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Brain metabolism during heart/lung
bypass surgery



Cardiac Surgery

* Thousands of heart surgeries are performed every day in the
United States (~500,000 coronary bypasses/yr).

* Two major advances in medicine made heart surgery possible:

— The heart-lung machine, which takes over the work of the heart.
— Body cooling techniques, which allow more time for surgery without

causing brain damage.

Systemic flow line

Cooling let surgeons stop the
heart for long periods without
damaging the heart tissue.
Blood is cooled as it passes
through the heart-lung machine.
* The cooled blood lowers body
temperature.

Suction Suction

E What about the brain?




Cognitive Impairment After Heart Bypass

Surgery

Is "Pump Head" Real, and What Does It Mean?

By Richard N. Fogoros, MD @ | Medically reviewed by a board-certified physician

Updated March 06, 2019
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* In this study 261 people

(average age 61) having
bypass surgery were formally
tested to measure their
cognitive capacity (i.e.
mental ability) at four
different times: before
surgery, at six weeks, at six
months, and at five years
after bypass surgery.
Participants were deemed to
have significant impairment
if they had a 20% decrease in
test scores.

The investigators found that
42% of patients had at least a
20% drop in test scores after
surgery, and that in many
cases the decrease in
cognitive capacity persisted
for 5 years.

Some basic questions:

What is the optimum temperature?
Should blood flow to the brain continue?




European Journal of Cardio-Thoracic Surgery 54 (2018) 162-168 ORIGINAL ARTICLE
doi:10.1093/eicts/ezx467 Advance Access publication 15 lanuarv 2018

Cerebral mitochondrial dysfunction associated with deep
hypothermic circulatory arrest in neonatal swinet

Constantine D. Mavroudis®*, Michael Karlsson®, Tiffany Ko, Marco Hefti9, Javier |. Gentile®, Ryan W. Morganb,
Ross Plyler®, Kobina G. Mensah-Brown©, Timothy W. Boorady®, Richard W. Melchior®, Tami M. Rosenthal®,
Brandon C. Shade®, Kellie L. Schiavo®, Susan C. Nicolson®, Thomas L. Spray? Robert M. Sutton®,

Robert A. Berg®, Daniel ). Licht<, ). William Gaynor® and Todd J. Kilbaugh®

OBJECTIVES: Controversy remains regarding the use of deep hypothermic circulatory arrest (DHCA) in neonatal
cardiac surgery. Alterations in cerebral mitochondrial bioenergetics are thought to contribute to ischaemia—
reperfusion injury in DHCA. The purpose of this study was to compare cerebral mitochondrial bioenergetics for
DHCA with deep hypothermic continuous perfusion using a neonatal swine model.

METHODS: Twenty-four piglets (mean weight 3.8 kg) were placed on cardiopulmonary bypass (CPB): 10
underwent 40-min DHCA, following cooling to 18°C, 10 underwent 40 min DHCA and 10 remained at deep
hypothermia for 40 min; animals were subsequently rewarmed to normothermia. 4 remained on normothermic
CPB throughout. Fresh brain tissue was harvested while on CPB and assessed for mitochondrial respiration and
reactive oxygen species generation. Cerebral microdialysis samples were collected throughout the analysis.

RESULTS: DHCA animals had significantly decreased mitochondrial complex I respiration, maximal oxidative
phosphorylation, respiratory control ratio and significantly increased mitochondrial reactive oxygen species (P <
0.05 for all). DHCA animals also had significantly increased cerebral microdialysis indicators of cerebral
ischaemia (lactate/pyruvate ratio) and neuronal death (glycerol) during and after rewarming.

CONCLUSIONS: DHCA is associated with disruption of mitochondrial bioenergetics compared with deep
hypothermic continuous perfusion. Preserving mitochondrial health may mitigate brain injury in cardiac surgical
patients. Further studies are needed to better understand the mechanisms of neurological injury in neonatal cardiac
surgery and correlate mitochondrial dysfunction with neurological outcomes.



'H MRS Piglet Cardiac Brain Study
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Single Voxel Spectroscopy (avg of 3)
PRESS NFL
TR/TE 2000/35

Total Averages: 64
~3 minutes w/water refs
1I2mmx 12 mm x 15 mm
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Doing Water-Scaling

%SD Ratios to creat

35/2000/512 TG/R

Fit quality

Data of: Radiological Sciences Laboratory, Stanford University School of Medicine
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25 spectra
collected
at
different
times

How did we
measure brain
temperature?




Chemical Shift Difference between NAA and Water gives temperature in voxel

water NAA Delta Temp time Description
P13824.7 4.7009 2.0441 2.6568 37.16 11:27 whole brain
P16384.7 4.7009 2.0441 2.6568 37.16 11:45 baseline
P17408.7 4.7009 2.0441 2.6568 37.16 11:50 contralateral brain
P18432.7 4.7009 2.0441 2.6568 37.16 11:57 baseline
P19456.7 4.7009 2.0441 2.6568 37.16 12:01 baseline
P20480.7 4.7009 1.9546 2.7463 28.75 12:16 34-30c
P21504.7 4.7009 1.8799 2.821 21.73 12:27 25-23¢
P22528.7 4.7009 1.8501 2.8508 18.92 12:36 20-18¢
P23552.7 4.7009 1.8202 2.8807 16.11 12:43 18C
P24576.7 4.7009 1.8202 2.8807 16.11 12:47 18C
P25600.7 4.7009 1.8352 2.8657 17.52 12:51 18C
P27136.7 4.7009 1.8352 2.8657 17.52 12:56 18C 115
P29184.7 4.7009 1.865 2.8359 20.33 14:01 21C
P30208.7 4.7009 1.8501 2.8508 18.92 14:06 21C
P31744.7 4.7009 1.9396 2.7613 27.34 14:28 24-25¢
P32768.7 4.7009 1.9695 2.7314 30.15 14:34 25-26¢
P33792.7 4.7009 1.9844 2.7165 31.55 14:38 26-27¢
P34816.7 4.7009 1.9994 2.7015 32.96 14:43 27-28¢
P35840.7 4.7009 2.0143 2.6866 34.36 14:47 28-29¢
P36864.7 4.7009 2.029 2.6719 35.74 14:52 29-30c
P37888.7 4.7009 2.0441 2.6568 37.16 14:56 30-31¢
P38912.7 4.7009 2.0441 2.6568 37.16 15:00 31C
P39936.7 4.7009 2.0441 2.6568 37.16 15:05 31.8-32.3¢c
P40960.7 4.7009 2.0441 2.6568 37.16 15:09 32.3-32.7¢
P41984.7 4.7009 2.0441 2.6568 37.16 15:14 32.7-33c
P43008.7 4.7009 2.0441 2.6568 37.16 15:18 33.0-33.3¢c

Raw data file names Back to 37 Cin brain ahead of recorded body temp
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Mistake #1: we went to lunch
during this time interval and
didn’t collect any data.

4:00 PM

3:36:00 PM
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First 18C in Vivo
Brain Spectrum!
Avg of 3 time points
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Loss of macromolecule (MM) signal at low temperature might be
T, effect (not that interesting but need to confirm it is a T, effect)

MMO09 +Lip09

12.00
10.00

8.00 07

=0=MMO9+Lip09...
6.00 ®
Stop
4 .00 Flow (" Why would macromolecule T,s
shorten but not those for the other
metabolites?
2.00
.'
0.00 . . . .
11:02 AM 12:14 PM 1:26 PM 2:38 PM 3:50 PM




Largest metabolic effect of cooling to 18 C appears to be
reduction in glutamate and glutamine

16.00
14.00
12.00
10.00
8.00 -
==GLN (mM) [
6.00 <@=GLX (mM) . Low Glu and GIn
' - Stop 4y .
= High NH,
4.00 Flow
2.00 X

O-OO I - I I ]
11:02 AM 12:14 PM 1:26 PM 2:38 PM 3:50 PM




glucose

Gln and Glu can be used as |
fll@l in the TCA CYCle. .. perivate Mitochondrial membrane

acetyl~CoA

GABA
1C0; glutamate
-~/ 0AA N |
aspartate glutamine
malate
Heptanoate,

fumarate succiny/7CoA

C5 ketones,
methylmalonyl~CoA |lle, Val

succinate

...but the ammonia has to go

.S Co,™\? /
somewhere, and ammonia 1S

propionyl~CoA

toxic to the brain.
NH,* NH,* NH.

COOH glutamate COOH glutamine é= 0
| dehydrogenase | synthetase I
i - -
(|3H2 (|3H2 I|CH2
=0 NAD{P)H CH—NH, ATP CH—NH;
COOH NAD(FY"  COOH ADP, HsPO4  COOH

c-ketoglutarate glutamate glutamine
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Let’s look at this
data point.

4:00 PM

3:36:00 PM
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Spectrum collected at end of stopflow

Exam #15257-19 |D=piglet0206@Iucas/epperson 02/06/2019 14:01 jpress TE/TR/NS=35/2000/512 TG/R1/R2=160/13/28 2.2mL

P22184.7 (Stanford Lucas Center)

Data of: Radiological Sciences Laboratory, Stanford University School of Medicine

14-February-2019 14:06

w  LCModel (Version 6.3-1J) Copyright: 5.W. Provencher. Ref.: Magn. Reson. Med. 30:672-679 (1933).
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Doing Water-Scaling
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Lactate at low pH
(extracellular?)
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37 C after stop flow
and recovery
(Avg of 3)
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37 C after stop
flow (white)
vs 37 C
Glutathione, Glx, ASC baseline (red)
Not yet
returned to
normal.
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Predict that with high lactate and high
NH,* due to reduced Glu & GIn we
should see some conversion of lactate
to alanine (not usually observed in

: OH
brain) B oH
\ o-¢
HC-NH, c-0
\ Q ALT g
CH, + CH;‘—Q-C~0H CH;—CH-C-OH + CH,
(\:H7 e oy CH;
oc \\\\\\\\ alanine o c

OH OH
gutamate o keloguma!e

Between NH,* scavenging and anaplerosis,
could high lactate be an overall advantage

to recovery .

glucose
pyruvate
acetyl¥CoA
= Ala 3 GABA
citrate
1\CO, glutamate
_—~/0AA / . |
aspartate glutamine
Heptanoate,

succinate

co, N2

methylmalonyl~CoA

C5 ketones,
lle, Val

"4
propionyl~CoA
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Mistake #2: Collect

M‘/ longer post recovery!

ronal (NAA) loss in final spectrum collected?

3:50 PM
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Is myolnositol
12.00 trending higher
after recovery?
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ASC and GSH unstable even in baseline (MR physics/coil problem?)
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Spectra are collected as an average of 32 separate 4 second traces

4 second
resolution could
be useful at start
of stopflow and

- at start of reflow

Frequency (ppm}

Temporal Resolution? 4 seconds: sufficient SNR to map any rapid
changes 1n lactate pool. Important for start and end of stoptlow.



Aged oo oggo Catabolism burns
B | pyruvate as fuel.
1§ e ] o
—/é / e Could pyruvate speed up recovery?

gs  we oo * Would labeled [3-13C]pyuvate show

8‘_" 8 c . .
- ( — ) anaplerosis during recovery?
Y
" i3 s | * [3-13C]pyruvate would also measure LDH
1ot - '8 I;;‘m .« . . .
— w1 activity by isotope exchange with Lactate
ciiéﬁv”if‘g}x oot Anaplerosis replenishes
l TCA intermediates
s 5 Example spectra
>/ 13C-spectrum 1H- s ectrum
TCA cycle 3 [7 J'( |I %’
25 33 3.; a 40 20ppm pp 40 20ppm c 180 100 20 ppm 40 ' 2.0ppm
sici ‘,.i:jg..,.,,m gli;;.,.e a: 1H NMR spectrum of unlabeled sodium lactate. b: 'H NMR
>/ spectrum of sodium [3-13C] L-lactate. ¢: 3C and '"H NMR spectra of
oo, sodium [U-3C] L-lactate. Expansions of the resonance regions are

shown above the full spectra to demonstrate the fine structure.

Other stable isotopes: Deuterium, Nitrogen-157



Consult an expert in intermediary metabolism?

Hi Dan,

Interesting project with lots of metabolic questions, like lactate compartmentation in the brain, glial metabolism, etc.
etc. Yes, I would collect blood, for exactly the reason you say. In a nutshell, the problem is whether labeling in the
brain originates from one of two possibilities:

[3-13C]pyruvate => brain => glutamate labeling via anaplerosis or oxidation. (direct metabolism of the pyruvate
skeleton)

Vs.

[3-13C]pyruvate => liver => 13C-labeled glucose => brain => glutamate. This would be especially likely if the pigs are
fasted.

So, if you collect blood you could do mass spec on the glucose to look at m0, m1, etc., that would tell you if glucose
became labeled, but it does not tell you the site which makes it difficult to compare to brain glutamate data. Plasma
glucose could be converted to monoacetone glucose which produces very nice 13C NMR spectra, and then you could
figure out if the 13C labeling in glutamate is consistent with the 13C labeling in plasma. IN other words, if plasma
glucose became labeled, did it actually contribute to oxidative metabolism in the brain. Making a decision depends in
part on the kinetics. If this is a very short bolus followed immediately by data acquisition, then gluconeogenesis is less
likely a factor.

Finally, is this a terminal experiment as the animal warms up? If so, then brain biopsies would be very informative if
you could collect high res spectra of the extracts.

Craig Malloy, MD
UTSW Medical Center

Reference goes here
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Recommendations for next experiment

. Set total scans (Averages) from 64 to 128 for longer samples

between reset of prescan

. Consult with neuroradiology to factor in sensitive locations with

SNR and resolution criteria to select voxel size and location (CSI?)

. Collect spectra during full duration of study
. Continue to collect data 1-3 hours after reestablishing 37C
. Explore using stable isotopes in future experiments. E.g. bolus of

[3-13C]pyruvate after restart of flow.
e Save periodic blood samples. Save brain samples at end?
 Could potentially measure changes in LDH rates, anaplerosis, and Lactate
to Alanine flux.
* Advantages of bolus vs infusion? What dose?

Engineering challenges: spectroscopic imaging? Improved
spectral fitting? Reduce coil vibrations?



Next Lecture: Fast Spin Echo,
CPMG and J-coupling
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