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Table 6.2 summarizes the Pearson correlation coefficients between various VGPD 

measurements with histologic MAD under both short and long diffusion gradient 

durations. Significant correlations were defined as p<0.05. As reported earlier (Chapter 4), 

there were significant positive correlations between the FWHM of the overall PDF for δ 

= 0.4 and 5 ms and histologic MAD. There significant negative correlations between the 

ZDP and kurtosis of the overall PDF for δ = 0.4 and 5 ms and histologic MAD. The ICS 

PDF displayed similar behavior. The ECS PDF showed significant positive correlation 

between FWHM and histologic MAD for both δ = 0.4 and 5 ms. No significant 

correlation was found for ECS ZDP. There was significant negative correlation between 

ECS kurtosis and histologic MAD for both δ = 0.4 and 5 ms. 

 

 

 

 

 

Figure 6.8. Plots of FWHM of overall and ICS displacement PDFs vs histologic MAD 
with lines of best fit for different gradient duration. (a)  δ = 0.4 ms and (b) δ = 5 ms. The 
dotted line is the line of identity. 
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Table 6.2. Pearson correlations between VGPD measurements and histologic MAD 

r, p-value FWHM 
Measurement δ = 0.4 ms δ = 5 ms 

Overall PDF 0.97, p=0.0002 0.95, p=0.001 

ICS PDF 0.98, p=0.0001 0.95, p=0.001 

ECS PDF 0.83, p=0.0202 0.94, p=0.0019 

r, p-value ZDP 
Measurement δ = 0.4 ms δ = 5 ms 

Overall PDF −0.95, p=0.0013 −0.91, p=0.0042 

ICS PDF −0.89, p=0.0072 −0.88, p=0.0091 

ECS PDF 0.04, p=0.9339 0.59, p=0.1642 

r, p-value Kurtosis 
Measurement δ = 0.4 ms δ = 5 ms 

Overall PDF −0.95, p=0.0009 −0.94, p=0.0017 

ICS PDF −0.93, p=0.0023 −0.92, p=0.003 

ECS PDF −0.94, p=0.0015 −0.94, p=0.0017 
 

Table 6.3 summarized the Bland-Altman plot 95% confidence intervals for the 

FWHM of the overall and ICS PDFs vs. histologic MAD. This was done to investigate the 

accuracy of the FWHM as an estimate for MAD. As previously reported (Chapter 4), the FWHM 

of the overall PDF overestimated MAD at short gradient duration and underestimated MAD at 

long gradient duration. Similar to the two-compartment displacement method, the FWHM of the 

ICS PDF accurately estimated MAD compared with histology at short gradient duration. At long 

gradient duration, the ICS FWHM still underestimated MAD. 

Table 6.3. FWHM vs. histologic MAD Bland-Altman plot 95% confidence interval 
Bland-Altman plot 

confidence limits (μm) 
Bland-Altman plot 

confidence limits (μm) δ = 0.4 ms 
+95% −95% 

δ = 5 ms 
+95% −95% 

Overall PDF 0.34 0.19 Overall PDF −0.04 −0.35 

ICS PDF 0.028 −0.09 ICS PDF −0.31 −0.59 
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6.4 Discussion  

6.4.1 QSI subvoxel processing validation 

 By using data from biological tissue acquired under ideal QSI experimental 

conditions, a standard test data set can be created to investigate the validity of the QSI 

subvoxel processing algorithm. Reduced displacement resolution can be generated by 

systematically truncating the echo attenuations and the original PDF at full resolution can 

serve as the control comparison. Examples of single-pass and double pass QSI subvoxel 

processed 1/2 and 1/4 resolution displacement PDFs show good agreement with full 

resolution displacement PDFs (Figure 6.4). 

 All processed FWHM and ZDP values showed excellent correlation with values 

from the original full resolution PDFs (Figure 6.5). As processed PDFs are being 

compared with unprocessed PDFs, it is expected that if QSI subvoxel processing truly 

corrects low resolution, the lines of best fit of this processed data would have a slope of 

unity and zero y-intercept. This is most clearly observed with the FWHM plots (Figure 

6.5a). The ZDP plots also show this behavior, but the QSI subvoxel processed 1/4 

resolution ZDP line of best fit had a slope less than unity. However, the slope did 

increase compared without QSI subvoxel processing. 

 Bland-Altman plot analysis determines if two measurement methods are identical.  

If QSI subvoxel processing truly corrects low resolution, it is expected that the Bland-

Altman analysis will show that the subvoxel of processed and full resolution PDF 

measurements are identical. Indeed, the results shown in Table 6.1 indicate that lower 

displacement resolution alone increases FWHM and decreased ZDP, as expected. After 
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QSI subvoxel processing, FWHM and ZDP measurements are identical to measurements 

from the original full resolution PDFs. 

 Taken as a whole, these results suggest that the QSI subvoxel processing 

algorithm accurately corrects for low displacement resolution and may be used to 

interpolate displacement PDFs to improve resolution. Only a specific range of low 

displacement resolutions were studied and further investigation with a broader range is 

needed. Nevertheless, the displacement resolution values used in the VGPD method fall 

within the tested range, which suggests that QSI subvoxel processing is valid to use here. 

 

6.4.2 VGPD Method 

The first step of the VGPD method is to define the point of deviation, Pd, to 

estimate ICS volume fraction. Histologic and experimental ICS volume fractions are well 

correlated (Figure 6.6b). Furthermore, all experimental ICS volume fractions fall within 

the expected range of 60-80% (12). The Bland-Altman results suggest that the volume 

fraction method slightly underestimates the histologic ICS volume fraction. Nevertheless, 

the data indicates that this method may provide ICS volume fraction estimates in WM in 

fair agreement with those observed histologically, thereby validating the prior results by 

Malmborg et al. (1).  

It should be noted that this method only provides a relaxation-weighted ICS 

volume fraction estimate from Pd. The exact relaxation weighting effect on Pd is unclear. 

Nevertheless, as a result of the short TE used here, ECS and ICS signals did not decay 

significantly, errors from different T2 relaxation times in the two compartments should be 

small (ECS and ICS T2s have been reported as 78 and 300 ms, respectively (13)).  Further, 
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as the technique only differentiates between restricted and free diffusion, histologic ICS 

volume fraction included both the ICS and myelin regions since the myelin water is 

restricted by the myelin sheaths as discussed earlier. Unlike the displacement PDF 

method, there is no need for sufficient displacement resolution to resolve the restricted 

diffusion in myelin as the volume fraction method uses the echo attenuation in q-space. 

This may explain why the ICS volume fraction measured with this method, and not the 

displacement PDF method, showed correlation with histology.  

Finally, due to the cylindrical geometry of axons, the observed fraction of 

restricted diffusion, and hence ICS volume fraction, depends on the orientation of the 

applied diffusion gradients as discussed by Malmborg et al. For example, if the gradients 

were applied parallel to the axon direction, then the ICS signal would not be restricted. 

True ICS volume fraction requires the diffusion gradients to be applied orthogonal to the 

axon. While the choice of spinal cord tissue allowed the diffusion gradients to be oriented 

orthogonal to the WM tracts, the VGPD method may be applied to tortuous WM tracts in 

the brain with a tensor analysis (14) so that the q-space echo attenuation from diffusion 

orthogonal to the WM tract can always be computed. 

The ICS volume fraction results suggest that Pd can be used as the boundary 

between the ECS and ICS echo attenuations. It is important to note that as Pd changes for 

every data set, qmax will change for the ECS and ICS echo attenuations. Therefore, there 

is not a common displacement resolution for the ECS and ICS PDFs. This was not an 

issue for the ICS PDFs as the resolution was generally under 1 μm after truncation. 

Corrections were still necessary with QSI subvoxel processing, but the initial resolution 

was still quite high. As a consequence of the observed Pd, the ECS displacement 
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resolution was much lower than the ICS displacement resolution. As it can be seen in 

Figure 6.7, there are few points to describe the ECS PDF. Therefore, the measured 

FWHM may be inaccurate and likely overestimated due to the low resolution. 

For the short gradient duration data, the FWHM, ZDP, and kurtosis values of the 

ICS PDF showed the expected correlations with MAD. Again, according to the Bland-

Altman results, the FWHM of the overall PDF overestimates MAD, while the FWHM of 

the ICS PDF accurately measures MAD as compared with histology. These results 

suggest that the ICS displacement PDF represents diffusion within the axon. The FWHM, 

and kurtosis values of the ECS PDF also showed significant positive and negative 

correlations with MAD, respectively. As reported in Chapter 2, there is a negative 

correlation between axon density and MAD. The positive FWHM correlation suggests 

that the ECS displacement decreases with higher axon density, while the negative 

kurtosis correlation suggests that the ECS diffusion is less hindered with decreased axon 

density. These results suggest that ECS FWHM is sensitive to the tortuosity in ECS. As 

axon density increases, axons are crowded together and ECS water molecules will not 

displace as far. This behavior as been observed in WM tissue (5) and in cancerous tumors 

where hypercellularity reduces the RMS displacement of water molecules in ECS (4). 

It is important to note that no correlations between ECS FWHM or RMS 

displacement were observed with the two-compartment displacement PDF (Chapter 4) or 

low q-value (Chapter 5) methods. The major difference between these methods is that 

they required a two-compartment model to separate the ECS and ICS signals while the 

VGPD method empirically separates the two. Inaccuracies in the model assumptions may 

have distorted the observed ECS displacement behavior. As it is reasonable to expect that 
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the ECS diffusion to be sensitive to axon density as described above, the results support 

the use of an empirical approach to better study diffusion in ECS and ICS. 

In order to investigate the effects of violating the SGP approximation, the VGPD 

method was applied to data with long diffusion gradient duration (δ = 5 ms). As expected, 

the FWHM of the overall and ICS PDFs are decreased (2), and, unlike the short gradient 

results, the Bland-Altman analysis shows that both underestimate MAD. Nevertheless, 

the same correlation behavior between FWHM, ZDP, and kurtosis values and histologic 

MAD was observed. This suggests that while violating the SGP approximation may no 

longer allow the VGPD method to accurately estimate MAD, it may still be sensitive to 

variations in MAD and axon density. The VGPD method may therefore still be useful for 

detecting changes in axon morphology even under conditions violating the SGP 

approximation. 

 

6.5 Conclusions 

 The results reported here suggest that the VGPD method has potential to 

indirectly assess axon morphology and separate the ECS and ICS signals without the 

need for modeling. A QSI subvoxel processing algorithm was developed to increase the 

apparent displacement resolution and validated with experimental data. Experimental ICS 

volume fractions showed good correlation with histology. The FWHM, ZDP, and 

kurtosis of the ICS PDF showed good correlation with histology and the FWHM may 

provide accurate estimates of MAD as compared with histology. However, the ICS 

volume fraction was underestimated by this method. The FWHM, and kurtosis of the 

ECS PDF showed good correlation with histology and may provide a measurement of 
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ECS tortuosity. Violating the SGP approximation may reduce the accuracy of the VGPD 

method and underestimate MAD. However, the method may still be sensitive to relative 

changes in MAD and axon density. 
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Chapter 7: Feasibility of Implementation on a Clinical Scanner 

7.1 Introduction 

 In previous chapters, several different QSI-based methods (displacement PDF, 

low q-value, and VGPD) have been shown to have the potential to indirectly assess axon 

morphology and make accurate measurements of mean axon diameter (MAD) and 

intracellular space (ICS) volume fraction. In this chapter, preliminary data is presented to 

investigate the feasibility of implementing these methods on a clinical scanner for 

potential in vivo studies. The data reported here only investigates the major hardware 

limitation with a  clinical scanner, i.e. maximum gradient strength, and not issues relating 

to in vivo imaging itself, which are numerous and varied. Issues relating to feasibility of 

in vivo imaging will be briefly discussed in the Discussion section. 

As discussed in Chapter 2, maximum gradient strength is a major concern as it 

imposes an inherent limitation on QSI – the achievable displacement resolution. The 

resolution is determined by qmax, which is proportional to the area of the gradient pulse at 

maximum gradient strength. The maximum gradient strength of the Micro-Z gradient was 

5000 G/cm, while the maximum gradient strength of the clinical scanner used here is 

only 4 G/cm. Even with violating the SGP approximation, the factor of 1000 decrease in 

gradient strength severely limits the maximum achievable displacement resolution.  

The preliminary data presented here therefore investigates what type of indirect 

measurements of axon morphology using the previously described methods are possible 

with the limitation in gradient strength and displacement resolution in mind. Data 

collected on fixed pig spinal cord is analyzed with each of the displacement PDF, low q-

value and VGPD methods. 
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7.2 Methods 

7.2.1 Material and methods 

Animal specimens 

 Fixed cervical spinal cord specimens were harvested from five skeletally mature 

Yucatan mini-pigs (70-90 kg, ~18 months old). The pigs were obtained from Dr. Schaer 

in the Comparative Orthopaedic Research Laboratory (CORL) at the New Bolton Center, 

Veterinary Medicine, University of Pennsylvania. Within 1 hr of euthanasia, the whole 

cervical spinal cord was immediately harvested (~15 cm long) and the dura mater was 

punctured before immersing in 10% neutral buffered formalin (Sigma-Aldrich, St. Louis, 

MO, USA). The spinal cords were immersed in fixing solution for a period of 3-14 days. 

Afterwards, excess meninges were removed and the cords were placed in storage tubes 

with PBS. Before experiments, the cords were trimmed and placed in 14 ml screw top 

conical tubes filled with Fomblin (Sigma-Aldrich, St. Louis, MO, USA), a fluorinated oil, 

to keep the specimens hydrated and to remove any background signal. All five tubes 

containing cervical cord specimens were taped together for simultaneous imaging. 

 

Imaging hardware 

 All experiments were performed on a 1.5T Siemens Sonata MRI scanner 

(Erlangen, Germany) with 40 mT/m gradients (slew rate- 200 T/m/s). The body coil was 

used for transmit and a custom-built 4-channel phased array coil (Insight MRI, 

Worchester, MA, USA) was used for receive. No parallel imaging was employed and the 

four channels were used to improve SNR. The five tubes taped together containing spinal 
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that b-values ranged from 0 to ~1000 s/mm2. The calculated ADC was 1.98×10-3 mm2/s 

which matches literature values (3). This result suggested that the PGSE diffusion-

weighted multi-shot EPI pulse sequence was working properly. 

Figure 7.2 shows sample diffusion-weighted 8-shot EPI magnitude images at q = 

0 μm-1 and qmax = 0.08 μm-1. Sample ROI locations are shown for the dorsal (red), lateral 

(green) and ventral (blue) WM columns. Note the clear discrimination between GM and 

WM at q = 0 μm-1. This distinction is lost at qmax = 0.08 μm-1. In comparison with images 

acquired with the Micro-Z gradient (Chapter 4), it appears that qmax is not high enough to 

reverse the GM and WM contrast (4). The SNR at q = 0 μm-1 ranged from 10-25. The 

SNR at qmax ranged from 3-15.  The dorsal column consistently exhibited the lowest SNR 

while the lateral columns exhibited the highest SNR. There is a hyper-intense region 

outside one of the spinal cords due to residual PBS. This generates a ghosting artifact due 

to insufficient spoiling. The artifact did not affect the QSI results and was not corrected. 

 

 

 

 

 

Figure 7.2. Sample diffusion-weighted 8-shot EPI magnitude images at q = 0 μm-1 and 
qmax = 0.08 μm-1. The white bar represents a length of 10 mm. ROI locations are shown 
for the dorsal, ventral and lateral WM columns. The bright spot in above the center top 
cord in the q = 0 μm-1 image is due to residual surface PBS. 
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7.3.1 Displacement PDF method 

 Figure 7.3 shows sample echo attenuations and displacement PDFs for dorsal, 

lateral, and ventral WM columns for δ = 55 ms. Note that only five points describe the 

PDF peaks due to the very low displacement resolution. The data suggests that all three 

PDFs have similar shape and the dorsal column PDF has the highest ZDP. Regional 

differences in the echo attenuations are apparent. The dorsal echo attenuation is 

attenuated less than the lateral and ventral echoes, which implies that the dorsal 

displacement PDF should also have a smaller FWHM. 

 

 

 

 Figure 7.4 shows bar graphs of FWHM, ZDP, and kurtosis values for each ROI 

average over all five specimens for δ = 55 ms. ANOVA analysis indicated there were 

significant differences in the measured values between the ROIs. Therefore, paired t-tests 

were used to compare specific values between ROIs. Significant p-values (<0.05) 

between different ROIs are indicated in Figure 7.4. There is a trend of increasing FWHM 

and decreasing ZDP and kurtosis from dorsal to lateral to ventral ROIs. This suggests that 

the dorsal column contains smaller axons than the other two ROIs. Figure 7.5 shows bar 

Figure 7.3. Sample echo attenuation, E(q) (a) and displacement PDFs (b) from dorsal, 
lateral and ventral column ROIs for δ = 55 ms.  
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graphs of FWHM, ZDP, and kurtosis values for each ROI average over all five specimens 

for δ = 90 ms. The data for δ = 90 ms is similar to that for δ = 55 ms except that paired t-

tests indicated significant differences in FWHM, ZDP and kurtosis between the lateral 

and ventral columns. There is again a trend of increasing FWHM and decreasing ZDP 

and kurtosis from dorsal to lateral to ventral ROIs. 

 

 

 

 

 

 

 

Figure 7.4. Bar graphs of mean FWHM, ZDP, and kurtosis values for each ROI average 
over all five specimens for δ = 55 ms. Standard deviation bars are shown. Significant p-
values (<0.05) of paired t-tests between the different ROIs are shown.  
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To better visual differences, Figure 7.6 shows bar graphs of FWHM, ZDP, and 

kurtosis values for each ROI average over all five specimens for δ = 55 and 90 ms. The 

longer gradient duration data exhibit lower FWHM and higher ZDP and kurtosis values 

as expected (2). As indicated in the figure, paired t-tests between FWHM, ZDP and 

kurtosis values with shorter and longer gradient durations indicate that these differences 

are significant.  

Figure 7.5. Bar graphs of mean FWHM, ZDP, and kurtosis values for each ROI average 
over all five specimens for δ = 90 ms. Standard deviation bars are shown. Significant p-
values (<0.05) of paired t-tests between the different ROIs are shown.  
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7.3.2 Low q-value method 

 Figure 7.7 shows a sample average echo attenuation plot for a lateral WM column 

ROI (blue diamonds) along with one-compartment (green line) and two-compartment 

(red line) low q-value fits. It is readily apparent that the one-compartment fit does not fit 

the measured echo attenuation well, whereas the two-compartment fit shows good 

Figure 7.6. Bar graphs of mean FWHM, ZDP, and kurtosis values for each ROI average 
over all five specimens for δ = 55 (red) and 90 (green) ms. Standard deviation bars are 
shown. Asterisks indicate p-values of paired t-tests between the different gradient 
durations.  
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agreement (R2 >0.98). All one-compartment fits were similar to that shown in Figure 7.7. 

Therefore, one-compartment fit results are not reported. 
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 Figure 7.8 shows bar graphs of ECS weighting, ECS RMS displacement, ICS 

weighting, and ICS RMS displacement calculated from the two-compartment low q-value 

fit for each ROI average over all five specimens. It is important to note that the ECS 

RMS displacements are lower than that expected for free water with a diffusion time of 

98.7 ms (~20 μm). The ADC calculated from the ECS RMS displacements were 

~0.25×10-3 mm2/s which agrees with literature values for fixed spinal cord WM tissue (5). 

It is also noteworthy that the ICS RMS displacements fall within 1-2 μm, which is the 

expected range of axon diameters in mammals (6). 

 

Figure 7.7. Plots of echo attenuation, E(q), for a lateral WM column ROI (blue 
diamonds) with one-compartment (green line) and two-compartment (red line) low q-
value fits. 
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An ANOVA analysis indicated that there was no significant difference in ECS 

and ICS weighting among all three ROIs, whereas there was a significant difference in 

ECS and ICS RMS displacement. Paired t-tests were the performed between ECS and 

ICS RMS displacement of various pairs of ROIs in order to discern what the significant 

difference was and significant p-values (<0.05) are shown in Figure 7.8.  The results 

indicate that the dorsal WM column ECS and ICS RMS displacements are significantly 

smaller than those of the ventral WM column. No significant differences were found 

between the lateral and ventral WM columns. 

 

Figure 7.8. Bar graphs of ECS weighting, ECS RMS displacement, ICS weighting, and 
ICS RMS displacement calculated from the two-compartment low q-value fit for each 
ROI average over all five specimens. Standard deviation bars are shown. Significant p-
values (<0.05) of paired t-tests between the different ROIs are shown. 
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7.3.3 VGPD method 

 Figure 7.9 shows echo attenuation plots for dorsal, lateral, and ventral ROIs 

averaged over all five specimens for both δ = 55 and 90 ms. The initial part of the echo 

attenuation does not show a clear difference between δ = 55 and 90 ms. However at 

higher q-values, it is clear that longer gradient duration leads to less echo attenuation for 

all ROIs. The difference in attenuation is much less than that observed for δ = 0.4 and 5 

ms (Chapter 6). A rough estimate of Pd by visual inspection falls within the range of 0.85 

to 0.95. Note that the standard deviation for the dorsal echo attenuations is largest as its 

SNR was lowest among the WM column ROIs. 

 

 

 

Figure 7.9. Echo attenuation plots for dorsal, lateral, and ventral ROIs averaged over all 
five specimens for both δ = 55 and 90 ms. Standard deviation bars are shown.  
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7.4 Discussion 

 It was necessary to acquire images with sufficient spatial resolution in order to 

spatially resolve GM and WM. Otherwise, partial voluming of GM and WM will 

complicate interpretation of the results as GM will introduce new hindered (ECS) and 

restricted (ICS) diffusion components. However to achieve this spatial resolution, the 

slice thickness had to be greatly increased to compensate for the loss of SNR. A slice 

thickness of 10 mm was deemed appropriate as the average vertebral cervical cord 

segment was ~20 mm, and it was assumed that axon morphology did not change 

significantly within a segment. In any in vivo spinal cord, however, there will be partial 

voluming of GM and WM. How this blurring of GM and WM affects the QSI-based 

methods described here is unclear and further investigation is needed. 

 

7.4.1 Displacement PDF method 

 It was not expected that this method would provide accurate estimates of axonal 

architecture. The imaging parameters used here were chosen to try and maximize 

displacement resolution and it was still a factor of 10 lower that what was achieved with 

the Micro-Z gradient (Chapter 4). Furthermore, the gradient durations are over a factor of 

10 longer, and this is known to narrow the displacement PDF. There are, therefore, two 

competing effects: a broadening of the PDF due to low displacement resolution and a 

narrowing of the PDF due to long gradient durations. A quantitative understanding of the 

interaction of these effects is lacking, but based on previous literature applying QSI to 

clinical scanners (7-9) it seems that low displacement resolution is the dominant effect. 



 147

 A previous QSI study of excised pig spinal cord (10) reported FWHMs of ~13-14 

μm, which is double what is reported here. This can be easily explained as that study has 

a lower displacement resolution (~10 μm vs. ~6 μm). Despite these limitations in 

resolution, these studies report enhanced sensitivity of FWHM and ZDP to pathology (7-

10). Indeed, there seemed to be regional differences observed in the PDFs measure here 

on the pig cervical spinal cords. While there was no histology done on these cords, it is 

not unreasonable to expect in mammals that the dorsal column to contain the smaller 

axon compared with the lateral and ventral columns (6, 11, 12). Therefore, it would be 

expected that the dorsal ROI displacement PDFs would have smaller FWHM, and higher 

ZDP and kurtosis as it was observed. 

 Another interesting observation, which has implications for the VGPD method, 

was that the PDFs still showed the expected behavior when the gradient duration was 

increased. Specifically, the FWHM decreased while ZDP and kurtosis increased with 

longer gradient durations; these observations were statistically different from those with 

shorter gradient durations. Therefore, despite the much longer gradient durations and low 

displacement resolutions, the PDFs were still sensitive to changes in gradient durations. 

This suggests that the VGPD method may still be applicable on clinical scanners. 

Furthermore, this observed gradient duration dependence, which is only true for restricted 

diffusion (2), supports the assumption that ICS diffusion is still restricted even at 

diffusion time as long as Δ = 98.7 ms. 
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7.4.2 Low q-value method 

 This method showed the greatest potential for clinical feasibility as its 

measurements of axon morphology did not depend on high displacement resolution. 

However, there were still uncertainties regarding the long gradient durations needed on 

the clinical scanner. The Gaussian approximation of the echo attenuation at low q-values 

is only strictly valid under the SGP limit (13, 14). While this condition could easily be 

fulfilled using the Micro-Z gradient, the SGP approximation would certainly be violated 

using clinical gradient hardware. In Chapter 5, the low q-value method was used under 

conditions violating the SGP approximation and ECS and ICS RMS displacements still 

showed good correlation and agreement with histology. However, in that case the 

gradient duration was only increased to 5 ms and it is not clear how those results would 

hold up when the gradient duration was pushed to 55 ms as it was done here. 

 In this preliminary data, it appears that the two-compartment low q-value method 

provides metrics that agree well with expected axon morphology. For example, the ICS 

RMS displacements fall within the range of 1-2 μm, which is the expected range of axon 

diameters in mammals (6). This estimate of MAD is a large improvement over the PDF 

FWHM used in the displacement PDF method. The ICS RMS displacement also showed 

regional differences and suggested that the dorsal column contained smaller axons, which 

as discussed above, may be a reasonable expectation.  Again, it should be emphasized 

that these measurements were made without the need for high displacement resolution. 

Furthermore, the ICS weighting was ~0.7, which falls within the range of 0.6-0.8 

expected for ICS volume fractions in nervous tissue (15). No significant regional 
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differences were observed for ICS weighting as was seen previously in mouse spinal 

cords (16).  

The ECS RMS displacement fits also give interesting insight into axon 

morphology. The ADCs calculated from the ECS RMS displacement agree well with 

reported values. This provides further evidence that ADCs measured at low b-values 

(<2500 s/mm2) primarily reflect diffusion in ECS (12, 17). ECS RMS displacement also 

shows regional differences and suggests that the dorsal column has the smallest ECS 

displacement due to diffusion. This agrees with our previous observations with the 

VGPD method that ECS displacement is correlated with MAD. Recall that the dorsal 

column may have smaller axons and hence a more tortuous ECS. 

 It is encouraging that the two-compartment low q-value method still provides 

insights into axon morphology as described above at a long gradient duration of 55 ms. 

Perhaps the long duration better discriminates between ECS and ICS signals due to their 

different echo attenuation dependence on gradient duration as discussed in Chapter 6. 

Unfortunately, there is no histologic data for the pig spinal cords. Therefore, while the 

results show interesting insights into anticipated axonal architecture, the low q-value 

method has not been rigorously validated. However, the preliminary results here are 

certainly encouraging and warrant further investigation. 

 

7.4.3 VGPD method 

 The central requirement in the VGPD method is that diffusion in ECS is hindered, 

while diffusion in ICS is restricted (18). This means that the ECS and ICS echo 

attenuations have a different dependence on gradient duration. If this difference in 
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behavior cannot be observed, then the VGPD method cannot be applied. As mentioned 

earlier, the difference in echo attenuation for restricted diffusion between shorter and 

longer gradient duration is smaller with increasing duration (2). Therefore it was unclear 

whether or not echo attenuations acquired with δ = 55 and 90 ms would exhibit the 

necessary behavior for the VGPD method. 

 As already remarked with the displacement PDF method data, it appears that even 

with these long gradient durations, restricted diffusion behavior is observed in the echo 

attenuations as shown in Figure 7.9. The echo attenuation with a gradient duration of 90 

ms (E(δ = 90ms)) is attenuated less than the echo attenuation with a gradient duration of 

55 ms (E(δ = 55ms)). Thus a point of deviation, Pd, can be defined, but it is more difficult 

to observe as the differences between E(δ = 90ms) and E(δ = 55ms) are smaller. The 

metric used in Chapter 5, where Pd was defined as the point before E(δ = 90ms)/E(δ = 

55ms)  >1.2 is not valid here. The largest ratio of E(δ = 90ms)/E(δ = 55ms)  is ~ 1.1, 

which is at qmax; therefore, it does not define a point of deviation and another metric must 

be developed.  

It is important to remember that Pd is a relaxation-weighted estimate of ICS 

volume fraction. In order to maximize qmax, the gradient duration had to be increased 

substantially. This in turn will increase the TE of the PGSE diffusion preparation. When 

TE was set to 257 ms, as is done here, there must be significant ECS and ICS signal 

attenuation due to T2, which will affect the accuracy of Pd as an estimate of ICS volume 

fraction. The Pd was roughly estimated by visual inspection to be in the range of 0.85-

0.95, which is higher than the expected the range of 0.6-0.8 for ICS volume fractions in 

nervous tissue (15). This may be the result of a longer T2 for ICS signal than ECS signal 
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(19). The exact relaxation dependence of Pd is not clear and would require further 

investigation. 

 The VGPD method still suffers from the inherent limitation of the displacement 

PDF method, which is the need for high displacement resolution. By splitting up the echo 

attenuation into ECS and ICS parts, the resolution for the ECS and ICS displacement 

PDFs will be worse than that for the displacement PDF method results above. The PDFs 

will be significantly broadened and any accurate measurement of MAD is unlikely. 

While the QSI subvoxel processing was designed to improve displacement resolution, it 

was only used to improve the resolution by a factor of two or four (Chapter 6). The PDFs 

shown here need an improvement in resolution by a factor of eight or more, and QSI 

subvoxel processing has not been validated for these conditions. While accurate measures 

of axonal architecture may not be possible, as discussed with the displacement PDF 

method, the VGPD method may still find utility if it can differentiate between changes in 

axon morphology either due to anatomy or pathology. 

 

7.4.4 Feasibility of in vivo application 

 As mentioned earlier, the focus of this chapter was to investigate the feasibility of 

implementing the various QSI-based methods on a clinical scanner. The main focus was 

to study the effects of the much lower gradient amplitudes available and longer gradient 

durations necessary to achieve a significant q-value. In this section, various issues 

relating to in vivo applications are discussed. 

 In vivo imaging introduces various physiologic processes not present in excised 

tissue. In particular, motion due to blood flow, breathing, and both voluntary and 
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involuntary movement produces artifacts in diffusion MRI experiments (20-22). The 

diffusion gradients will encode for any displacement of the spins whether it arises from 

diffusion, flow or another type of movement. Any non-diffusion displacement will 

therefore complicate interpretation of the results. Motion correction methods such as 

parallel imaging (23) and navigator echoes (22) should be used to mitigate such artifacts. 

 There are significant differences in MR properties between fixed and unfixed 

tissue that must be considered (24). T1 and T2 relaxation constants and ADC tend to be 

reduced after fixation. It has been suggested that the observed ADC at low b-values 

primarily reflects diffusion in ECS (12, 18) and the effects of fixation on diffusion in ICS 

is not clear. Fixation also affects membrane permeability and thus the water exchange 

rate between ECS and ICS. It has been reported that fixation increases membrane 

permeability (24), which suggests that diffusion observed in vivo may be more restricted 

in ICS than in fixed tissue. Further, tissue temperature in vivo would be higher than that 

for the results reported here and it is known that higher temperature increases ADC (25).  

 All these changes in relaxation and diffusion properties between fixed and 

unfixed tissue must be considered for in vivo imaging. The longer T1 and T2 relaxation 

constants for unfixed tissue may aid in vivo imaging by improving SNR. The differences 

in diffusion and membrane permeability properties will determine the validity of the 

underlying assumption that diffusion in ECS is hindered while in ICS it is restricted. 

Increased ADC and water exchange may lessen the differences in diffusion properties 

and limit the ability to separate ECS and ICS signals. The precise effect of these changes 

on diffusion in ECS and ICS observed in vivo is not clear and requires further 

investigation. 
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 Total scan time is an important consideration for in vivo imaging. A live subject 

cannot be imaged indefinitely and scan times on the order of minutes is preferred. The 

experimental parameters used in this chapter were chosen without regard to this 

requirement and the scan times were several hours long. This was done because of the 

need to have high spatial resolution to distinguish GM and WM. The high resolution 

necessitated a multi-shot EPI readout with averaging to improve SNR, which 

significantly increased scan time. As mentioned earlier, partial voluming of GM and WM 

will introduce new hindered (ECS) and restricted (ICS) diffusion components to the 

overall signal. The effects of these new components on the QSI experiment are not clear 

and would need further investigation. In vivo spinal cord imaging would not resolve GM 

and WM due to limits on scan time (9) and so understanding these partial voluming 

effects is important.  

Another way to minimize scan time would be to reduce the number of q-values 

that are acquired. In particular, the low q-value method implemented in this work used 32 

q-values, but similar results may be obtained with 16 or fewer q-values. The minimum 

number of q-values needed for proper fitting should be determined so that total scan time 

can be as short as possible. Finally, a PGSE with a single-shot EPI readout sequence 

would also greatly reduce scan time at the sacrifice of image resolution which would lead 

to partial voluming effects as discussed. Much can be done to optimize the 

implementation of the QSI-based methods for in vivo imaging and requires further 

investigation. 
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7.5 Conclusion 

 Preliminary data was presented here to investigate the feasibility of implementing 

the displacement PDF, low q-value, and VGPD methods on a clinical scanner. The major 

limitation was the maximum gradient strength available, which restricts the achievable 

displacement resolution. For the displacement PDF and VGPD methods, this leads to a 

broadened PDF and decreasing the likelihood of any accurate measurement of axon 

morphology. The two-compartment low q-value method showed the most promising 

results that provided anticipated insights into axonal architecture. Most importantly, the 

estimate of MAD was between 1-2 μm, which is within the range of expected axon 

diameters in mammals.  Unfortunately, there was no histologic data so this method was 

not rigorously validated. Furthermore, any future in vivo application has significant 

challenges that must be overcome. The results are nonetheless encouraging and warrant 

further investigation. 
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Chapter 8: Summary and Conclusions 

8.1 Summary and conclusions 

White matter is comprised of axons that transmit electric signals to and from 

neurons (1, 2). They can be covered with a myelin sheath that helps improve conduction 

velocity. Axon morphology is closely related to function.  Evaluating axon morphology 

would provide insights into connectivity, maturation, and disease pathology. 

Unfortunately, the only way to directly assess axon morphology is histology, which is 

destructive and cannot be done in vivo. Diffusion MRI is a valuable tool for indirectly 

assessing tissue architecture without resolving the underlying structure (3). Conventional 

diffusion MRI methods like DWI and DTI can provide metrics that are related to axon 

morphology, but they cannot measure specific morphologic parameters such as mean 

axon diameter (MAD) or intracellular space (ICS) volume fraction.  

Q-space imaging (QSI) is an advanced diffusion MRI technique that may be able 

to provide information on axonal architecture not amenable by conventional diffusion 

MRI techniques. It has already been demonstrated that QSI may be more sensitive than 

DTI to changes in axon morphology due to pathology (4, 5). However, QSI has several 

limitations that impair accurate assessment of axonal architecture. First, the maximum 

gradient amplitude available on the commercial systems is too low for the displacement 

resolution needed to study axon structure at cellular length scales. Second, QSI of 

biological tissues is complicated by the presence of water in extracellular and 

intracellular spaces (ECS and ICS) and exchange of molecules between these 

compartments. Third, up until now, MAD is the only specific measurement of axon 

morphology provided by QSI and other metrics would be valuable. 
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The main objective of this dissertation is to address the above limitations of QSI 

mentioned and to evaluate its capacity to accurately assess axonal architecture in vivo. 

First, a custom built high amplitude gradient coil was utilized to address the limitations in 

the maximum gradient amplitude achievable with commercial systems. Second, QSI 

simulations are used to investigate the effects of the presence of both ECS and ICS 

signals on QSI. Third, three QSI-based methods (displacement PDF, low q-value, and 

VGPD) designed to account for ECS and ICS signals and to extract different axonal 

architecture metrics are evaluated for accuracy and potential application in vivo. 

The gradient coil was previously built in our laboratory (6). The coil had a 

maximum gradient of 5000 G/cm and showed reliable ADC measurements and diffusion-

weighted images. Based on these results, it was concluded that the gradient coil was 

suitable for high resolution QSI experiments. 

Q-space simulations were performed on both synthetic and histologic images of 

axons to investigate the effects of having signal from both ECS and ICS and of variability 

in cell size and shape on QSI measurements of axonal architecture. The simulation results 

showed that despite all the variable and unknown effects, QSI may still provide accurate 

measures of axon morphology. The insights from these results support the potential of 

QSI to indirectly assess axonal architecture 

The three QSI-based methods were applied to fixed mouse spinal cords and 

various white matter tracts were analyzed. The results for each method are described 

below. 

The one-compartment PDF method approach was able to differentiate between 

WM tracts based only on MAD, although MAD was overestimated by approximately 
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20%. The two-compartment PDF method separated the ECS and ICS displacement PDF 

and was able to measure MAD as accurately as compared to histology. It also allowed for 

measurement of ICS volume fraction and ADD, which provide additional information on 

axon morphology. However, the accuracy of these measurements is dependent on 

fulfilling the short gradient pulse (SGP) approximation. Results from increasing the 

diffusion gradient duration show a narrowing of the displacement PDF as predicted from 

theory. 

The low q-value method has potential to indirectly assess axonal architecture 

without the need for strong gradients as needed with the displacement PDF method. The 

one-compartment method shows good correlation with histology, but the two-

compartment method may provide accurate estimates of MAD as compared with 

histology. However, the ICS volume fraction was consistently overestimated by this 

method. The low q-value method also seems robust to experimental conditions violating 

the SGP approximation. This suggests the potential for the low q-value method to be 

implemented on commercial hardware.  

The VGPD method has potential to separate ECS and ICS signals without the 

need for modeling. A QSI subvoxel processing algorithm was developed to increase the 

apparent displacement resolution and validated with experimental data. Experimental ICS 

volume fractions showed good correlation with histology. The FWHM, ZDP, and 

kurtosis of the ICS PDF showed good correlation with histology and the FWHM may 

provide accurate estimates of MAD as compared with histology. However, the ICS 

volume fraction was underestimated by this method. The FWHM, and kurtosis of the 

ECS PDF showed good correlation with histology and may provide a measurement of 
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ECS tortuosity. Violating the SGP approximation may reduce the accuracy of the VGPD 

method and underestimate MAD.  

All three methods were implemented on a 1.5T Siemens Sonata MRI scanner to 

investigate their respective feasibility of application on a clinical scanner. The major 

limitation was the maximum gradient strength available, which restricts the achievable 

displacement resolution. For the displacement PDF and VGPD methods, this leads to a 

broadened PDF and decreasing the likelihood of any accurate measurement of axon 

morphology. The two-compartment low q-value method showed the most promising 

results that provided anticipated insights into axonal architecture. Unfortunately, there 

was no histologic data so this method was not rigorously validated.  

 

8.2 Future work 

 The results of this dissertation demonstrated the potential for QSI and related 

methods to indirectly and accurately assess axonal morphology and suggest several 

avenues for future work.  

First, histology should be done on the pig spinal cords used in the feasibility study 

in order to validate the results shown. The low q-value method showed the greatest 

promise of clinical feasibility and its measurements of MAD and ICS volume fraction 

need to be compared with histology to evaluate accuracy. If these histology results 

support the clinical potential of the low q-value method, then further work should include 

investigating the effects of GM and WM partial voluming on the QSI measures of axon 

morphology. Also, the implementation should be optimized to reduce scan time. 
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Second, all the work presented here has only looked at healthy WM tissue and the 

potential of the methods described in this dissertation to assess changes in axon 

morphology due to pathology should be investigated. There are several mouse models of 

WM diseases that could be used. For example, experimental autoimmune 

encephalomyelitis is an animal model for MS. Another approach could be using a spinal 

cord injury mouse model where the spinal cord is transected or crushed.  

Finally, the feasibility of these methods to assess WM in the tortuous tracts of the 

brain should be tested. The ability to study WM in the brain would add clinical 

significance to the methods described in this dissertation. The accuracy of the QSI and 

related methods rely on the diffusion gradient being applied orthogonally to the WM tract. 

Different methods have been proposed to correct for non-orthogonal angles for QSI 

application in the brain (4, 7) and should be investigated for feasibility of implementation 

with displacement PDF, low q-value, and VGPD methods. 
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