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Abstract

Purpose—Simplified models of non-monoexponential diffusion signal decay are of great interest

to study the basic constituents of complex diffusion behaviour in tissues. The latebra, a unique

structure uniformly present in the yolk of avian eggs, exhibits a non-monoexponential diffusion

signal decay. This model is more complex than simple phantoms based on differences between

water and lipid diffusion, but is also devoid of microscopic structures with preferential orientation

or perfusion effects.

Methods—Diffusion scans with multiple b-values were performed on a clinical 3 Tesla system in

raw and boiled chicken eggs equilibrated to room temperature. Diffusion encoding was applied

over the ranges 5–5,000 and 5–50,000 s/mm2. A low read-out bandwidth and chemical shift was

used for reliable lipid/water separation. Signal decays were fitted with exponential functions.

Results—The latebra, when measured over the 5–5,000 s/mm2 range, exhibited independent of

preparation clearly biexponential diffusion, with diffusion parameters similar to those typically

observed in in-vivo human brain. For the range 5–50,000 s/mm2 there was evidence of a small

third, very slow diffusing water component.

Conclusion—The latebra of the avian egg contains membrane structures, which may explain a

deviation from a simple monoexponential diffusion signal decay, which is remarkably similar to

the deviation observed in brain tissue.
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Introduction

The presence of non-monoexponential water diffusion signal decay in tissues is well

established [1–8]. A fully satisfying explanation for this deviation or a correct attribution of

compartments in the case of the physically motivated biexponential model [2] has to date

not been achieved [9]. A major obstacle in the interpretation of data is the complexity of

Address for Correspondence: Stephan E. Maier, MD, PhD, Radiology (MRI), Brigham and Women’s Hospital, Harvard Medical
School, 75 Francis Street, Boston, MA 02115, Tel: 617 - 732-5065, Fax: 617 - 264-5275, stephan@bwh.harvard.edu.

NIH Public Access
Author Manuscript
Magn Reson Med. Author manuscript; available in PMC 2014 August 01.

Published in final edited form as:
Magn Reson Med. 2014 August ; 72(2): 501–509. doi:10.1002/mrm.24941.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



tissue, not only at the level of imaging voxels but also at the level of individual cells. It is

quite clear that the presence of cell and organelle membranes and the consequential

hindrance and compartmentalization of the diffusion process is fundamentally linked with

the observed deviation from the monoexponential diffusion signal decay observed in simple

fluids. It is thus of great interest to study simplified models, which also exhibit non-

monoexponential diffusion. One of the most simple models for studying the complex aspects

of tissue diffusion is a mixture of fat and water, such as dairy cream [10,11]. This model

produces true biexponential diffusion signal decays. However, the underlying mechanism of

vastly different diffusion within suspended lipid droplets and surrounding water evidently

has nothing in common with the physical cause for non-monoexponential diffusion signal

decay observed in tissues. Other model systems, which contains more tissue-like intra- and

extracellular compartments that rapidly exchange water molecules, are blood [12] and

isolated blood cells [13].

Here we present avian eggs as an easily accessible water diffusion model that also has more

in common with tissue water diffusion than the aforementioned dairy cream model. The

general MR imaging and relaxation properties of hen eggs have previously been studied by

Jayasundar et al [14] and Laghi et al [15]. In particular, Jayasundar et al demonstrated that

all the internal structures of an unfertilized egg [16], including the protein-rich egg white

with chalaza and the lipid-rich layered egg yolk can readily be visualized by MR imaging.

Also visible on MR images is a central flask shaped structure called the latebra [17], which

is visually distinguished from the rest of the yolk by its white colour and more fluid nature

[18]. A narrow column of white yolk connects the latebra to the nucleus of Pander, which is

beneath the blastodisc, where ultimately the embryo develops.

We report water diffusion measurements of the latebra and show with multi-component

analysis how water diffusion in the latebra is distinctly different from water diffusion within

the egg white. We also examine how the act of cooking eggs affects the diffusion properties.

Methods

Chicken eggs, known to be unfertilized, were purchased at local groceries. Some of the eggs

were boiled in water for 5 or 15 minute periods, respectively. Boiled and refrigerated raw

eggs were allowed to equilibrate inside the scanner room to ambient temperatures for at least

24 hours before scanning. Imaging was performed on a GE Medical Systems clinical 3 Tesla

Signa HDxt scanner. For each configuration, i.e., raw, 5 and 15 minute boiled, a total of

eight eggs were studied. Diffusion data of vials containing water and olive oil were obtained

for reference. For the experimental setup, four eggs were placed inside a 10 centimeter

diameter bird-cage wrist coil in a quadrilateral arrangement. Axial image planes resulted in

images showing two eggs simultaneously. Optimal axial slice positions through the centrally

located latebra of each egg were determined with the help of localizing scans. Line scan

diffusion imaging (LSDI) [19, 20] was used to acquire diffusion-weighted images with a

200 mm field of view, a TR of 3,000 ms and three orthogonal diffusion encoding directions

at 16 evenly spaced b-values. A first diffusion data set was obtained with diffusion

weightings between 5 and 5,000 s/mm2 (3 mm slice thickness, 128×128×0.5 matrix, 85 ms

TE, δ=23.9 ms, Δ=41.9 ms). The diffusion data was acquired both with and without a
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magnetization transfer (MT) pulse at a 1,200 Hz frequency offset, to investigate if bound

water is in preferred exchange with slow diffusion water pools. A second diffusion data set

was collected with diffusion weightings over a ten times larger range, i.e., between 5 and

50,000 s/mm2 (6 mm slice thickness, 64×64×0.5 matrix, 144 ms TE, δ=61.4 ms, Δ=71.9

ms). For each scan, the shortest possible echo time was selected. Simultaneous switching of

the main axis magnetic field gradients at respective relative amplitudes of 1.0, 1.0, and 0.5

of the maximum allowable amplitude resulted in a maximum amplitude of 60 mT/m. A very

low read-out bandwidth of ±2.4 kHz produced SNR with sufficient signal even for the

highest b-values measured as well as very reliable water/lipid separation based on the

dislocation that resulted from the water/lipid chemical shift. Image data were processed off-

line with dedicated software. The geometric mean  of the diffusion signals

measured along the three orthogonal diffusion encoding directions was used to fit the

diffusion signal decay. Only signal values that exceeded a threshold equal to three times the

average magnitude background signal were used. Exponential fitting was accomplished with

a nonlinear least-squares Levenberg-Marquardt algorithm. For the high-b (5 ≤ b ≤ 5,000

s/mm2) diffusion data, fitting was performed for each individual pixel followed by region-

of-interest (ROI) analysis of the resulting maps. Biexponential tissue diffusion parameters

were obtained by fitting the mean signal intensity decay S̄ vs b-value to a biexponential

function of the form

(1)

where D1 and D2 describe the diffusion coefficients of fast and slow diffusion components,

respectively, and A1 and A2 the signal contribution of each component. The ratios

A1/(A1+A2) and A2/(A1 + A2) define the size fractions f1 and f2 of the fast and slow diffusion

component, respectively. For the very high-b (5 ≤ b ≤ 50,000 s/mm2) diffusion data, fitting

was performed with average signal values measured within the ROI. Average signals

measured within the latebra were fitted with a triexponential function with three diffusion

coefficients D1, D2, and D3 and their respective size fractions f1, f2, and f3. In addition, the

slowest diffusion component  was estimated by applying a monoexponential fit

exclusively to the average diffusion signals measured at b=20,003 s/mm2 and above. The

respective relative signal fraction  was estimated by extrapolating the monoexponential

fit to b=5 s/mm2 and scaling it with the measured signal at b=5 s/mm2. Yolk lipid diffusion

was estimated by monoexponential fitting. To avoid signal contamination from eggwhite

water components, only diffusion signals measured at b=6,671 s/mm2 and above were

considered.

Ambient temperature was measured during each scan session. Measurements that showed

monoexponential water diffusion were temperature corrected assuming a reference

temperature of 20 C [21]. Statistical differences were assessed with a two-sided t-test with

levels of p ≤ 0.05 considered significant.
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Results

An example of a localizer image showing the basic egg structures, i.e., egg white, yolk and

latebra, is presented in Fig. 1a. The average diameter of the latebra determined on the

localizing scans of raw eggs was 3.1±0.9 mm. Diffusion-weighted images obtained with

LSDI are shown in Figs, 1b through f. Images b, c and d were obtained with the high-b

diffusion scan, whereas images e and f were acquired with the very high-b diffusion scan,

which compared to the high-b diffusion scan was performed at lower resolution and at a

longer echo time. Typical examples of maps produced by biexponential pixel-by-pixel

analysis of high-b diffusion data are presented in Fig. 2.

Representative signal decays observed with the high-b and very high-b diffusion scans in the

latebra of raw and boiled eggs are displayed in Fig. 3. The diffusion signal measured in the

latebra ROI over the b-value range 5–5,000 s/mm2 exhibits a pronounced deviation from a

simple monoexponential decay (see Fig. 3A). A separate, very slow diffusing component is

revealed at b-values above 20,000 s/mm2 (see Fig. 3B).

Average diffusion biexponential signal fit parameters for the latebra with and without the

application of an MT pulse and MT-ratios (Soff−Son)/Soff are given in Table 1. Results of

triexponential and monoexponential slow-component analysis of the very high diffusion-

weighted latebra data are shown in Table 2. For raw eggs and eggs that had been boiled for 5

minutes, triexponential fits converged consistently. Judged by the residuals and likewise by

simple visual inspection of the fitted curve and it’s relation to the original data,

triexponential fits were always superior to biexponential fits. For the eggs that had been

boiled for 15 minutes, triexponential fitting convergence could not always be attained and

values are therefore not reported. All diffusion coefficients consistently presented the

highest value after short boiling and the lowest value after extended boiling. However,

differences were not always statistically significant. The fast diffusion signal fraction f1
decreased with boiling time and conversely the slow and very slow diffusion signal fractions

f2 and f3 increased with boiling time. As for the diffusion coefficients, these observed

differences were also not always statistically significant. Pairwise comparisons of

measurements made with and without MT pulse revealed significant differences in raw eggs

only. It was remarkable, however, how independent of egg preparation, the application of an

MT pulse consistently caused an increase of D1, D2 and f2 and a decrease of f1. The effect of

the MT pulse on the very slow diffusion coefficient appeared to be subtle and, given the

large statistical variation, difficult to detect. A comprehensive investigation was therefore

not performed.

Characteristic diffusion signal decay curves measured in the egg white of raw and boiled

eggs are displayed in Fig. 4. Fitting of the diffusion data appeared to indicate

monoexponential diffusion signal decays irrespective of preparation. However, closer

inspection of the signal decay curves for boiled egg white in Fig. 4 shows that the last four

signals measured above the noise threshold also lie above the fitted line. This seems to

indicate the presence of a small slow diffusion component. Average MT ratios and water

ADC values obtained with monoexponential fitting of the egg white signal decays in eight

eggs are listed in Table 3. The highest ADC occurred in raw egg white. Boiling caused a
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small but significant reduction of the ADC and a four-fold increase of the MT-ratio.

However, boiling duration appeared to have no significant effect on both ADC and MT

ratio. There was also no significant difference between ADC values measured without and

with MT pulse.

Examples of the lipid signal decay observed in the yolk of a raw egg and an egg that

underwent 5 minutes of boiling are shown in Fig. 5. In raw eggs, yolk lipid diffusion

equaled 0.67±0.22 nm2/μs and in eggs exposed to 5 minutes of boiling, 0.70±0.33 nm2/μs.

Remarkable was a more than twofold increase of the lipid signal in the boiled eggs

compared to the lipid signal of the raw eggs (see Fig. 5). In eggs that had been boiled for 15

minutes, there was no clear tendency for signal loss with increasing diffusion weighting and,

therefore, diffusion coefficients could not be determined.

Ambient temperatures for the high-b scans varied between 18 and 21.5 C with an average of

19.4±1.8 C. Since scans with and without MT pulse were performed sequentially, there was

no significant temperature change contributing to the MT experiments. For the very high-b

diffusion scans, ambient temperatures varied between 17 and 18 C with an average of

17.4±0.4 C.

Decay curves of the diffusion imaging experiments performed with samples of tap water and

olive oil are presented in Fig. 6. The water diffusion coefficient was 1.975 μm2/ms at 17.5

C. After numerical adjustment to a temperature of 20 C [21], the water diffusion coefficient

equaled 2.118 μm2/ms. The diffusion coefficient for olive oil measured at 17.5 C was 7.95

nm2/μs. The MR signal of the olefinic groups residing on the lipid molecules was found to

be well above baseline noise for the entire range of b-values up to 50,000 s/mm2. Analysis

of the olefinic group diffusion signal decay yielded a diffusion coefficient of 6.66 nm2/μs.

Discussion

Latebra: Non-Monoexponential Diffusion Properties

It is remarkable that signal values measured in the latebra (see Fig. 3), unlike signal values

measured in egg white (see Fig. 4) or water (see Fig. 6), appear well above the noise

threshold for all investigated b-values. The limited spatial resolution in relation to the size of

the latebra might give rise to partial volume effects. However, this concern is largely

mitigated by the observation that latebra water signals exceeded yolk water signals by many

times. Thus the obvious deflection from a pure monoexponential signal decay is not related

to low signal, but rather to intrinsic diffusion properties of the latebra. To the best of our

knowledge this is the first study demonstrating that within the latebra of the avian egg, the

diffusion signal decay is better characterized by a non-monoexponential than a

monoexponential function. Biexponential analysis results in a fast diffusion coefficient that

is 37% lower than the ADC of tap water. The boiling time dependence of the diffusion

parameters may indicate the degree of denaturation and coagulation in the central portion of

the egg. The biexponential diffusion coefficients and signal fractions of the latebra are

remarkably similar to those observed in brain [2,22]. However, a major difference between

the present latebra data and in-vivo human data is the temperature. It can be expected that

latebra diffusion coefficients at normal body temperature instead of room temperature would
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be significantly higher. Albeit, it is not clear if signal fractions would be different and

diffusion coefficients would increase by the same proportion. A complicating factor of tissue

diffusion signal decay at lower b-values, which is of course absent in the case of unfertilized

eggs, is the effect of perfusion. Application of an MT pulse introduced only a small signal

loss, which did not change after boiling. The effect of the MT pulse on the diffusion

parameters appears to be consistent, but very small. Exactly the same pattern of

biexponential diffusion parameter changes, i.e., increase of D1, D2 and f2 and decrease of f1
was observed by Ronen et al in cat brain [23]. Experiments performed in human brain on a

clinical scanner by Mulkern et al [24] revealed no significant changes and appear to agree

with the present finding that the effect is very small, at least under the experimental

limitations encountered with MT pulses on clinical scanners.

Latebra: Very Slow Diffusion Beyond a Biexponential Signal Decay

The presence of a third, very slow diffusion component, with a diffusion coefficient that is

more than a magnitude lower than the diffusion coefficient of the slow diffusion component

and about two magnitudes lower than the diffusion coefficient of the fast diffusion

component, is remarkable. Of course, due to differences in echo time and diffusion encoding

time the two diffusion measurements can not be directly related to each other. However, the

more rapid non-monoexponential decay at b-values below 10,000 s/mm2 is also visible in

the data obtained at very high diffusion weighting. With the present values of the

biexponential water diffusion coefficients D1 and D2, hypothetical signal contributions from

these components at or above b=20,000 s/mm2 would be more than an order of magnitude

smaller than the actually observed signal. Thus, slow diffusion can be measured with a

separate monoexponential fit of only the higher b-values. Moreover, the diffusion coefficient

measured for triglycerides in vegetable oil is consistent with literature values [25–27] and

confirms that very high diffusion weighting can be performed on the clinical system used in

this study. Nonetheless, the finding of a diffusion coefficient in the latebra that is similar to

the diffusion coefficient of triglycerides in vegetable oil does raise the question if the

observed signal is simply due to contamination by chemical shift artifacts. The egg white

indeed contains some lipids that might interfere with the present measurement. However,

these lipids constitute only 0.03% [28], i.e., a minute amount of the water-dominated egg

white mass, which is too little to explain the observed signal fraction of several percent. A

contamination by signal from triglycerides in the yolk can firmly be excluded based on

spatial separation. However, the olefinic protons, which constitute between 5 to 10% of all

lipid protons, are characterized by a 5.4 ppm chemical shift signal that is close to that of

water protons (4.7 ppm) [29]. Thus, for the low resolution diffusion data contamination of

latebra water signal by the olefin signal is likely, since the spatial olefin signal shift with

respect to water equals 2.4 pixels, i.e., a distance of 7.5 mm. We believe, however, that the

third and slowest component in the triexpoential fit of the latebra diffusion data rises largely

from a water component, since it’s diffusion coefficient is an order of magnitude larger than

diffusion coeffcients of the MR-observable triglyceride protons in the yolk. The olive oil

experiments confirmed that diffusion of the olefin groups can be measured and that their

diffusion coefficient is in reasonable agreement with the diffusion coefficient of the methyl/

methylene protons of the lipids. For the olive oil experiments, contribution of the water MR

signal was not of concern, due to a relative weight water content of typically well below 1%
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[30]. The lipid diffusion in yolk was a magnitude smaller than lipid diffusion in olive oil and

than the slowest diffusion observed in the latebra. Despite diffusion weighting of up to

50,000 s/mm2, a signal loss of only a few percent could be invoked, which resulted in

somewhat unreliable determination of the diffusion coefficient. The higher lipid signal in

eggs that had been boiled is in agreement with the observation by Fieremans et al that after

heat treatment fat protons in cream exhibit a longer transverse relaxation time [11]. To

estimate the contamination by olefins, biexponential fits over the range 20,000–50,000

s/mm2 were also performed, assuming a mixture of water/olefin with the lipid diffusion

coefficient as an independently measured diffusion parameter. Obviously, the increased

number of parameters and the relatively minor signal decay resulted in much less stable

fitting. For raw eggs, this fitting produced a olefin signal fraction of 0.031±0.019, a

manyfold increased water diffusion coefficient of 0.079±0.034 μm2/ms and an increased

water signal fraction f3 of 0.087±0.058. Similarly, for eggs that had been boiled for 5

minutes, the olefin signal fraction amounted to 0.021±0.013, the water diffusion coefficient

increased to 0.066±0.032 μm2/ms and the water signal fraction f3 increased to 0.094±0.069.

Overall, it seems the water diffusion in the latebra is better characterized with more than two

diffusion coefficients. This observation also supports the notion of a asymmetrically

distributed spectrum of diffusion coefficients [31] rather than distinct water components.

Egg White

The diffusion measurements in the water rich egg white confirm earlier results of

monoexponential water diffusion [32,33]. Though in cooked egg white, decay curves

seemed to hint at the presence of a slow diffusion signal component, which appeared to just

barely rise above the Rician noise distribution. Thus the question arises, which are the

unique differences between egg white and latebra that cause such remarkable differences in

diffusion?

Diffusion in View of Egg Composition and Egg Micro Structure

Egg white consists primarily of water. The bulk of the remaining 12% weight are albumen

proteins [28]. The main albumen constituents are proteins, such as ovalbumin (54%), with

relatively low molecular weights between 28,000 and 76,000 Da [28]. In raw egg white,

compared to tap water, the reduction of the water diffusion coefficient by 17% indicates that

the proteins pose a relatively small obstacle to the diffusion process. During boiling, heat-

induced coagulation occurs, i.e., a change from a fluid (sol) to a solid or semisolid (gel)

state. Coagulation involves changes in the structure of the egg protein molecules. During the

initial denaturation, disulfide bonds are formed and hydrophobic groups are exposed. After

further heating, the denatured protein molecules aggregate randomly. The aggregation

causes a dramatic change in the mechanical properties of egg white [28], but the

consequential reduction of water diffusion amounts only to another 5%. This small change

in diffusion also stands in stark contrast with the observed four-fold increase of the MT-

ratio.

In contrast, egg yolk, of which the latebra constitutes a component, is a profoundly complex

substance with approximately 50% water content, 34% lipids, 16% proteins and minor

amounts of carbohydrates and minerals [28]. Lipids are present in the form of lipoprotein
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droplets that range in size from 2 to 10 μm [16]. White yolk, which is found inside the

latebra but also as narrow bands within the layered yellow yolk, is characterized by a lower

lipid and higher water content [34]. Unfortunately, according to Bellairs [16], no satisfactory

technique has been devised for separating the yellow and white yolk completely, thus

chemical analyses are bound to be problematic. The MR image data in Fig. 1 shows very

low water signal in the areas with predominantly yellow yolk and relatively high water

signal within the white yolk-containing latebra. On the other hand, low signal in the center

of the shifted yellow yolk signal seen in Fig. 1a is in agreement with a lower lipid content of

the latebra. Another gross component of white and yellow yolk are yolk spheres [35]. These

spheres contain lipid sub-droplets and aqueous protein fluid. The white yolk spheres vary in

diameter from about 4 μm to 75 μm and the yellow yolk spheres from about 25 μm to 150

μm [36]. Bellairs [35], using electron microscopic imaging, concluded that the spheres are

surrounded by membranes, but cautioned that these membranes can not be considered

completely comparable to cell membranes. It has also been suggested that these membranes

resemble myelin figures, which can form spontaneously by hydration of phospholipids

present in egg yolk [18, 35]. Mineki and Kobayashi [37] demonstrated with electron

microscopy of freeze-cut fixated specimens that the spheres are closely packed and rather

polygonal in shape. Woodward and Cotterill [38] also observed polyhedra in cooked egg

yolk and attribute the crumbly texture of cooked egg yolk to the internal microstructure. In a

review about the organization of egg yolk components Shenstone [39] pointed out that the

rate of water diffusion between egg white and yolk was much lower than expected from the

respective osmolarities and probably hindered by some structural arrangement within the

yolk. Taken together, all these facts seem to provide intriguing reasons for an environment

with hindered and restricted diffusion, which would explain the observed non-

monoexponential water diffusion. The size of the spheres or polyhedra in white yolk falls in

the range of cell sizes encountered in tissues. Given the rather long diffusion encoding times

resulting from the clinical system used in the present study, it is possible that water

molecules exhibit diffusion anomalies caused by entrapment within or between the spherical

or polygonal structures. Indeed, theoretical analysis of data collected under the requisite

condition δ ≪ Δ, as discussed by Callaghan et al [40], may ultimately elucidate

microstructural details of the latebra and yolk. Larger spheres, as they are encountered in the

yellow yolk, should present less hindrance. Unfortunately, water diffusion in the yellow yolk

could not be quantified in this study due to exceedingly low signal, probably as a result of

the lower water content and short transverse relaxation times. Obviously, lipid droplets also

present obstacles that hinder diffusion. However, given the lower lipid content of white

yolk, lipid droplets may not be dense enough to cause a substantial entrapment of water

molecules over time periods that correspond to the diffusion time Δ − δ/3. This mechanism

might be of greater importance in yellow yolk, where lipid concentration is higher. As

already stated above, data to confirm or challenge such speculation was not available due to

the low water signal in the yolk under the present experimental conditions. Finally, it has

been suggested that water molecules trapped among macro-molecules, which are embedded

in cell and organelle membranes, may constitute the observed slow diffusion component in

tissues [41]. The present egg model, which certainly does not contain such complex

membrane structures, proves that this mechanism is not conditional for a biexponential

diffusion signal decay.
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Conclusion

The avian egg presents a simple but relevant object for exploring biophysical aspects of

water diffusion. Other relevant objects for this purpose have been suggested, including dairy

cream phantoms [10, 11], blood [12] and erythrocyte ghost preparations [13]. However, the

water diffusion signal decay within the latebra is strikingly similar to what is observed in

human brain tissue when examined over a wide range of b-values and can, therefore, be used

as a reference in the investigation of new diffusion imaging pulse sequences. Limitations of

this model are the small size, which makes difficult to attain sufficient SNR and avoid

partial volume effects, particularly at shorter echo times. The cross-linking of proteins with

cooking has no major effect on water diffusion in the latebra or egg white. The observation

of a third diffusion component in the latebra is remarkable and we believe is best explained

by the existence of water in a highly restricted environment. The presence of olefins, which

share chemical shift close to water could also produce a slow diffusion component, but

would be expected to diffuse at the much slower rate for triglyceride protons in general. Our

findings in the latebra, which is available for correlative histological and/or submicroscopic

methods, may help ellucidate poorly understood factors leading to non-monoexponential

diffusion decays in tissues.
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Figure 1.
Sub-images (100 mm field of view) of boiled and raw egg-pairs scanned with the localizing

sequence and LSDI. The brightness of the individual images has been adjusted for optimal

viewing. A) Spin-echo image (TE=30 ms) of eggs boiled for 5 minutes. B) High-resolution

line scan diffusion image (b=5 s/mm2) of raw eggs. C) High-resolution line scan diffusion

image (b=2,000 s/mm2) of raw eggs. D) High-resolution line scan diffusion image (b=5,000

s/mm2) of raw eggs. E) Low-resolution line scan diffusion image (b=20,000 s/mm2) of raw

eggs. F) Low-resolution line scan diffusion image (b=50,000 s/mm2) of raw eggs. The

latebra is clearly visible as a bright structure in the center of the yolk. It evidently maintains

signal above noise, even at a b-value of 50,000 s/mm2. In contrast, already at 5,000 s/mm2

the water signal of the egg white falls well below the noise threshold. On the diffusion-

weighted images the lipid containing portion of the yolk is shifted upwards, permitting an

unencumbered water diffusion analysis of the latebra.
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Figure 2.
Maps obtained with biexponential analysis of high-b diffusion data measured in eggs that

underwent 15 minutes of boiling. A) Map of the fast diffusion coefficient Df. In egg white,

Df equals 1.68 μm2/ms (left egg) and 1.70 μm2/ms (right egg). In the latebra, Df equals 1.50

μm2/ms (left egg) and 1.45 μm2/ms (right egg). B) Map of the slow diffusion coefficient Ds.

In egg white, slow diffusion coefficient values can not be determined since the slow

diffusion component is very small or not present. In contrast, in the latebra there is clear

evidence of biexponential diffusion signal decay with a substantial slow diffusion

component. Ds equals 0.30 μm2/ms (left egg) and 0.23 μm2/ms (right egg). C) Map of the

fast diffusion component size fraction f1 In most of the egg white, f1 is very close to one

(0.99 for left egg and 0.97 right egg), indicative of purely monoexponential diffusion signal

decay. Within the upper portion of the egg white there is an area, where the overlapping

signal of yolk lipid produces a biexponential diffusion signal decay with f1 clearly lower

than one. In the latebra, f1 is also distinctly smaller than one (0.75 for the left egg and 0.78

for the right egg), indicative of a non-monoexponential diffusion signal decay. Finally, there

is evidence of ringing artifacts along the edge of the egg white.
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Figure 3.
Typical examples of diffusion signal decays measured in latebra ROIs of raw and boiled

chicken eggs. The data shown in the top graph were obtained with high diffusion weighting

(5 ≤ b ≤ 5,000 s/mm2), whereas the data shown in the bottom graph were obtained with very

high diffusion weighting (5 ≤ b ≤ 50,000 s/mm2). For each b-value, average background

noise values are also shown. Continuous lines represent fits through the signal decay data. In

the range 5 ≤ b ≤ 5,000 s/mm2, biexponential fits appear to well describe the signal decay.

For the higher diffusion range, triexponential functions produce superior fits.
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Figure 4.
Representative diffusion signal decays measured in egg white ROIs of raw and boiled eggs.

Continuous lines represent monoexponential fits through the signal decay data. For each b-

value, average background noise values are also provided. For b-values above 3,500 s/mm2,

the signal in egg white falls below the noise threshold. Boiling causes only a small decrease

in water diffusion, which, given the narrow range of temperatures under which the

experiments were performed, can not be explained by changes in temperature. Extension of

the boiling time from 5 to 15 minutes appears to have no significant effect.
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Figure 5.
Diffusion signal decay in yolk lipid ROIs measured with very high diffusion weighting (5 ≤

b ≤ 50,000 s/mm2). The signal intensity scale has been split into three separate sections to

better illustrate an exceedingly small diffusion dependent signal loss, despite very strong

diffusion encoding. For a boiling time of 15 minutes, signal loss was even smaller and

sometimes not evident at all and, therefore, reliable fits could not be obtained.
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Figure 6.
Diffusion signal decay data of water (top graph) and olive oil (bottom graph). Water

diffusion was measured with diffusion weighting between 5 to 5,000 s/mm2. The slower

diffusing olive oil was measured with diffusion weighting between 5 to 50,000 s/mm2. For

each b-value, average background noise is also shown. Continuous lines indicate

monoexponential fits through the signal decay data.
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Table 3

Average and standard deviations of water ADCs measured in the egg white of raw and boiled chicken eggs.

ADC values are presented for measurements without and with magnetization transfer (MT) pulse. The first

ADC column represents values without temperature correction and the second ADC column values that have

been extrapolated to a temperature of 20 Celsius

Egg White (N=8, maximum b=5,000 s/mm2)

Boiling Time [min] MT MT-Ratio [%] ADC [μm2/ms] ADC(20C) [μm2/ms]

0 off 1.76±0.07 1.77±0.02

0 on 5.8±0.7 1.76±0.07 1.77±0.02

5 off 1.62±0.12 1.65±0.04

5 on 21.8±2.8 1.63±0.15 1.67±0.04

15 off 1.62±0.07 1.65±0.02

15 on 22.7±3.6 1.62±0.07 1.66±0.03

p(0 vs 5 min, MT off) <0.02 <10−5

p(0 vs 15 min, MT off) <0.002 <10−6

p(5 vs 15 min, MT off) N.S. N.S.
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