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INTRODUCTION - TI1 TI2 | TI3 resolution (26mm) with GRAPPA 21
» Dynamic cerebrospinal fluid (CSF) acts as a clearance system in the human brain, W 2 18% ) 21%
removing waste and toxins, especially during sleep' . - Lo aoacA BAAA w -
» Most functional CSF tracking with fMRI has focused on CSF flow', where sensitivity " e | 1 Ipoe, | & B
. . e _ : 10%Faat e i JaooEalle | 3
and efficiency is difficult; CSF volume may be more straightforwardly measured. i o @
« CSF volume changes can be a contributor and contaminant in Vascular Space o8 06% .| _ _46% .| __ ,j6°@;,—.\ s|
Occupancy (VASO)® 13, Bl I O AR N
« We use a VASO-like inversion recovery (IR) sequence to capture CSF volume changes. Q : 2
Specifically, our novel inversion recovery 7T 3D-EPI protocol uses CSF’s specific ~10% 8|
relaxation “fingerprint” to capture voxel-specific CSF volume fractions independent of 10% 1% | . OB _Thl 5| F
dynamic changes in cerebral blood volume (CBV) and BOLD. I S - A WAWAE:
« 0%, vl BN
METHODS = 0 5 1 15 0 5 10 15 timeinTR
Task-induced signal change in %
« Multi-echo, multi-Tl approach combining three echo times and three inversion times. Periods of activation — — — @
« 7T (N=11 sessions at 7T (Siemens, Germany), 8Tx/32Rx head coil (Nova, USA)),
3D-EPI with Skipped-CAIPI'*. FRISGO? is used to capture images in time scales of T1.
* Representative values: TE1/TE2/TE3=9/29/49ms, TI1/TI12/TI13=731/1573/2416ms.
. Assumed T1 values (Bloch modeling): GM/blood/CSF = 1950/2100/4000ms, T2* e Task-induced activation in the visual cortex can be seen at high resolution, in time courses and at whole brain resolution
GM/blood/CSF/WM = 33.2/37.5/4000ms/26.815-18. e Negative signal changes seen with the early Tl, while later Tls resulted in increasingly positive signal changes
+ 12-14 minute block design (30sec blocks) with flashing checkerboards. e Functional responses are stronger at later echo times, as expected from GE-BOLD
» Physiological recording to track changes in respiration’® (BIOPAC) and in-scanner eye
tracking (EyeLink-1000PIlus, SR-Research) were done simultaneously to fMRI - -
. Ima egr(ocyessin " AENI. LavNii. SPM FSIZ and NORDI(IZ J usty We developed a Bloch model that can predict the image Simulati Empirical results
& J9€ P t g'.htt y .t%/ o com/rimn-sfim/ o CSE vol contrast of the used TEs and Tls; inverting this model iImufation
Can parameters. hilps./githtib.comnimi-stim/mapping_LoF_volume allows dynamic tracking of CSF volume and CBV T - T3 T 1 s
Proposed sequence - one partition is depicted as part of a 12 slice 3D-EPI sampling blood TE1
scheme, segmentation across IR-cycles and 2 phase encoding dimensions CSF T T2 T3 00C T TI2 TI3
first segment second segment third segment TE1 . - TE1 S 047 1
fvisd ) : ) s = 10 T1]1‘) 12) '13>TI.124) 15) +16) “‘3;) 1'8; '-19-T.]210—| 2-1"] TE2 e TE2 | -
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GRAD L"i- B DU ‘ DL -3 A T T R RS S A I o R TE3 0.19 | 0.34 TE3 01| 0.16
multiple TEs S — D aT——— - . , : shot TR=62ms o o
per sha TE=9/20/49ms o hetof | TI=701/1483/2266ms ks =
inversion-recovery TR=2995ms : Z(E?(;:J?:gsd complete set of nine images TR = 8985ms Bloch model used |
i 1] foreach tissue type: ~  multi-TI _ Tt acho
Grouping of 27 shots to nine echo Each volume is expected to have a unique B | P 8. _ _ _ _
planar k-space sets/volumes fingerprint of tissue type specific signals S(TI,TE) = [1 —e T (1 - M—o)] e T2 Comparl_n_g predicted tissue contrasts and the _co_ntrasts seen in
i the empirical data shows that overall our predictions match the
ey e || B2 / u i _] . Fingerprinting: Expected signal intensities/contrasts empirical results
e = o | eeod e stondistate for CSF and blood at different TI/TE combinations
g = hlood (nzosn-esa a)(,i-;s?atee, refmd across IR c:ycles)y
e S 112 TI3
i |
b || MONE T2 T Mo ' e ores MON TE2 TS Preliminary maps of CSF and CBV correlates of
=l 33rect|on—»$ M s - =m. Tracking vigilance: Eye tracker Time course of “sleepy” eyes alertness, at both high resolution and low resolution
for pupil measurement in the vs. CSF volume (picked one
Segmentation across IR cycles + advanced readout acceleration (FRISGO) is needed to scanner room section of three runs)
capture dynamics of inversion recovery
TI1 (conventional) TI2 (conventional) TI3 (conventional) Ei —— eye tracking signal
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RESULTS CSF volume
b 1L 1
Conventional EPI is not fast enough to fully FRISGO?® captures multiple whole brain s
capture multi-exponential T1 relaxation multi-echo images in time scales of T1
T TI2 TI3 TI1 TI2 TI3 Eye tracking system shown on experimenter £ . EBFeanyeiedieyerfaciiog
—— CSF fMRI signal
In-bore eye tracker to obtain 10 min TR3s]
an imaging-independent As eyes get more drowsy,
measure of alertness CSF volume increases

In the time course, we see that drowsiness seems to modulate CSF
volume quite a bit

no meaningful T1 contrast

FRISGO, a method that allows for more rapid sampling of data®, can capture In the maps of the correlates of alertness, we see that CSF shows a
the relevant T1-relaxation in the range of Tls that separate CSF and blood decrease with alertness and CBV shows an increase with alertness
- weighted ROI for layer -~ CSF At :
" _ _ ) volume estimation CBV volume BOLD weighted for reference
Q o (CSF-nulled, CBV dependency) (CBV-nulled, weaker dependency of CSF) extraction ¢ 2 o J
e 2 — 2 £ estimation
2 3 3L 288 ¢
(@) C .
8 o g g 0o ® O scan parameters: 0.8mm iso, 12
- £ _ = S5E 4 slices, TR .= 3s, TR _=8.8s, to
< % g S o 8 E confirm spatial signature of CSF
5 = c S 2 (not possible with whole brain
c O B S5 protocol)
3 o = WM |  cortex | CSF
- WM | cortex | CSF WM | —— | CSE WM | cortex | CSF WM | cortex | CSF
e Using high-resolution data, confirmation that this method can spatially map CSF Although a bit noisy, this layer analysis shows that we are seeing the greatest signal
e There are indications of a small CSF volume reduction in voxels above the cortical ribbon consistent with previous work®'2 changes for CSF, CBV and BOLD where we would expect
e CSF-weighted signal changes are largest above the cortex, while CBV and BOLD show relatively more signal changes within GM
e GE-BOLD exhibits a signal increase towards the cortical surface, as expected from draining vein effects
REFERENCES
1) Fultz, Nina E et al. “Coupled electrophysiological, hemodynamic, and cerebrospinal fluid oscillations in human sleep.” Science (New York, N.Y.) vol. 366,6465 (2019): 628-631.
CONCLUSIONS ACKNOWLEDGEMENTS
2)  Kim, J.-H., Im, J.-G., & Park, S.-H. “Measurement of CSF pulsation from EPI-based human fMRI.” Neuroimage 257 (2022): 119293. https://doi.org/10.1016/j.neurcimage.2022.119293
. . 3) Grubb, S., Lauritzen, M., 2019. Deep sleep drives brain fluid oscillations. Sci New York N Y 366, 572—573. doi:10.1126/science.aaz5191. We thank Michael Reel, Brittany Pollard and
* Our novel Sequence Can dynam|Ca”y traCk fu nCt|Ona| Changes 4) Wang, F, Reese, T., Rosen, B., Wald, L., Lewis, L., Polimeni, J., Dong, Z., “Simultaneous 4D CSF flowmetry and BOLD fMRI using EPTI for investigation of neural activity evoked CSF flow responses.” . . . . . T
: .o : 2024. ISMRM Annual Meeting and Exhibition, Singapore. Shruti Japee for their help with participant schedullng |OgIStICS.
of CSF, CBV, and BOLD concomitantly. Our multi-inversion and ) °
’ ’ ' 5) ﬁat?nz?/lctlaz_-Cas/’%iI(I)oi E)J.1,6|7_ernand_ez, I.Séol-éazn?%irzlfr, D.A., Bandettini, P.A., 2022. Ultra-slow fMRI fluctuations in the fourth ventricle as a marker of drowsiness. Neurolmage 259, 119424.
i H H ps://doi.org/10. j.neuroimage. :
mUItI eChO data can traCk hOW the Slgnal Of blOOd dlﬁ:ers from 6) Mokri, B., 2001. The Monro-Kellie hypothesis: Applications in CSF volume depletion. Neurology 56, 1746—1748. doi:10.1212/wnl.56.12.1746
the Slg nal Of CSF acCross the SpeCtrum Of eChO tlme and 7) h’tjt H./,/dHL_Ja, J/.,16/a1n0%i'll, E'C'g/lgb%m& Noninvasive functional imaging of cerebral blood volume with vascular-space-occupancy (VASO) MRI. NMR in Biomedicine 26, 932-948. FUNDING
] ) ] ] ] ) ) ps://doi.org/10. nbm. _ _
Inversion tlme com blnatIOnS, at bOth hlgh reSOIUtK)n and WhOle 8) Renzo I-_|u_p“er1, Michael Koehler?, Ruediger Stirmberg?®, Jennifer Evans', Lasse Knudsen®, A. Tyler Morgan', David Feinberg®, Daniel Ha_ndwerke[f, Marly Rubin’, Burak Akin', Stephanie Swegle', Peter This work was is Supported by the NIH Intramural
. . Bandettini'“Advanced Echo-planar Parallel Imaging with Gradient Harmonization (AEPIG): an optimization strategy for fast high resolution fMRI.” 2025. Proaram of NIMH/NINDS (#ZIC MH002884) MRI
bral n IOW reSOIUtlon . 9) \rjlit?p’);/,/g?qdrgl'%’12(?11(§j r?gl?rg?r?\ of thzeoﬁ%r%%rgiginal fluid volume during brain activation investigated by T1p-weighted fMRI. Neurolmage 51, 1378—1383. g ] rf d i the FMRIE '
. . . . . : : : : age. i scanning was periormea in the core.
° We see |nd |Cat|0nS Of CS F VOI ume Change d u nng fu nCt|Ona| 10) I‘:I)é)gf—w%:'}vl#ffplégflgldi’ c\)lsgr}?g, 1%6(2.,/nlignqe2n1,ol'\;.é°\.E., Pekar, J.J., Van Zijl, P.C.M., 2006. Theoretical and experimental investigation of the VASO contrast mechanism. Magnetic Resonance in Medicine 56,
aCt|Vat|On and even more SO d u nng Changes Of d rOWS| neSS 11) gi7egch5n8ilé, ﬁ&( I/—Z/\éans, JM (I)_%r%l (,)é_/.H., V\g?(gg?G Jezzard, P., 2009. Functional changes in CSF volume estimated using measurement of water T2 relaxation. Magnetic Resonance in Medicine 61,
—586. https://doi.org/10. mrm.
12) giris, PA., Qiui\ﬂMa'Qons%[gbgaé4Rg'7’52%1tt4' l\}/cyinvas%g I1VIO%I2r/neasuzr29rréint of the absolute cerebral blood volume-cerebral blood flow relationship during visual stimulation in healthy humans. Magnetic ETHICS
esonance in Medicine 72, —875. https://doi.org/10. mrm. )
13)  Scouten, A., Constable, R.T., 2008. VASO-based calculations of CBV change: Accounting for the dynamic CSF volume. Magnetic Resonance in Medicine 59, 308-315. MRI data were vaUIred under the NIH-IRB (93_M_01 70’
Fl " I ‘l ’RE DIREC' I ‘IONS hitps:/idoi.org/10.1002/mrm.21427 ClinicalTrials.gov: NCT00001360). We thank Shruti Japee
14) atgglt():lenrggfgggﬁgg; %(gt%l.://sdeo%rg%r}ﬁeocf1I§bs1r/)§(c):gol?(l)ig%e8c.iﬁgggglIed Aliasing in Parallel Imaging (Skipped-CAlIPI) for High Spatiotemporal Resolution Echo Planar Imaging. Magnetic Resonance in for guidance on the IRB protocol procedures.
e Future work will include further validations of the Bloch model 1) S quoosa.Geanding paGersi A bt SRS SR 2Edl qucoss QeskSEap eI Gucosass253AT 35500 o mate. o o LoPZIg
(converting 9 TI-TE combinations — CSF, CBV, BOLD) with ground 1 tpling in Pasive and Nogatve BOLD Responsee i Himan Srain &t 2T hiibe iaprns.ola. acr k03368 1 /63388 pat oo Tumer Rebert, Moller, Rarald E. finvestigation of the Neurovascular
truth CSF modulation tasks. 1) aneveres relmxaton ma dependence of bleod o oxyganation 4t T teeia, In Proscodings of e 21et Anmual Metng of ISVIRM. Salt Lake ity Utah, USK. p. 2473 . | 2013 In vivo estimation of the
° We plan to Obta|n more data Where part|C|pantS get Sleepy to 18) D(S)nglhggﬁttla\/l.\é.t, %—|go dou;nr,]dH?, (\)/a_l_n ﬁi'l,RP.é;ar;J]géz%T,z%, :Is_Al,JijEjeon’ %30R1.bl(-)lze/ndbriks1e5,5\]2., 2011. Blood oxygenation level-dependent (BOLD) total and extravascular signal changes and DeltaR2* in human CONTACT
visu x at 1.5, 3. OT i . 24, 25-34. doi: 10. nbm.
. . . “ ” 19) Aktas, G., Kollmeier, J.M., Joseph, A.A., Merboldt, K.-D., Ludwig, H.-C., Gartner, J., Frahm, J., Dreha-Kulaczewski, S., 2019. Spinal CSF flow in response to forced thoracic and abdominal respiration. Please email stephanie.swegle@nih.gov with any questions
repllcate the relatlonshlp between Sleepy eyes and CSF volume. Fluids Barriers CNS 16, 10. https://doi.org/10.1186/s12987-019-0130-0



mailto:stephanie.swegle@nih.gov

