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Di�usion-weighted imaging (DWI) and intrinsic optical signal (IOS) are both used to measure neural tissue structure and function. Here we demonstrate

with simultaneous real-time low-�eld, high-gradient MR and optical microscopy that DW signals and IOS share a similar contrast mechanism, most likely

the ratio between intracellular and extracellular volume. Signals monitor how cells are a�ected and respond to adverse conditions, providing novel

insight into pathological mechanisms and links between structure and function.

Introduction
Di�usion-weighted imaging (DWI) contrast measures water self-di�usion, which is sensitive to hindrances and restrictions by lipid membranes.  In

tissue, DW signal intensity is linked to changes in intracellular volume , increasing with restricted volume as cells swell. However, the heterogeneity of

restriction length scales, as well as the heterogeneity of exchange rates makes the DW signal di�cult to model  and interpret . Moreover, studies show

con�icting evidence for connections between DW signals and cellular function .

The origin of the IOS is light scattering from biomacromolecules and lipid membranes.  In tissue, changes in light scattering are linked to changes in the

extracellular volume. The IOS decreases as cells swell and extracellular space shrinks. However, simultaneous IOS and di�usion of extracellular

tetramethyl ammonium (TMA) revealed at least one other unexplained mechanism.  Some authors have suggested the complementary nature of IOS

and di�usion MR for understanding contrast mechanisms linked to brain function.

With a tandem low-�eld, high-gradient single-sided NMR pro�ler and light microscope one can image a sample while acquiring MR data. Here,

simultaneous DW MR and IOS data are acquired on neural tissue with various perturbations and show concordant time series, revealing for the �rst

time, we believe, a common contrast mechanism.

Methods
MR and optical microscopy measurements were acquired in real-time during perturbations to ex vivo neonatal mouse spinal cords . MR measurements

were performed at 13.79 MHz with a low-�eld, high-gradient, single-sided MR system (PM-10 NMR MOUSE, Magritek) . Di�usion weighting is achieved

by acquiring spin echoes (SE) in the presence of a g=15.3 T/m static gradient. Sub-millisecond di�usion encoding is obtained by rapidly switching the

direction of the e�ective gradient using hard (2μs) radiofrequency (RF) pulses. SE signals were acquired using the standard di�usion sequence  with τ

(1/2 TE) =0.646 ms (b=3 ms/μm ), and 4 scans per signal. Di�usion exchange spectroscopy (DEXSY) signals were acquired using the DEXSY sequence  with

τ =0.653 ms, τ =0.639 ms, (b = b +b  = 6 ms/μm , b =b -b = 0.195 ms/μm ) , mixing time t =10 ms, and 8 scans per signal. For both measurements,

TR=0.7 s, and a Carr–Purcell–Meiboom–Gill (CPMG) acquisition with 8000 echoes and TE=25 ms was summed together for each signal point. While both

the SE and DEXSY signals are highly di�usion (and relaxation)-weighted, the DEXSY signal is also exchange-weighted  and restriction-weighted . 

A wide-�eld inverted microscope (Axiovert 200 M Zeiss) was used with 680 nm transmitted light illuminating the sample at 90° to the objective. The IOS

was calculated from a region of interest (ROI) from images acquired every 5 seconds.

Results and Discussion
First, hypotonic perturbations are shown to con�rm the sensitivity to cellular swelling (Fig. 1). The sample was perturbed from normal arti�cial

cerebrospinal �uid (aCSF) to aCSF diluted with 1/3 part deionized (DI) water and then entirely to DI water. As expected, the DW MR signals go up and the

IOS goes down. Signals recover when washing back to normal media, although there is some overshoot when washing back from entirely DI water,

perhaps due to cell lysing. 

Second, perturbations involving the addition of large, 50 mM doses of KCl show DW signal and IOS changes consistent with cellular swelling. The addition

of K  increases activity of neurons and causes them to swell. Astrocytes swell as they take up K  to bu�er the extracellular K  concentration.

Interestingly, when washing back to normal aCSF, the signals diverge further from baseline and recover on a long (>1 hr) timescale. This could be an

osmotic e�ect combined with the physiological role of astrocytes. Astrocytes may be swelling in response to washing with normal aCSF because of the

sudden intracellular–extracellular osmolarity di�erence. Perhaps astrocytes are limiting the rate of K  leakage because unregulated ion e�ux could

induce neuronal activity and excitotoxicity. At the end of the �nal wash, the signals diverge, and the IOS returns to baseline while the DW signals do not,

indicating some underlying di�erences in sensitivity to microstructural changes. This data may indicate that the measurements are sensitive to astrocytic

swelling, as has been suggested for DWI  and IOS . 

Third, hypoxic perturbations are presented (Fig. 3). When the aCSF is switched from being bubbled with gas containing 95% O  (normal) to 1% O

(hypoxic), the DW signals rise and the IOS falls. The signals recover when switching back to 95% O , although not completely, consistent with some loss of

viability of the cells as measured simultaneously by the exchange rate .

Conclusion
DW signals and IOS track each other under a variety of perturbations known to induce cellular swelling and thus share a similar contrast mechanism.

Given the sensitivity of DW signals to intracellular water and IOS to extracellular water, they are both most likely linked through the intracellular and

extracellular volume fractions. The perturbations used here are extreme and would only be encountered under pathological (as opposed to normal

physiological) conditions. It is therefore not possible to comment on the sensitivity of DW signals or IOS to normal cellular “function” in the most common

use of the term. However, signal responses suggest that cells are working to maintain homeostasis under adverse conditions. The capability to monitor

these responses in real-time will provide novel insight into pathological mechanisms and links between structure and function.
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Figures

Fig. 1. Simultaneous real-time NMR and IOS during hypotonic perturbations. Real-time measurements while the media is perturbed from normal aCSF to

aCSF diluted with 1/3 part deionized (DI) water and entirely DI water showing (a,b) MR SE and DEXSY signals (dots) and running averages (lines), (c) IOS,

and (d) running averages of MR SE and DEXSY signals plotted with inverted (multiplied by -1) IOS, using the same colors as from a, b and c. Signals are

presented as percentage changes from the baseline, ΔS/S .0
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Fig. 2. Simultaneous real-time NMR and IOS show similar and complementary behavior. Real-time measurements during two perturbations from normal

aCSF to aCSF + 50 mM KCl and back to normal showing (a,b) MR SE and DEXSY signals (dots) and running averages (lines), (c) IOS, and (d) running

averages of MR SE and DEXSY signals plotted with inverted IOS. Gaps in the NMR data at the start and end of the experiment show when the standard

exchange rate and di�usion measurements were performed for quality control.

Fig. 3. Simultaneous MR and microscopy during bouts of hypoxia (1% pO ). (a) SE, (b) DEXSY, (c) IOS (b) SE and DEXSY signals compared with inverted IOS,

(d) spin-lattice relaxation rates which monitor pO , and (f) exchange rates which monitor tissue viability . Spin-lattice relaxation and exchange rate

measurements were repeated after every 10 points of SE and DEXSY. These measurements altered the steady-state magnetization and imparted a

systematic deviation in the SE signal.
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