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MORE LESS

Science Instrumentation

Critique from prior student reviews:



Science Instrumentationvsis

My conundrum:



Theme of the day:

Yesterday’s Scientific Discoveries when . . .

applied to create TODAY’s INSTRUMENTATION will yield . . .

Tomorrow’s New Science!



Remember this:

� Science is accumulated observation

� Observations are made with instruments

� Scientific theories are the flimsiest 

constructs,

� which may be destroyed with a single 

observation.



Nuclear Magnetic Resonance

A series of great discoveries

lead to a great instrumentation idea

resulting in new observations and

new instrumentation ideas which

yield many more discoveries

. . . and quite a few Nobel Prizes!



MR microscopy, Translational Science & 

Scientists

“BENCH” “BEDSIDE” “CURBSIDE”

?

Small animal MR scanners

with clinical consoles..

“Translational 

Scientists”…translating the 

‘clinical scientist’ into the 

pre-clinical environment and 

vice versa…



MRI at 

23 Tesla



MR Instrumentation & Engineering

BNL Development Team

S. David Smith, PhD     (Medical)

S. Rescia, PhD (Instrumentation)

T. Lambertson    (Central Shops)

OEM Beta Site Support

SA Instruments, Inc.

Bruker BioSpin NA

SAMBA Instruments (Sweden)

Software Development

In the works . . . 
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Magnetic moment of the proton

� Quantum Mechanical splitting of Energy 

states in a magnetic field

� Quantization of electromagnetic field

� Stimulated transitions – Resonance!



Classical Analog

Larmor Precession:



Hahn Spin Echo



Relaxation Parameters

Time required to reach a 

steady state (equilibrium)

Time until loss of 

coherence (signal decay)



SPECTROSCOPY:

� Chemical Shift of Larmor Frequency

� Powerful tool for the analysis of 

complex solutions

� The Chemists choice – long before MRI



Instrument for Chemical Analysis



Magnetic Resonance Imaging

The Gradient Trick

Principle of Fourier decomposition

Deliberately destroy field uniformity in order to create one to one mapping 

between position along one coordinate and resonant (or signal) frequency.

Any squiggly single valued function can be described uniquely as a sum of 

SINE waves of various amplitudes, frequencies and phases.



Three ways to use field gradients:

Slice Selection:

Gradient refocusing

Frequency encoding:

Phase encoding:



IN VIVO!       What’s in an image??

Where does the contrast come from?Where does the contrast come from?



T1 and T2 – Chemical Effects

� Relaxation Parameters are affected by 

disease***

� Image contrast can be changed with 

changes in TE and TR

� T1 weighted, T2 weighting and much, 

much more  
***

Damadian, R. V. "Tumor Detection by Nuclear Magnetic Resonance," 

Science, 171 (March 19, 1971): 1151-1153

This is what makes MRI useful!



Putting our Instrument to use

The confrontation with reality . . .

Revisit many other of yesterday’s 

great discoveries . . .

that we neglected to think about!



Nature is a bitch!

� We do not live in an ideal world.

� None of our simplifying assumptions are 

valid!

� How do we eliminate all the complicating 

effects?

� Well, its all Physics too!



A few complaints:

� The signal is too weak

� A uniform magnetic field is impossible

� Eddy Currents!!  Who ordered that?

� Can’t you hold still????

This is what makes instrumentation fun!



And leads to more instrumentation . . .



Physiologic Parameters of Interest

• ECG  >600 beats/min

• Respiration  >250 breaths/min

• Temperature  25 – 40 oC

• Blood pressure  <300 mmHg

• Peripheral pulse  waveform & heart rate

• Oxymetry waveform, heart rate & O2 saturation

• Capnography waveform & end-tidal CO2

• Any suggestions ??







What for?
� Anesthesia maintenance & care of 

subject

� Detect response to stimulus or injection

� Control of Physiologic Parameters

� Synchronization of Image acquisition









9.4T microMRI: Animal Positioning & monitoring

MOUSE

RAT







New Positioning System



Positioning System





ECG-monitoring

Respiratory frequency

Pulse-(oximetry)…

Mouse imaging

Built-in ECG

Mouseholder





ECG system idle



ECG system running





SEGMENT Software

http://SEGMENT.heiberg.se

Version 1.682







Part of right ventricle missing
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Short-axis acquisitions –

underestimate right 

ventricular volume…
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Left Ventricular Volume vs Time
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SEGMENT Software

http://SEGMENT.heiberg.se

Version 1.635





• Replicate existing coil designs with incremental improvements:

• Use better fabrication methods

• Investigate alternative components and

• modified tuning/matching & decoupling approach





Chemistry of different brain regions





Rat Brain MRI (9.4T)
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Chemical nature of the metabolite that 

produces the 1.28 ppm NPC peak ?

CRL=Cerulenin: (antifungal antibiotic isolated 

from Cephalosporium caerulens. Irreversibly 

binds to fatty acid synthase.

Maletic-Savatic et al., 2007

CHX=Cycloheximide: Protein synthesis 

inhibitor

1.01.11.21.31.41.5

Chemical Shift Value (ppm)

Mixed

Fatty acids

NPC

………..1H-NMR spectra of saturated fatty acids, such 

as palmitic and myristic acids overlapped with the 

1.28 ppm peak







MR microscopy: Cardiac Physiology

9.4T MR instrument

Anesthesia/O2/Air

RF coil

hydration

ECG

Temperature

Non-invasive

Invasive:

Micro Pressure

Transducer into 

heart chambers

The sensor, a silicon sensor 

element, is 0.42 mm in 

diameter and connected to 

an optical fibre down to 

0.25 mm in diameter 

Samba, Sweden

Left ventricle

Right ventricle



Cardiac phenotyping
 

LV and venous pressure during MRI using fiber 

optic pressure transducers
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Smith and Benveniste, 2006



Cine…….

3000 heart beats to create movie…….

On average 3-400 bpm in a living anesthetized rat…

….approximately 5min



Smith et al., 2006With MR gradients running….



Human aqueduct: 

1-2 mm in diameter
Rat aqueduct: 

300µm in diameter

Pulsatile CSF flow

~ 30 µl/heart beat

Pulsatile CSF flow

~ 10-20 nl/heart beat

Cardiac-gated MRI measurement of pulsatile

CSF flow

Wagshul et al., 2006



Cardiac-gated MRI measurement of 

pulsatile CSF flow

aqueduct

Fully balanced steady state free precession phase contrast (PC-bSSFP) sequence
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aqueduct of a control rat.

Wagshul, Egnor, Smith, Benveniste, in prep. 2006



MR Microscopy & Informatics

In collaboration with:

Dr. Yu Ma (SBU, BNL)

BNL ITD (Drs. Bennett, McGuigan, Slatest)

Dr. Stephen J. Blackband (UFL)

Dr. P. Hof (MSSM)



•Bruker (UFL): 17.6 T

•T2* Gradient Echo:

TE=7.5ms; 

TR=150ms;     

FOV = 2.4x1.2x1.2cm;     

NEX = 2;

AQT = 5.5hrs.

In Vitro Magnetic Resonance Microscopy

•Excised, in Fomblin

•Res = 

47µµµµm××××47µµµµm××××47µµµµm

•Matrix = 512 ×××× 256 ××××

256



3D Normal Mouse Brain Atlas

Ma et al., Neuroscience, 2005



Average Atlas and Probabilistic Atlas 

(n = 10)

Ma et al., Neuroscience, 2005



Ma et al., Neuroscience 2005

www.bnl.gov/ctn/mouse

In vitro

In vivo

…2007

Quantitative Morphometry



0

5

10

15

20

25

30

35

40

External capsule Anterior commissure Ventricles Olfactory bulb Rest of midbrain

mean(VIP, n=5) mean(*male control, n=12)

Vasoactive Intestinal 

Polypeptide gene expression 

(antisense) in C57BL6/J 

mouse brain

Allen Institute for Brain Science 

VIP-/- (G_255) In vivo scan, 100 micron3

Segmented using BNL mouse brain atlas 

Gene – expression

+

Brain morphometry

Benveniste, Ma, Hamilton, Szema, Said, 2007



Paramagnetic Effects:

Contrast Materials

fMRI – Two states of Hemoglobin



fMRI: Blood-Oxygen-Level-Dependent 

signal changes

Rat: Forepaw stimulation, 3Hz

FLASH sequence:

TR=46.875ms

TE=10ms

64x64

3s/image

…physiology and anesthesia a big issue!

α-chloralose, propofol, dexmedotomidine…isoflurane?



BOLD signal changes

BOLD signal changes with 1mA, 2mA at 3Hz…..



Left Forepaw Stimulation- EPI 

Right Hemisphere

Analysis with Brain Voyager (t-test)



Forepaw stimulation of captured wild rat

activates cortical brain area exactly similar

to that observed in laboratory bred rats.

BOLD effect observed in “wild” rat.



Quantitative Dynamic Measurements



Mouse Heart: R-R ≈ 111 ms  =  540 bpm

…we are setting the repetition time lower that the 

R-R interval  ….prospective gating…

..one cardiac cycle in the mouse ≈ 100ms

..one cardiac cycle in the rat ≈ 180-200ms

...one cardiac cycle in human ≈ 800ms 

Mouse Heart

Physiological 

MR Imaging



Example of raw capture waveforms



Second example showing capture of output SAI triggers



Prospective or Retrospective Gating modes

Tick marks demonstrate timing relationship of MRI signal 

acquisition to captured waveforms for two cases:

Top line shows continuous acquisition

Lower set of shows timing for triggered acquisition



Triggered Acquisition allows 12 frames in Cardiac cycle

Triggered MRI acquisition of CINE images



Continuous Acquisition with post acquisition reordering

Allows reconstruction of 

two additional frames in 

the cardiac cycle with NO 

missed time period.



Prospective vs Retrospective

Comparision of images reconstructed from triggered and 

continuously acquired MRI data



Top strip show continuous acquisition with MRI 

signal timing shown by tick marks at bottom.

Lower example is for triggered acquisition.  Note timing 

gaps in tick marks.

Spectral scale shows single Phase Encode level repetitions



Demonstration of ECG timing stability wrt previous R wave

R-R Interval over 

acquistion period

Triggered on 

previous R wave



Snapshots compare timings derived separately 

from ECG and Pulse waveforms.  

The first panel shows the effect of respiration on 

timing.



Sawtooth represents R-R interval phasing of acquired 

MRI data timings. 

Plots on left show position of Respiration Gate.

MR acquisitions before (top) and after (lower) reordering



Prospectively gated CINE images



Retrospectively ordered CINE 

images with various Respiration 

Strategies









And at the end of all that

� Observe well . . .

� and carefully, what the instruments can reveal,

� all we know is what we see.

� There is no other truth.



• Department of Energy Office of Science and 

Biological Research (Contract No. DE-AC02-

98CHI-886

• New York State Office of Science, 

Technology and Academic Research

Support



New positioning system

Designed by Dr. S. D. Smith and produced in collaboration with T. Lambertson @ 

Central Shops, BNL



MRI can image moving subjects



MR Microscopy & Informatics

In collaboration with:

Dr. Yu Ma (SBU, BNL)

BNL ITD (Drs. Bennett, McGuigan, Slatest)

Dr. Stephen J. Blackband (UFL)

Dr. P. Hof (MSSM)



•Bruker (UFL): 17.6 T

•T2* Gradient Echo:

TE=7.5ms; 

TR=150ms;     

FOV = 2.4x1.2x1.2cm;     

NEX = 2;

AQT = 5.5hrs.

In Vitro Magnetic Resonance Microscopy

•Excised, in Fomblin

•Res = 

47µµµµm××××47µµµµm××××47µµµµm

•Matrix = 512 ×××× 256 ××××

256



3D Normal Mouse Brain Atlas

Ma et al., Neuroscience, 2005



Average Atlas and Probabilistic Atlas 

(n = 10)

Ma et al., Neuroscience, 2005



Mouse atlas: www.bnl.gov/ctn/mouse

Ma et al., Neuroscience 2005



ADHD mouse model: neonatal 6-OHDA lesion
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In Vivo Magnetic Resonance Microscopy

� Bruker: 9.4 T

� Spin_Echo(MSME)

� TE=30ms; 

� TR=400ms;     

� FOV =2.8×2.4×1.35cm3;

� Matrix = 256×256×128

� Resolution ~ 

109x94x105µm3

� NEX = 1;

� AQT = 3hrs.

� Fat Suppression=On

� Flip Angle=145o





Creating the Atlas: From In Vitro to In vivo



Preliminary Results: Volume

Ex vivo: 10% decease in total brain volume; 74% decease in 

ventricle volume.
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VIP deficient mice 

phenotyping:

Primary pulmonary 

HTN

brain?

Vasoactive Intestinal Peptide – deficient mouse

No optical tracks

Enlarged ventricles

Szema, Benveniste, Said
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PDAPP mice: Preliminary in vivo data:

Ventricles smaller; no hippocampal atrophy 

even at 22 months of age.
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Functional Brain Activation Studies

..combining fMRI and optics.. 

….correlating [Ca++]i transients with the 

BOLD signal…

Benveniste, Smith & Du



Groups of Synapses

Single Synapses

fMRI

control         obese

PET – D2 receptors

Whole cell recordings

T. Sejnowski
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Activation

Blood-Oxygen-Level-Dependent

Hgb-Oxy: diamagnetic 

HgbR: paramagnetic - Creates magnetic field distortions 

within and around blood vessels

O2 Extraction, E

Following increased neuronal 

activity in the brain, the local 

cerebral blood flow (CBF) increases 

much more than the cerebral 

metabolic rate of oxygen (CMRO2), 

and as a result E decreases with 

activation (Fox and Raichle, 1986). 

Because the local blood is more 

oxygenated, there is less 

deoxyhemoglobin present, and the 

magnetic distortions are reduced, 

the local MR signal increases 

slightly….



(A) a simple BOLD response in which the 

physiological changes have similar time 

courses; 

(B) a BOLD response with an initial overshoot 

and poststimulus undershoot due to a slow 

CBV response 

(C) a BOLD response with an initial dip as 

well, created by adding a 1-s delay of the CBF 

impulse response relative to the CMRO2 

impulse response. 

Buxton et al., 2004

..by the way..a Google search of 

“understanding the fMRI bold 

signal” yields 152,000 results….

What is the BOLD signal 

representing?

Neuron

Efferent input

Afferent input

Logothetis et al., 2004


