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Abstract

Purpose—The goal of this study is to include transcytolemmal water exchange into MR cell 

size imaging using the IMPULSED model for more accurate characterization of tissue cellular 

properties (e.g., apparent volume fraction of intracellular space vin) and quantification of indicators 

of transcytolemmal water exchange.

Methods—We propose a heuristic model that incorporates transcytolemmal water exchange 

into a multi-compartment diffusion-based method (IMPULSED) that was developed previously 

to extract microstructural parameters (e.g., mean cell size d and apparent volume fraction of 

intracellular space vin) assuming no water exchange. For tdiff ≤ 5 ms, the water exchange can 

be ignored, and the signal model is the same as the IMPULSED model. For tdiff ≥ 30 ms, we 

incorporated the modified Kärger model that includes both restricted diffusion and exchange 

between compartments. Using simulations and previously published in vitro cell data, we 

evaluated the accuracy and precision of model-derived parameters and how they are dependent 

on SNR and imaging parameters.

Results—The joint model provides more accurate d values for cell sizes ranging from 10 to 

12 microns when water exchange is fast (e.g., intracellular water pre-exchange lifetime τin ≤ 100 

ms) than IMPULSED, and reduces the bias of IMPULSED-derived estimates of vin , especially 

when water exchange is relatively slow (e.g., τin>200 ms). Indicators of transcytolemmal water 

exchange derived from the proposed joint model are linearly correlated with ground truth τin values 

and can detect changes in cell membrane permeability induced by saponin treatment in Murine 

erythroleukemia (MEL) cancer cells.
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Conclusion—Our results suggest this joint model not only improves the accuracy of 

IMPULSED-derived microstructural parameters, but also provides indicators of water exchange 

which are usually ignored in diffusion models of tissues.
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Introduction

There is continuing interest in characterizing tissues using multi-compartment diffusion 

MRI (dMRI) models that use images acquired with multiple b values and diffusion times. 

Techniques such as AxCaliber [1, 2], ActiveAx [3, 4], VERDICT (vascular, extracellular and 

restricted diffusion for cytometry in tumors) [5-7], IMPULSED (imaging microstructural 

parameters using limited spectrally edited diffusion) [8-10], and POMACE (pulsed and 

oscillating gradient MRI for assessment of cell size and extracellular space) [11] have 

been developed to provide estimates of tissue microstructural properties, including cell 

size, apparent volume fraction of intracellular space, and cell density. Among these 

methods, VERDICT and IMPULSED have been successfully implemented in patients with 

prostate [6] and breast [10] cancer, respectively, within clinically feasible scan times. 

Moreover, IMPULSED derived spherical cell sizes have been comprehensively validated 

using computer simulations in silico, cells in vitro, and animals in vivo [8, 9]. These 

models use simple geometries such as cylinders and spheres to represent cells and assume 

that transcytolemmal water exchange between intra- and extracellular compartments can be 

ignored, so that closed-form mathematical expressions can be derived to predict measured 

dMRI signals. However, the assumption of negligible water exchange may not hold true in 

cases where transcytolemmal water exchange increases significantly, such as in disorders 

including Parkinson's [12] and Alzheimer diseases [13], or tumors undergoing treatments 

[14, 15], when the average intracellular water pre-exchange lifetime τin may be comparable 

to typical diffusion times and cannot be ignored. Our recent studies [16, 17] have shown that 

IMPULSED can still provide accurate estimates of mean cell size d independent of practical 

transcytolemmal water exchange rates, but IMPULSED-derived apparent volume fractions 

of intracellular spaces and cell densities are underestimated, and such biases become greater 

with faster water exchange [8, 9, 16, 17].

The neglect of transcytolemmal water exchange effects not only limits the accuracy of 

fitted IMPULSED parameters, but it also fails to reveal important biophysical information 

including cell membrane permeability Pm and intracellular water pre-exchange lifetime τin. 

Note that τin is dependent on Pm via the relation of 6τin ∕ d − d ∕ (10Din) = 1 ∕ Pm for a sphere, 

where d is the cell diameter and Din is the averaged intracellular diffusion coefficient 

[18]. τin provides a convenient metric to evaluate whether transcytolemmal exchange is 

fast or slow compared with diffusion time, and has been measured in numerous studies 

[19-21]. Both Pm and τin have been suggested as indicators of disease progression and 

treatment response [22, 23]. The Kärger model [24] describes dMRI signals of two Gaussian 

compartments undergoing exchange and has been commonly used to estimate Pm or τin

Jiang et al. Page 2

NMR Biomed. Author manuscript; available in PMC 2023 April 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[25, 26]. It has also been modified to described non-Gaussian diffusion by considering 

the effect of restricted diffusion and the effect of restriction size, which we refer to as 

the modified Kärger model. The modified Kärger model provides a reasonable description 

of the diffusion-weighted signal when the exchange is relatively slow, but in the case of 

fast exchange the model fails [27]. This slow water exchange limit depends on multiple 

tissue cellular properties, including d, intrinsic intracellular water diffusion coefficient Din, 

and Pm, and thus should be determined on a case-by-case basis. Moreover, the modified 

Kärger model usually needs high signal-to-noise ratio (SNR) to extract parameters reliably, 

which limits its usage in practice [28]. Apparent exchange rate (AXR) imaging [14, 29, 30] 

employs double diffusion encoding imaging sequences (DDE) [31] and provides an apparent 

exchange rate AXR = 1
τinvex

, where vex is the apparent volume fraction of extracellular 

space. This makes it less specific about the origin of measured variations. The recently 

reported diffusion time-dependent kurtosis imaging [32] provides an interesting means to 

estimate water exchange times in a clinically-feasible manner [32], but it does not provide 

important information on other parameters such as d, vin, and Din. For more comprehensive 

characterization of microstructure, it is possible to combine different experiments that probe 

different parameters, but this in turn significantly increases the total scan time.

In this study, we propose a model that incorporates transcytolemmal water exchange into the 

IMPULSED method [8-10]. IMPULSED uses a broad range of diffusion times and b values 

to provide comprehensive information on microstructure at different length scales using 

different gradient waveforms. In practice, IMPULSED combines pulsed gradient spin echo 

(PGSE) and oscillating gradient spin echo (OGSE) acquisitions to cover a broader range of 

effective diffusion times (e.g., 5 – 100 ms) for quantitative characterization of microstructure 

at length scales that are clinically relevant (e.g, 10 – 20 μm corresponding to many cell 

sizes). Strictly speaking, diffusion time is usually not well-defined unless a PGSE with 

short gradient pulses is used. However, effective diffusion time tdiff has been widely used 

in practice to interpret experiments. For PGSE, tdiff = Δ − δ
3 , where Δ is the separation of 

the diffusion gradients and δ is the duration of the diffusion gradients. For OGSE, tdiff = 1
4f , 

where f is the frequency of the oscillating diffusion gradients. For such a broad range of 

tdiff, the influences of transcytolemmal water exchange on MR diffusion measurements are 

dependent on tdiff [16], specifically:

1. For tdiff ≤ 5 ms using a 50 Hz oscillating gradient, the influence of 

transcytolemmal water exchange (typically τin > 30 ms) is negligible since 

τin ≫ tdiff. Therefore, the previous IMPULSED method is still valid and the 

influence of water exchange on dMRI signals may be ignored.

2. For tdiff ≥ 30 ms using PGSE, transcytolemmal water exchange significantly 

affects dMRI signals so it cannot be ignored. Although the original Kärger 

model describes diffusion-weighted signals of two Gaussian compartments 

with exchange, a modified Kärger model has been developed to describe non-

Gaussian diffusion by taking into account the effect of restricted diffusion and 

the effect of cell size [18, 33]. It is noted that for the PGSE measurements 
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performed in this study, the narrow (gradient) pulse approximation (i.e., δ ≪ Δ
and δ ≪ d2 ∕ ADC) is valid so the modified Kärger model can be used.

By such a means, transcytolemmal water exchange can be included in the IMPULSED 

method which, in turn, may improve the estimates of IMPULSED-derived cellular properties 

and provide information on transcytolemmal water exchange.

This report first describes our joint model in detail. Then, we use computer simulations to 

(i) validate the assumption that water exchange can be ignored for OGSE acquisitions with 

tdiff ≤ 5 ms for cell sizes ranging from 10 – 20 μm; and (ii) investigate the accuracy of 

model-derived parameters. Last but not least, by re-analyzing in vitro cell data that have 

been reported in a published study [17], we show that not only can the proposed method 

reduce the bias of IMPULSED-derived values of vin due to transcytolemmal water exchange, 

but also it detects changes in cell membrane permeability in response to treatments.

Theory

Solid tissues are modeled as two compartments in which water diffuses within each and 

exchanges between them. Cells are modeled as spheres and T2 relaxation is assumed 

homogeneous [34, 35]. The analytic expressions describing hindered/restricted diffusion in 

extra/intra-cellular compartments are the same as in the IMPULSED method [8, 9], but the 

effect of water diffusion is incorporated differently in different tdiff ranges.

For tdiff (≤ 5 ms) acquired with OGSE sequences with oscillating frequency ≥ 50 Hz, the 

influence of the transcytolemmal water exchange between the two compartments is minimal 

so that the previous IMPULSED formulation which ignores water exchange is valid [8]. 

The details of IMPULSED have been reported and comprehensively validated with histology 

previously [9, 36, 37]. Briefly, the total measured MRI signals are expressed as the sum 

of the fractions experiencing restricted diffusion within impermeable spherical cells and 

hindered diffusion in the extracellular spaces, namely,

S = vinSin + (1 − vin)Sex [1]

where vin is the apparent volume fraction of intracellular space, and Sin and Sex are the 

diffusion-weighted signal magnitudes per volume from the intra- and extracellular spaces, 

respectively. Analytical expressions of Sin and Sex acquired by OGSE sequences have been 

reported previously [9, 10, 38, 39] and are provided in the Appendix. For PGSE sequences 

with tdiff ≥ 30 ms, diffusion signals are described by inserting the analytical expressions for 

hindered/restricted diffusion (used in IMPULSED) into the modified Kärger model, which 

is an approach first proposed in [25]. Sequence parameters are chosen to fulfill the narrow 

pulse approximation (δ ≪ Δ and δ ≪ d2 ∕ ADC) so the modified Kärger model is valid. The 

evolution of the transverse magnetization in intra and extracellular compartments can be 

described by the modified Kärger model [25, 40]:
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dMin

dt = − γ2g2δ2ADCinMin − kinMin + kexMex

dMex

dt = − γ2g2δ2ADCexMex − kexMex + kinMin

[2]

With the equilibrium condition: kinMin0 = kexMex0, Min0
Min0 + Mex0

= vin

The solution to the above differential equations is presented as follows [25]:

Min(t) = (Aex − Ain + Q)Min0 + 2kexMex0

2Q e−C1t + (Ain − Aex + Q)Min0 − 2kexMex0

2Q e−C2t

Mex(t) = (Ain − Aex + Q)Mex0 + 2kinMin0

2Q e−C1t + (Aex − Ain + Q)Mex0 − 2kinMin0

2Q e−C2t

C1, 2 = 1
2(Aex + Ain + Q)

Q = (Aex − Ain)2 + 4kinkex

Aex ∕ in =

kex ∕ in, t ≤ t1

kex ∕ in + b
tdiff

ADCex ∕ in, t1 < t ≤ t2

kex ∕ in, t2 < t ≤ TE
kin

= 1
τin

[3]

where Min0 and Mex0 are the initial magnetizations in the intra and extracellular 

compartments. Apparent intracellular diffusion coefficient ADCin is a function of cell size 

d, averaged intracellular diffusion coefficient Din without the influences of cell membranes, 

and other ‘timing’ parameters of the gradient waveform (such as δ, Δ, and tdiff, but not 

to confused with the time ‘t’ in equation [2] and [3] which represents the time axis 

of a pulse sequence). ADCin is calculated in two steps. First, we calculate the diffusion-

weighted signal magnitudes per volume from an impermeable sphere (Sin) acquired by 

PGSE sequences using expressions that have been reported previously [9, 36, 37] and are 

provided in the Appendix. Second, we define ADCin = − log(Sin) ∕ b assuming a Gaussian 

phase approximation. Extracellular diffusion coefficient ADCex is approximated as a constant 

independent of tdiff because the range of tdiff used in this study is narrow.

To calculate the intra/extracellular signals at the echo time, the PGSE sequence is split into 

three intervals using the narrow pulse approximation (as shown in Supplemental Figure S1), 

including (i) from the excitation (time = 0) to the first gradient (t1); (ii) between two gradient 

pulses (t1 to t2); and (iii) from the second gradient to the data collection (t2 to TE). During the 

first and third intervals, there are only water exchange effects. During the second part, there 

are both diffusion and exchange effects. Using Eq. [2], signals from intra and extracellular 

spaces at t = t1, t2 and TE can be calculated successively. Note that signals at the end of each 

interval are used as the initial signals to calculate signals at the end of the next interval.

In summary, the current joint model modifies the IMPULSED model by including 

transcytolemmal water exchange in the signals with tdiff ≥ 30 ms. Five parameters (cell 
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size d, intracellular diffusion coefficient Din, apparent extracellular diffusion coefficient 

ADCex , apparent volume fraction of intracellular space vin, and intracellular water pre-

exchange lifetime τin) can be obtained simultaneously by fitting the proposed joint model to 

dMRI signals involving multiple b values and tdiff. Cell membrane permeability Pm can be 

calculated by Pm = 1 ∕ 6τin
d − d

10Din
 for a sphere [18].

Methods

Computer simulations:

An improved finite difference method [41] was used in the simulations which incorporates 

the cell transmembrane permeability as described in [42]. Finite difference simulations 

[17] were performed on modeled tissues consisting of closely packed spherical cells 

positioned on a three-dimensional face-centered cubic structure with physiologically 

relevant parameters found from previous experiments in vivo [9]: vin = 61.8%, Dex = 2 

μm2/ms, and Din = 1.56 μm2/ms, and homogeneous T2 relaxation times due to the minimal 

difference in T2 between intra and extracellular spaces, as reported previously. Eleven 

different values of cell diameter d evenly distributed from 10 to 20 μm, with each d
evaluated for 16 different τin’s: 50, 60, 70, 80, 90, 100, 125, 150, 200, 250, 300, 350, 400, 

450, 500, and ∞ ms, covered the range of cell sizes and intracellular water pre-exchange 

lifetimes that have been reported in several biological tissues in health and disease. Bipolar 

gradients with tdiff = 30, 50, 70, 100 ms with a gradient rise time 0.9 ms, and oscillating 

gradients with 50 Hz (tdiff = 5 ms), were used to generate diffusion MRI signals [10]. PGSE 

signals with eleven b values evenly distributed between 0 and 3 ms/μm2 were simulated 

and OGSE signals with nine b values evenly distributed between 0 and 2 ms/μm2 were 

also analyzed. To evaluate limits of what may be feasible, the maximum gradient strength 

and slew rate considered are within the range achieved in recent OGSE imaging studies 

with specialized human brain gradient coils [43, 44]. After noise-free dMRI signals were 

calculated for each cell diameter, Rician noise to achieve three different SNR levels (20, 50, 

and 100) was added, and then the noisy signals were used for data fitting. This process was 

repeated 50 times to evaluate both accuracy and precision of model-derived parameters.

Retrospective in vitro cell study:

Li et al. [17] investigated how transcytolemmal water exchange affects the IMPULSED-

derived parameters using murine erythroleukemia (MEL) cancer cells with different 

permeabilities induced by saponin treatment. In their study, τin values for cells treated 

with different concentrations of saponin were measured using the conventional constant 

gradient (CG) method governed by the Kärger model [18, 28]. For the same cell samples, 

microstructural properties, such as cell size and proton volume fraction of intracellular 

space, were obtained by fitting the IMPULSED model to multi-tdiff and multi-b and dMRI 

data. Correlations between τin and IMPULSED-derived parameters were then established. In 

the current study, we fit the proposed joint model to the multi-tdiff and multi-b dMRI cell data 

in vitro that were reported in Li et al., and then compare joint model-derived τin values to 

those derived from the CG method. Also, we compare the microstructural properties derived 
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from the joint model and IMPULSED methods. A brief description about the experimental 

design is given below and summarized in Table 1. More details about cell preparation, MR 

imaging protocol can be found in [8, 17].

MEL cells were fixed with 4% paraformaldehyde and divided into four groups (n=6) 

at a cell density 4.2×107 cell/ml, each treated with 0%, 0.01%, 0.025% and 0.05% 

(w/v) -saponin at room temperature for 30 minutes to induce a range of cell membrane 

permeability. Each group of cells was centrifuged at 2000g for 2 minutes in a 0.65-mL 

Eppendorf tube to obtain a tight cell pellet for MR imaging. Small aliquoted samples were 

spotted on glass slides and imaged directly by light microscopy to estimate cell diameters. 

MR diffusion measurements using stimulated echo (STEAM), PGSE, and OGSE sequences, 

were performed on a 4.7T MRI spectrometer. The sample temperature was maintained at ~ 

17°C using a cooling water circulation system.

In Li et al. [17] , τin and other cellular properties were estimated in two separate experiments. 

τin was estimated using constant gradient (CG) experiments. With a stimulated echo 

(STEAM) sequence, diffusion weighting was achieved by keeping gradient duration δ = 10 

ms, gradient strength G = 50 mT/m, and varying the gradient separation Δ in 30 increments. 

The minimum Δ was 20 ms and the maximum Δ was 426, 426, 223, and 121.5 ms for cell 

samples with saponin concentrations of 0, 0.01%, 0.025% and 0.05%, respectively. τin was 

estimated as 1
γ2G2δ2DB

, where DB is the ADC of the slowly decaying component determined 

by linear regression using high b-value data points only. Other cellular properties, including 

cell size d, Din, ADCex, and vin, were estimated by fitting the IMPULSED signal model 

to a combination of one PGSE (δ ∕ Δ = 4/52 ms) and two OGSE (f = 40 and 80 Hz, 

corresponding to tdiff = 6.25 and 3.125 ms, respectively) signals from cell pellets. For PGSE 

acquisitions, diffusion gradients were applied simultaneously on three axes with 11 gradient 

strengths varying linearly from 0 to 200 mT/m. For OGSE acquisitions, nine b values evenly 

distributed between 0 and 2 ms/μm2 were used with a maximum gradient strength of 300 

mT/m, which is still achievable on special human brain gradient coils [45].

Data analysis:

IMPULSED was used to fit dMRI data to estimate four parameters (d, vin, Din, ADCex) while 

the joint model was used to derive five parameters (τin, d, vin, Din, ADCex) simultaneously from 

the same data set. The constraints for fitting parameters were based on physiologically 

relevant values [17, 46]: 0 ≤ d ≤ 30 μm, 0 ≤ vin ≤ 1, 0 ≤ Din ≤ 3.0 μm2/ms, 0 ≤ ADCex ≤ 

3.0 μm2/ms, and 0 ≤ τin ≤ 1000 ms. Initial values for each fitting parameter were randomly 

selected from their ranges. Each fitting was repeated 50 times to evaluate both accuracy 

and precision of model-derived parameters. All the data processing was performed using 

a MATLAB-based in-house software package that is available online (https://github.com/

jzxu0622/mati).
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Results

Computer simulations

Figure 1 shows the simulated dMRI signals for different cell sizes (10, 15, and 20 μm), tdiff

values (5, 50, and 100 ms) and τin values (50, 300, and ∞ ms). The effect of transcytolemmal 

water exchange increases with decreasing τin, increasing tdiff, and decreasing cell sizes, as 

expected. For all the cell sizes, there are significant differences in the simulated dMRI 

signals with tdiff = 50 and 100 ms among three τin’s. By contrast, the simulated 50Hz 

OGSE signals are almost the same for all the cell sizes, and τin’s, confirming the negligible 

influences of transcytolemmal water exchange on DWI signals for typical tumor cells when 

tdiff ≤ 5 ms.

The performance of the proposed joint model was evaluated firstly for the noise-free 

simulated signals with three tdiff’s (5, 30, and 70 ms), which are readily achievable on 

current human scanners using a combination of OGSE (50 Hz, corresponding to tdiff = 5 

ms) and PGSE acquisitions. Supplemental Figure S2 displays the fitting errors using either 

IMPULSED or the joint model for each b-value data point from three sets of simulated 

signals (d = 10, 15, and 20 μm, and τin = 50 ms). Fitting errors of IMPULSED are > 5% for 

data points with b value > 1 ms/μm2, while those of the joint model are less than 0.5%.

In Figure 2, the fitted four parameters (d, vin, and Din) compared with input values dependent 

on τin and d are displayed for our proposed joint model and IMPULSED. The relative biases 

are displayed in Supplemental Figure S3. Note that there is only input Dex in the simulations 

so the fitting errors of ADCex were not calculated, although it is expected that ADCex < Dex. 

The joint model provides accurate estimates of d for τin>100 ms and all the cell sizes with 

error < 5%, while IMPULSED provides accurate estimates of d for τin>100 ms and d > 

15 μm with error < 5%. When τin is between 50 and 100 ms, IMPULSED overestimates 

the sizes of small cells (e.g., for d = 10 μm and τin = 50 ms, the error is ~ 20%) and 

underestimates the sizes of large cells (e.g., for d = 20 μm and τin = 50 ms, the error is ~ 

−10%). The joint model-derived d is less affected by the fast water exchange (e.g., when 

τin = 50 ms, the error is ~ 5% and −5% for d = 10 and 20 μm, respectively). Consistent 

with previous computer simulation and experimental results [17], IMPULSED significantly 

underestimated vin by ignoring water exchange and this bias increases with faster exchange 

rates. The joint model improves the estimate of vin, particularly for relatively small cells 

(e.g., 10 ≤ d ≤ 15 μm). IMPULSED provides only approximate fits for Din with errors ~ 

10-30% for 15 ≤ d ≤ 20 μm and τin > 300 ms, while errors from the joint model Din are less 

than 30% for all τin and d values except for the combinations of very small d and very short 

τin.

The joint model-derived τin and Pm are highly linearly correlated with input values (Pearson 

correlation coefficient = 0.99 and 0.98 with p<0.01 and slope of the regression line = 

0.69 and 1.50, for τin and Pm, respectively) (Figure 3). Also, these linear correlations are 

independent of the cell size d, as shown in the Supplemental Figure S10.
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The performance of the proposed joint model was also evaluated and compared with 

IMPULSED for noisy simulated signals. Figures 4 shows the simulated dependence of the 

accuracy and precision of joint model and IMPULSED-derived d on τin and tdiff ranges (the 

longest tdiff = 50, 70, and 100, respectively), and SNR levels (20, 50, and 100). The average 

fitted d values using the joint model are very close to input values for most d and τin. The 

joint model provides more accurate d values for small cells (e.g., 10 ≤ d ≤ 12) with fast water 

exchange (e.g., τin ≤ 100 ms) than IMPULSED alone. Variations of fitted d increase with 

decreasing SNR and increasing cell size but are almost not affected by changing longest tdiff.

As shown in Figure 5, ignoring water exchange leads to an underestimation of vin. The joint 

model reduces the bias especially when water exchange is relatively slow (e.g., τin>200 ms), 

but with large variations. Average values of fitted τin and Pm using the joint model show 

good agreement with ground truth values (supplemental Figure S4&5). Variations of fitted 

τin and Pm increase with decreasing SNR, increasing cell size, and decreasing longest tdiff. In 

Supplemental Figure S6, it is shown that IMPULSED provides reasonable fits of Din only for 

large cells and very slow water exchange. For other cases, IMPULSED-derived Din reaches 

the boundary of the constraint for Din (= 3 μm2/ms), indicating an inability to properly infer 

Din. The joint model provides better fits of Din for most d and τin values, suggesting better 

sensitivity to Din by including water exchange into the model.

Retrospective in vitro cell experiment

The average MEL cell diameter was measured as 11.3±1.68 μm using light microcopy. Since 

MR-derived cell sizes are volume weighted [47, 48], the volume weighted cell diameter was 

calculated as 12.11 μm. The CG-experiments provided τin values of 161.8, 157.8, 106.6, and 

59.4 ms for 0, 0.01, 0.025, and 0.05% concentrations of saponin, respectively.

Representative diffusion signals and their fits using IMPULSED/joint model from four MEL 

cell pellets treated with 0%, 0.01%, 0.025%, and 0.05% saponin, respectively, are shown 

in Supplemental Figure S7. The fitting errors for each b value and each tdiff are displayed 

in Supplemental Figure S8, indicating that the joint model provides a better fit to the data 

than IMPULSED alone. Figure 6(A-E) summarizes the IMPULSED/joint model derived 

parameters (mean ± standard deviation) for four groups of MEL cell pellets (n=6) treated 

with 0%, 0.01%, 0.025%, and 0.05% saponin, respectively. Cell sizes measured by light 

microscopy are included in Figure 6A as well. Consistent with our simulation results, the 

joint model-derived d’s are slightly smaller than IMPULSED-derived d’s but both are very 

close to the values measured using light microscopy. The joint model-derived vin’s are larger 

than IMPULSED-derived vin’s, and both decrease with increasing saponin concentrations, 

indicating more severe negative impact of water exchange. The joint model-derived ADCex’s 

are higher than IMPULSED-derived ADCex’s which is consistent with our simulation results 

(Figure 2), and both are within physiologically reasonable ranges. The joint model-derived 

Din’s are about 1 μm2/ms independent of saponin concentrations while IMPULSED-derived 

Din’s increase with increasing saponin concentrations (almost reaching the upper boundary 

of the fitting constraint for Din when the saponin concentration is 0.05%). The average 

joint model-derived τin values decrease signaificantly (p<0.001) when the concentration of 
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saponin increases from 0.01% to 0.05%. In Figure 6F, the joint model-derived τin values 

show good correlation with those measured using CG experiments.

Discussion

Both our joint model and IMPULSED provide accurate estimates of cell size d independent 

of water exchange when τin > 100 ms. The joint model improves quantification of d
especially for small cells (e.g., 10 ≤ d ≤ 12) when τin is between 50 and 100 ms. Meanwhile, 

the joint model significantly reduces the underestimation of vin compared with IMPULSED. 

Because both models were fit to the same dMRI data, this may provide new insights into 

how microstructural information is probed using IMPULSED with multi-tdiff and multi-b
dMRI data. d can be reliably fit with or without the consideration of water exchange, and 

water exchange has negligible influence on OGSE measurements with short tdiff, so the 

estimation of d using IMPULSED may be mainly determined by OGSE measurements with 

short tdiff. Likely, vin may be mainly determined by PGSE measurements with long tdiff and 

larger b values when water exchange plays a dominant role. Although in-depth investigation 

is still needed, these findings could assist us better design dMRI experiments with emphasis 

on specific parameters.

This improvement could lead to significant enhanced performance for MRI-derived cell 

size as an indicator of effective treatment in solid tumors. Decreased cell sizes have 

been associated with treatment response due to several factors, such as cell shrinkage 

during apoptosis [49] and T cell infiltration [50]. Increased cell membrane permeability, or 

decreased water pre-exchange lifetime, have also been suggested as indicators of treatment 

response in many types of cancer [51] [52]. In Figure 4, IMPULSED overestimates cell size 

when τin is between 50 and 100 ms, which may potentially lower the sensitivity for detecting 

treatment-induced cell shrinkage.

Measurements of transcytolemmal water exchange are of great interest in e.g., early 

assessment of treatment response of solid tumors. First, τin alone has been suggested as 

an early indicator of pathological complete response of breast cancer patients undergoing 

neoadjuvant chemotherapy [51] and a prognostic marker for patients with head and neck 

cancer [52]. Second, τin or Pm provides complementary information on tissue microstructure 

to the measurements of d, vin, ADCex, and Din using IMPULSED. Previous studies have 

suggested IMPULSED-derived d, vin, Din, and ADCex as indicators of treatment-induced 

apoptosis or mitotic-arrest in tumors [36, 49]. It is well-known that not only cell shrinkage 

(d decreases) but also membrane blebbing (resulting in an increase of Pm or a decrease 

of τin) are hallmarks of changes in cellular morphology during apoptosis. Simultaneous 

quantification of d ∕ vin and τin ∕ Pm may provide more comprehensive information on 

cellular changes and hence provide more specific assessment of apoptosis non-invasively.

It is possible to perform two separate experiments, e.g., IMPULSED [8, 9] and 

tdiff-dependent kurtosis [32], to get both τin ∕ Pm and d ∕ vin ∕ Din ∕ ADCex. However, this 

increases the total scan time, which is not desirable for e.g., clinical applications in which 

scan time limits are essential. A main advantage of the current joint model is that it keeps 

Jiang et al. Page 10

NMR Biomed. Author manuscript; available in PMC 2023 April 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the same total scan time as in the IMPULSED method, which has been translated to human 

imaging on clinical scanners with relatively fast acquisitions (~ 7 mins of scan time) [10]. It 

is of interest to translate the current joint model to human imaging but that is out of the main 

scope of this study.

Our simulations show that although the joint model-derived τin and Pm are still biased 

compared with input values, they are highly linearly correlated (Pearson correlation 

coefficient = 0.99, and 0.98, p<0.01, slope of the regression line = 0.69 and 1.50, for τin

and Pm, respectively) with the input values. In our retrospective in vitro cell study, the 

joint model-derived τin values are highly correlated (Pearson correlation coefficient = 0.96, 

p<0.01, slope of the regression line = 0.17) with the CG method-derived τin values. But 

the joint model-derived τin values are significantly smaller than those obtained by CG. The 

CG (constant gradient) method is a diffusion MRI-based method that has been developed 

for decades to measure an averaged transcytolemmal water exchange rate constant [18, 

53]. The CG method is valid under two conditions, including a sufficiently long diffusion 

time (4Dintdiff ∕ d2 ≫ 1) and a relatively slow transcytolemmal water exchange rate constant 

(q2Dexτin ≫ 1). Note that very high b values are required in CG measurements with a fixed 

gradient strength (as well as the q value) so that the diffusion times are usually very long 

to meet the first condition. But the satisfaction of the second condition should be discussed 

on a case-by-case basis. A recent computer simulation study [54] suggests that the CG 

method provides a reasonable estimation of τin especially when τin > 100 ms. For τin < 100 

ms, τin were overestimated by the CG method and the error depends on cell sizes. In our 

cell experiments, τin values measured by the CG method for cells treated with 0.05% and 

0.025% saponin are < 100 ms and slightly larger than 100 ms, respectively, which may be 

larger than the real values. On the other hand, the joint model can only be applied to measure 

the slow water exchange which is expressed as τin ≫ d2
4Din

 , because of the involvement 

of the modified Kärger model at long tdiff. For MEL cells with an average cell size of ~ 

11 μm, the joint model is valid when τin ≫ 30 ms. Therefore, it may be challenging to 

measure the real τin values for MEL cells treated with saponin using the joint model. In 

addition, the effect of transcytolemmal water exchange for OGSE acquisitions is ignored 

for the joint model. Efferts to elucidate how these limitations affect the accuracy of τin(JM)
are ongoing. Although the Joint model-derived τin may underestimate the true τin values, 

the strong correlation between τin values derived from the CG method and joint model 

suggests that the Joint model-derived τin could be useful for monitoring temporal changes in 

water exchange. For one of the main applications of our cell size imaging technique, i.e., 

early detection of treatment response, quantifying changes in τin ∕ Pm is more important than 

quantifying the absolute values of τin ∕ Pm.

The simulation studies in the current work used the regular packing (face-center cubic) to 

construct modeled tissues. As shown previously [55], different types of cell packing can 

significantly affect the diffusion time dependence of extracellular diffusion. For example, a 

3D disordered packing results in a power law diffusion-time-dependence of the extracellular 

water ( ADCex ∼ tdiff
−3 ∕ 2) under the long diffusion time limit i.e., tdiff ∞. However, it 
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is unclear wheter water diffusion in tumors fullfills the long diffusion time limit. Also, 

considering the diffusion time dependence of extracellular diffusion leads to at least one 

more fitting parameters, which in turn will decreases the fitting precision of all other 

parameters. For a limited diffusion time range (5 - 100 ms) used in this study as well 

as other cancer applications of IMPULSED method, we have shown [10] that assuming 

a constant ADCex enhances the fitting precision of other parameters, such as cell size. 

Therefore, we hereby hypothesize that the change of cell packing has minor effects on 

IMPULSE/joint model-derived parameters and should not affect our conclusions obtained 

from the simulations.

As shown in Figure 6,, the joint model-derived τin detects changes in τin between 0.05% 

saponin treated and control MEL cells, however, it fails to distinguish controls from 0.025% 

saponin treated cells, suggesting the detection sensitivity is limited (Figure 6F). Note that the 

accuracy and precision of the joint model-derived Pm and τin values depend on the SNR as 

well as the range of tdiff used in dMRI acquisitions. As shown in supplemental Figure S4&5, 

with SNR = 100 and the longest tdiff = 100 ms, the joint model-derived τin ∕ Pm values for 

cell size between 10 and 16 μm and τin between 50 and 200 ms show a good agreement with 

input values with small variations. Including diffusion signals obtained with long tdiff could 

increase the sensitivity for quantifying smaller Pm and longer τin.

Although this study tested the joint model using a single cell line, it should be valid for 

most cancer imaging. Most cancer cell sizes range from 10 to 15 μm, so the modified 

Kärger model is valid when τin ≫ 16 ms or ≫ 36 ms for a cell size of 10 or 15 μm, 

respectively, assuming Din is ~ 1.56 μm2/ms. These conditions are usually met in practice. 

For example, a previous in vitro study has reported τin = 119±14 ms for HeLa cancer cells 

with diameter of 10.1 ± 0.4 μm using inversion-recovery experiments [56]. A recent animal 

and human in vivo study reported cellular-interstitial water exchange time τex = τin(1 − vin) as 

68 ms and 93 ms for GL261 and 4T1 animal brain tumors in vivo, and 70 ms and 106 ms 

for human breast tumors in vivo [32]. This corresponds to τin in the range of 226 and 353 

ms if vin=30%. Also, numerical simulations have suggested that neurite/soma and neurite/

neurite exchange occur at longer time scales (on the order of 100 ms or more) [57]. Studies 

using relaxation-based methods have suggested water exchange times of 100 – 150 ms in 

astrocyte and neuron cultures [20], in rat subcortical structures – presumably the striatum 

[58] and in rat perfused cortical cultures [59]. Therefore, our joint model could be applied in 

neurological applications.

Both the joint model and our computer simulations ignore the possible differences in 

relaxation properties between intra- and extracellular spaces, in line with most multi-

compartment diffusion models [5, 8, 11]. This assumption is particularly pronounced in 

tumors. For example, a quantitative magnetization transfer (qMT) study suggests that the 

relatively higher transcytolemmal water exchange in tumors enables enough proton mixing 

and hence yields a homogenous T1 and MT in the intra- and extracellular spaces [35]. 

Moreover, a multi-echo T2 spectrum experiment showed that the majority (93.2 ± 6.2%) of 

total MRI signals arise from a single peak of T2 (76.4 ± 9.3 ms) in rodent brain tumors on 7 

Tesla [34], suggesting small differences between intra- and extracellular spaces in tumors.
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Conclusion

A heuristic joint model that combines the modified Kärger model and IMPULSED method 

has been proposed and evaluated using computer simulations and in vitro cell experiments. 

This joint model not only improves the accuracy of IMPULSED-derived microstructural 

parameters, such as cell size d and apparent volume fraction of intracellular space vin, but 

also provides information on water exchange which cannot be obtained by IMPULSED 

alone. Although further validations using in vivo animal and human studies are needed, 

this joint model could potentially provide multiple indicators with potential for clinical 

applications.
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Abbreviations:

tdiff effective diffusion time
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OGSE oscillating gradient spin echo

IMPULSED imaging microstructural parameters using limited 

spectrally edited diffusion
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Figure 1. 
Simulated diffusion signals with diffusion times = 5, 50, and 100 ms for three cell diameters 

(10, 15, and 20 μm) and intracellular water pre-exchange lifetime τin’s (50, 300, and ∞ ms).
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Figure 2. 
Simulated dependence of the fitting errors of fitted parameters (d, vin, and Din) on input d and 

τin values for IMPULSED and the joint model.
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Figure 3. 
Correlations between joint model-derived τin and Pm from the simulated noise-free diffusion 

signals with tdiff = 5, 30, and 70 ms and input values. Subfigures at the second row are the 

projections of 3D scatter plots at the first row along axis ‘d’. The solid lines represent the 

regression lines.
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Figure 4. 
Simulated dependence of the accuracy and precision of joint model and IMPULSED-derived 

d on input cell size d, τin (50, 100, 200ms, and ∞ for four columns, respectively), tdiff ranges 

(the longest tdiff = 50, 70, and 100 for three rows, respectively), and SNRs (SNR of b0 signal 

= 20, 50 and 100 for red, blue, and green symbols, respectively). Standard deviations of the 

fitted d were calculated from 50 sets of simulated diffusion data. Black solid lines represent 

input values.
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Figure 5. 
Simulated dependence of the accuracy and precision of joint model-derived vin on d, τin, tdiff

ranges (the longest tdiff = 50, 70, and 100 for three rows, respectively), and SNRs (SNR of b0 

signal = 20, 50 and 100 for red, blue, and green symbols, respectively). Standard deviations 

of the fitted vin were calculated from 50 sets of simulated diffusion data. Black solid lines 

represent input values. Black dash lines represent IMPULSED-derived vin from simulated 

noise-free diffusion data.
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Figure 6. 
Summary of fitting parameters vs τin in different studies. Error bars in each sub-figure denote 

across-sample STD (n=6). The gray band represents microscopy-derived mean cell diameter 

± STD of all cells. ***P < .001 and ****P < .0001, as measured by one-way analysis of 

variance (ANOVA) with a Bonferroni posttest.
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Table 1.

A summary of the retrospective in vitro cell study, including the imaging acquisitions, data and models used 

for analysis, and results of three different analyses. Note the details of data acquisitions were reported 

previously [17] for four groups (n=6 for each group) of cell pellets prepared from MEL cells with different 

membrane permeabilities induced by saponin treatment. Analysis II and III applied the joint model and 

IMPULSED model, respectively, to the OGSE and PGSE diffusion data set with tdiff ranging from ~ 3.1 to 

50.7 ms.

Acquisitions Analysis Outcome

Constant gradient (CG) experiments using STEAM sequences gradient strength 
G
= 50 mT/m 
δ
=10 ms The minimum 
Δ
was 20 ms and the maximum 
Δ
was 426, 426, 223, and 121.5 ms for cell samples with saponin concentrations 
of 0, 0.01%, 0.025% and 0.05%, respectively

I. fit the modified Kärger model to 
STEAM data (published in [17])

τin

1 Two OGSE acquisitions (40 and 80 Hz).

2 One PGSE acquisitions 
(
δ ∕ Δ
= 4/52 ms)

II. fit the joint model to the OGSE 
and PGSE data

d
, 
vin
, 
Din
, 
ADCex

III. fit the IMPULSED to the 
OGSE and PGSE data

τin
, 
d
, 
vin
, 
Din
, 
ADCex
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