Block MRM (2007)
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Numerical implementation

GD1 GDt GDT

uT

reconstruction

input

f

u0

Landweber Amer J Math 1951
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Fully sampled Zero-filling R=4 • Separate artifacts from image content

• Sparsifying transform → Spatial filter
kernels

• L1 norm → Potential functions

Hammernik ISMRM 2016, MRM 2018

CS → machine learning image reconstruction
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Learning the numerical optimization

GD1 GDt GDT

uT

reconstruction

input

f

u0
Learn T gradient descent (GD) steps
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Hammernik ISMRM 2016
Hammernik MRM 2018
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xx

Learning for image reconstruction

parameters

reconstructioninput

reference

reconstruction error

similarity 
measure

Hammernik MRM 2018

Reconstruction 
model



IPAM 01/2020

Some reconstruction examples, R=4
CG SENSE PI-CS: TGV

Learning: VN
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PI-CSPI Learning

Small fissure in tibial cartilage, R=4

Hammernik, ISMRM 2016



IPAM 01/2020

Robustness and generalization: Sequences
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Abdominal Imaging: Clinical Study

2
1

Improved Image Sharpness

Compressed Sensing Deep Learning

Chen Radiology 2018 Slides courtesy of Joseph Cheng (Stanford)
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Free breathing 3D whole heart coronary angiography

- Average acquisition time (m:s) was 18:55 for the fully sampled acquisition and 4:11 for an acceleration of 5x.
- Average reconstruction time was ~5 minutes for CS and ~20 seconds for the VNN framework.

Slides courtesy of Claudia Prieto (Kings College)
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Where are we as a field?

Hammernik MRM 2018

Schlemper IEEE TMI 2018

Qin IEEE TMI 2018

Zhu Nature 2018

Chen Radiology 2018
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Comparison to computer vision



IPAM 01/2020https://arxiv.org/abs/2001.02518

2019 fastMRI reconstruction challenge and dataset
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Public data set for image reconstruction
• MSK (knee)

– Rawdata (fully sampled): 1398 cases

Knoll Radiology AI (in press, 2019)
fastmri.med.nyu.edu
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Public data set for image reconstruction
• MSK (knee)

– Rawdata (fully sampled): 1398 cases

• Neuro (brain)
– Rawdata (fully sampled): 7002 cases

Knoll Radiology AI (in press, 2019)
fastmri.med.nyu.edu
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Reconstruction challenge

R=4 R=8

Reconstruction ReferenceUndersampled

Error

Leaderboard
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Challenge tracks
• Multi coil 4x:

– Clinically relevant, 2x faster than clinical standard
– 8 submissions (>25 on test leaderboard)

• Multi coil 8x:
– Push models to limits. 4x faster than clinical standard
– 8 submissions (>25 on test leaderboard)

• Single coil 4x: 
– Easier to experiment, single coil measurement, not used clinically
– 17 submissions (>70 on test leaderboard)
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Two stage evaluation: 1: SSIM

https://arxiv.org/abs/2001.02518
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Quantitative scores vs radiologists

https://arxiv.org/abs/2001.02518
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Quantitative scores vs radiologists

https://arxiv.org/abs/2001.02518
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Multi coil R=4 results
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Multi coil R=8 results

https://arxiv.org/abs/2001.02518
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Multi coil R=8 results: Pathology

https://arxiv.org/abs/2001.02518
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Data acquisition
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Time

Pre-
contrast

Arterial-
phase

Venous-
phase

Delayed-
phaseTiming run

BH BH BH BH

~60 sec
~20 sec

Dynamic data: Contrast enhanced exam

Delayed phaseVenous phasePre-contrast Arterial phase

Feng MRM (2014)
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Dynamic data: Contrast enhanced exam

Continuous radial acquisition

Feng MRM (2014)

Time
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…

Training design?
• Ground truth?

• Simulations/Transfer learning?

• Generalization?

• Unsupervised learning?

• Structure of spatiotemporal 
regularizer?
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Continuous radial DCE breast cancer MRI
Frame 1 Frame 12
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Continuous radial DCE breast cancer MRI
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Continuous radial DCE breast cancer MRI
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Data acquisition

Reconstruction/Classification

Pulse sequence 
design

IR
-b

H
S

FP

a

x

z

IR
-b

H
S

FP

a

x

z

0

0.1

0.2 b

J
/p

�0.2
0

0.2
0.4
0.6 c

an
ti-

pe
rio

di
c

bH
S

FP d

x

z

an
ti-

pe
rio

di
c

bH
S

FP d

x

z

0

0.1

0.2 e

J
/p

0 1 2 3
�1

�0.5
0

0.5

T

C

f

t (s)

r �T1
dr

dT1
T2

dr

dT2

Hardware

u0 uT

GD1 GDt GDT... ...

kt
1,RE

kt
1,IM �t0

1

k̄t
1,RE

k̄t
1,IM

kt
Nk ,RE

kt
Nk ,IM �t0

Nk

k̄t
Nk ,RE

k̄t
Nk ,IM

�tA⇤(Aut � f)
ut ut+1

⌃

...... ...

-
+

+

+

-

⌃

Reconstruction

Benign/Malignant

Classification

Diagnosis



IPAM 01/2020

Diagnostic classification

Predict presence of malignant and/or 
benign lesions in each breast

• 5000 training
• 1500 validation
• 1500 validation

Gong NeurIPS Medical Imaging (2019)
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Diagnostic classification

Gong NeurIPS Medical Imaging (2019)
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Diagnostic classification

Gong NeurIPS Medical Imaging (2019)
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Diagnostic classification

Gong NeurIPS Medical Imaging (2019)
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Diagnostic classification

Gong NeurIPS Medical Imaging (2019)
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End to end reconstruction and classification

undersampled 
k-space !

fully sampled 
k-space

Reconstruction 
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**
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network -
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+

Label
Left Malignant: [0,1]
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Right Malignant: [0,1]

Right Benign: [0,1]
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End to end reconstruction and classification
Separate End-to-end

Work in progress :-)
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Data acquisition

End to end optimization: Reconstruction/Classification
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Imaging at lower field strengths: 0.55T system

6 averages 1 acquisition IFT 1 acquisition VN reconstruction

0.910.78

Johnson ISMRM Sedona 2020
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Imaging at lower field strengths: 0.55T system

Fully sampled 6 avgs
(tacq=14.5 mins)

IFT: R=3 single acq
(tacq=0.9 mins)

VN: R=3 single acq
(tacq=0.9 mins)

0.71 0.87

Johnson ISMRM Sedona 2020



IPAM 01/2020

Summary: End to end optimization of diagnostic pipeline
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Open questions

• Robust enough for clinical routine?

• Integration in clinical workflow?

• Validation: When and how do things go wrong?

• Theory (Math J)!
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Thank you!

https://med.nyu.edu/faculty/florian-knoll


