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Abstract

Calcium sulfate is an established carrier for localized drug delivery, but a means

to non-invasively measure drug release, which would improve our understanding

of localized delivery, remains an unmet need. We aim to quantitatively estimate

the diffusion-controlled release of small molecules loaded into a calcium sulfate

carrier through a gadobutrol-based contrast agent, which acts as a surrogate small

molecule. A central cylindrical core made of calcium sulfate, either alone or within

a metal scaffold, is loaded with contrast agents that release into agar. Multi-echo

scans are acquired at multiple time points over 4 weeks and processed into R2*

and quantitative susceptibility mapping (QSM) maps. Mean R2* values are fit to a

known drug delivery model, which are then compared with the decrease in core

QSM. Fitting R2* measurements of calcium sulfate core while constraining con-

stants to a drug release model results in an R 2-value of 0.991, yielding a diffu-

sion constant of 4.59 � 10�11 m2 s�1. Incorporating the carrier within a metal

scaffold results in a slower release. QSM shows the resulting loss of susceptibility

in the non-metal core but is unreliable around metal. R2* characterizes the

released gadobutrol, and QSM detects the resulting decrease in core susceptibil-

ity. The addition of a porous metal scaffold slows the release of gadobutrol, as

expected.
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1 | INTRODUCTION

When developing a localized drug delivery system, the goals are to precisely target the cause of the disease and deliver the correct therapeutic

concentration over an optimal time period.1 To reach these goals, a carrier material, typically in the form of a simple matrix system,2 hydrogels,3,4

or targeted nanoparticles,5,6 are incorporated with drugs and placed at the disease sites.1 As a matrix-type carrier, calcium sulfate hemihydrate

has a long history for the delivery of small molecules in a variety of applications, such as the delivery of antibiotics,7,8 cancer-related drugs,9 and

other bioactive agents.2 Being used as a bone filler10 and bone graft substitute11 in orthopedics, calcium sulfate has earned an excellent

reputation for its biocompatibility and osteoconductive properties.12 Currently, calcium sulfate is commonly used to deliver antibiotics to treat

periprosthetic joint infection (PJI).13,14 Infection is currently the leading cause of early revision of both hip and knee implants in North

America15,16 and is likely to grow more prevalent,17 particularly as implant design improves fixation and mechanical stability.

Not only is it important to deliver antibiotics locally during therapy, but it is also desirable to characterize the pharmacokinetics of antibiotic

release. Numerous in-vitro studies of drug diffusion from calcium sulfate antibiotic carriers via chemical analysis of eluants have been reported.7,18

In-vivo studies examining antibiotic elution through surgical drains and serum have also been performed, but are limited by concerns over

prolonged drain placement7 and the lack of information about the dynamical diffusion process. These limitations contribute to the need for a

means of non-invasive measurement of antibiotic release from calcium sulfate using imaging techniques, which would improve our understanding

of localized antibiotic delivery in the treatment of PJI, particularly in vivo. Micro-CT has previously been proposed as a viable means of character-

izing diffusion-controlled release of small molecules through the use of a contrast agent19 loaded into a calcium sulfate matrix core releasing into

a surrounding volume of agar over multiple time points. This proof of concept was demonstrated to be effective with micro-CT, but clinical

application will be limited because of the risks associated with ionizing radiation if applied in vivo.

There are a few factors that indicate that MRI is a viable, non-invasive modality for imaging the diffusion-controlled release of small

molecules, specifically gadobutrol contrast agents. The idea of using MRI to measure the diffusion of gadolinium-based contrast media is not

new20,21; however, quantitative MRI has introduced new methods for this type of study. Critically, studies have shown that magnetic susceptibil-

ity is highly correlated to both gadolinium concentration22 and CT-attenuation values23; it is also well known that gadolinium concentration is

associated with R2*.24 Molecular weight (MW) is known to be a dominant factor in small-molecule diffusion,25 and gadolinium-based contrast

agents are of similar MW to the antibiotics that are commonly deployed for orthopedic applications.

One prominent concern surrounding localized drug delivery, particularly in orthopedics, is that most carriers, including calcium sulfate, lack

load-bearing capability.26 Preliminary attempts to alleviate this concern include a study of the effects of deploying calcium sulfate within a simple

reservoir built through resin 3D-printing27; however, a better solution may be found through metal 3D-printing. A recently proposed example of

this is the use of 3D-printed porous metal implants, which have shown excellent mechanical suitability,28–31 promising influence on bone

ingrowth,32 and clinical viability.33 While 3D-printed porous metal implants have shown promise as a means of providing mechanical support and

a stable environment for new bone formation, they still suffer some of the downsides of traditional metal implants, such as biological incompatibil-

ity, lack of osteoinductivity,34 and potential for infection.35 One promising solution to the latter problem (infection) is having the porous metal

implants act as a scaffold that hosts an antibiotic carrier. For example, porous metal implants have also been used for loading drug-laden porous

gelatin36 and antibacterial hydrogels37 by incorporating the carrier material into the implant's void spaces. Similarly, incorporating calcium sulfate

into a porous implant would allow the metal structure to act as a scaffold that alleviates mechanical load from the carrier, which would allow the

combined implant to elute antibiotics directly into the periprosthetic space instead of on the periphery of the infected joint. However, performing

quantitative MRI around metals faces challenges associated with the susceptibility-induced field inhomogeneity that leads to artifacts in both

magnitude and phase. Fortunately, it has been previously shown that highly porous 3D-printed metal scaffolds are MR compatible and exhibit

decreased effective susceptibility proportional to their porosity,38 and thus a highly porous scaffold filled with calcium sulfate may still be amena-

ble to MRI-based measurements and eventual clinical monitoring.

The objective of this study is to quantitatively measure the release and diffusion of contrast agents loaded into calcium sulfate, both on its

own and when contained within a porous metal scaffold. By using a clinically available gadobutrol-based contrast agent (Gadovist; MW = 604.7)

with an MW similar to common antibiotic drugs (tobramycin; MW = 467.5 and gentamicin; MW = 477.6), we investigate the hypothesis that R2*

and quantitative susceptibility mapping (QSM), derived from multi-echo gradient echo (GRE), can be used to characterize the diffusion-controlled

release of small molecules over time.

2 | METHODS

2.1 | Experimental setup

The experimental setup consists of a central cylindrical core made of a carrier material that releases small molecules into surrounding agar contained

in a plastic enclosure, creating a finite-source, finite-sink setup. A silicone-elastomer mold to form the core was created from a two-part negative
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mold designed in Solidworks (Dassault Systèmes, Vélizy-Villacoublay, France) (Figure 1A) that was 3D-printed in polylactic acid (PLA). The mold was

designed to form a cylinder of 17 mm radius and 40 mm length, which constitutes the central core. The enclosure, which contains both the core and

its surrounding agar, has a diameter of 70 mm and either a raised inset to place the core (free diffusion experiment) or a 42 mm high wall that blocks

the release of the molecules (Figure 1B). The “blocked” phantom was needed to separate the effect on R2* of the susceptibility-induced field inho-

mogeneity generated by the core and the effect of the increased concentration of the diffused molecules. The enclosures were 3D-printed by fused

deposition on a Dremel 3D45 (Dremel, Mt. Prospect, Illinois) using clear polyethylene terephthalate glycol (PETG) for the diffusion experiment or

white PLA for the blocked experiment. PETG was used for its mechanical properties, which allowed for a smaller raised inset, and PLA was used

when a known small magnetic susceptibility (0.528 ppm shift)39 was needed to minimize susceptibility effects.

2.2 | Sample preparation

Gadobutrol solution (50 mmol/L) was prepared by diluting Gadovist (Bayer Inc., Leverkusen, Germany) with distilled water at a 1:20 ratio. Calcium

sulfate hemihydrate powder (Stimulan, Biocomposites Ltd., Keele, England) was mixed with 6 mL of the dilute Gadovist. The resulting paste was

poured into the silicone mold and left to set, forming a cylindrical core. Agar gel was prepared by boiling 1 L of distilled water to remove dissolved

gas, allowing it to cool to room temperature in a sealed container, and then mixing it with 35 g of agar and 80 mL of glycerol. The agar was heated

to approximately 90�C and skimmed to remove impurities and air bubbles. The core was set into the enclosure, and the agar was poured when it

was cooled to 60�C. The assembled samples were left to set for 3 h at room temperature prior to scanning. The samples were kept at room

temperature between scans.

2.3 | Phantom design

An “external” annular phantom was also built to hold the assembled samples; this phantom served two purposes: holding a set of calibration vials

and providing a set of fiducial markers needed to ascertain the phantom's precise orientation and center. Eight 2 mL calibration vials (Fisher

Scientific, Waltham, Massachusetts) were prepared at 0.125%, 0.25%, 0.5%, 1%, 1.5%, 2%, and 2.5% of the raw (0.5 mmol/mL Gd) contrast agent

F IGURE 1 (A) Silicone mold made from 3D-printed polylactic acid (PLA) negatives. (B) Enclosures to hold central core (top: blocked diffusion,
bottom: free diffusion). (C) Configuration of calibration vials and spherical markers used in registration. (D) Assembled sample (top: core
surrounded by agar, bottom: core placed into inset prior to pouring agar). (E) Assembled phantom with calibration vials set in agar.
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(Magnevist; Berlex Laboratories; Wayne, NJ) in distilled water, along with a vial of only distilled water.40 Three additional vials were filled with

agar made with 1.0%, 0.5%, and without Magnevist to assess the effect of agar on the quantitative images. Two vials of peanut oil were included

to evaluate the effect of fat on our acquisition. The vials were held within a 3D-printed PLA construct; the configuration of these vials is shown in

Figure 1C. The 3D-printed construct was also built with three 7-mm spherical markers used to determine the phantom's orientation relative to

the coronal imaging plane. These markers were placed along a planar circle with a 51.45 mm radius. The assembled sample (Figure 1D; the enclo-

sure holding the core and surrounding agar) snugly fitted into an inner ring, keeping the core consistently in the center of the ring formed by the

markers; this enabled consistent repositioning of the assembled sample prior to each scan for phantom co-registration and alignment (see

Section 2.7). The outer ring was designed to be placed within a 130-mm-diameter plastic container. The PLA construct, vials, and sample enclo-

sure were placed in a plastic container and embedded in agar (Figure 1E).

2.4 | Gyroid-based porous metal core

A metal scaffold was designed based on a sheet-based gyroid—a triply periodic minimal surface that has been shown to have favorable mechanical

properties for orthopedic applications, such as stiffness similar to bone and an appropriate strength for load-bearing implants.28 The scaffold,

whose effective susceptibility has been previously studied,38 was designed with a porosity of 90% using Blender (Version 2.79, blender.org,

Amsterdam, Netherlands), repeating a 6 mm3 unit cell (Figure 2A) with a 0.2 mm wall thickness arranged into a 3 � 3� 8 array, which was then

truncated into a cylinder matching the central core (Figure 2B). The resulting model was exported as stereolithography (STL) files and sliced for

manufacture using the QuantAM build preparation software (Renishaw plc, Wotton-under-Edge, United Kingdom). The structures were 3D

printed in Ti6Al4V medical grade titanium alloy (Ti6Al4V ELI-0406, Renishaw plc, United Kingdom, particle size 15–45 μm) using laser powder-

bed fusion (AM400, Renishaw plc, Wotton-under-Edge, United Kingdom) at ADEISS (London, Canada) with a laser spot diameter of 70 μm and

layer thickness of 40 μm. The manufactured porous titanium scaffold was loaded by filling the silicone mold with gadobutrol-loaded calcium

sulfate and slowly inserting the metal core prior to setting, which allowed the fluid paste to fill the void spaces of the gyroid structure (Figure 2C).

2.5 | Imaging

Imaging was performed using a 3T Prisma scanner (Siemens Healthineers, Erlangen, Germany) with a Siemens 32-channel head coil at Western's

Centre for Functional and Metabolic Mapping. A 3D multi-echo GRE sequence with echo times at 4.16, 5.52, 6.88, 8.26, 9.76, 11.67, 14.00,

16.34,38 18.67, and 21.00 ms (echo train length = 10) at 1 mm3 resolution, with TR = 24 ms, 15� flip angle, BW = 1010 Hz/pixel, matrix

size = 160 � 160 � 60, 16 cm FOV, and a total acquisition time of 3 min and 50 s, was acquired for processing into R2* and QSM images. The

phantoms were scanned in the coronal configuration, with the samples perpendicular to B0. Scans were performed 3 and 10 h after pouring

the agar, followed by scans at 32, 56, and 80 h, then at 1, 2, and 4 weeks. Phase and magnitude images were channel combined41 and

reconstructed on the scanner then exported as Digital Imaging and Communications in Medicine (DICOM) files. A smaller follow-up study was

conducted to verify the compatibility of our methods with T1 mapping. This follow-up experiment used a Siemens product T1 mapping sequence

(3D VIBE) with TR/TE = 5.68/2.03 ms, flip angle = 2 and 10�, and NEX = 2, scanned 20 h and 2 weeks after pouring.

2.6 | Quantitative mapping

Multi-echo complex data were assembled and processed from the scanner reconstructed magnitude and phase images using Matlab R2022b

(Mathworks, Natick, Massachusetts) on a Mac Mini (2.8 GHz CPU and 16 GB RAM). Complex images were processed using the B0-NICE

F IGURE 2 (A) Sheet-based gyroid unit cell. (B) Array of unit cells with 0.2 mm wall thickness truncated into cylinder. (C) Titanium 3D-printed
scaffold filled with calcium sulfate.
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algorithm24,40,42 to generate fat fraction, R2*, and B0 maps from the 10 echoes. The R2* maps were calculated based on data-fitting of the magni-

tude images from the 10 echoes with echo spacing shortened (relative to previous B0-NICE applications) to reduce the effects of field inhomoge-

neity in the late echoes. QSM maps were generated using the MEDI algorithm43 implemented on the 10-echo complex data and referenced to

the values of the distilled-water vial. The QSM maps were used to measure the drop in core susceptibility as the contained gadobutrol was

released into the surrounding agar.

2.7 | Phantom co-registration and alignment

Because imaging experiments over a prolonged period require sample repositioning, alignment of the images was required. The three

alignment markers were identified in each image by thresholding, morphologically eroding the supporting structures, and calculating the markers'

centroids. The center of the circle formed by the three markers indicates the precise coordinates of the center of the sample core. The markers

also provide a measurement of both the in-plane rotation and through-plane tilt of the phantom within the magnet. Rotation matrices were

calculated based on the marker centroids and used to co-align all images.

2.8 | Data analysis

The aligned magnitude images, R2*, and QSM maps were analyzed at each time point for both sample types (calcium sulfate only and calcium

sulfate in metal) in both free diffusion and blocked enclosures. Calibration vial data were averaged within 8-mm circular regions of interest (ROI),

3-slices thick, centered on the plane defined by the markers. Similar regions were defined to calculate the average core susceptibility. Analysis of

the diffusion samples was performed using radially averaged line profiles centered on the core, culminating in the quantification of gadobutrol

release, as described below. The T1 maps were studied with methods similar to the R2* maps, with calibration vial data evaluated with ROIs and

images analyzed with radially averaged line profiles centered on the core.

2.8.1 | Radial averaging

Radial averaging was employed to improve signal-to-noise ratio (SNR), minimize non-uniformities within the agar (e.g., small air bubbles), and

simplify quantification and analysis while examining the slow diffusion of contrast agents through the agar. Radial averaging takes advantage of

the radial symmetry of the sample and the radial nature of the diffusion of gadobutrol from the cylindrical core to average sample points that are

equidistant to the core. In our case, where the images were aligned with the axis of the phantom, this was achieved by first averaging five slices,

then creating and averaging 120 line profiles (spaced 3� apart) radiating from the center of the phantom. All data analysis was performed using

Matlab.

2.8.2 | Gadobutrol release

The diffusion of small molecules can be modelled generally using Fick's laws of diffusion.44 Our system (Gadovist in calcium sulfate formed into a

cylinder) imitates a cylindrical diffusion-controlled (predominantly controlled by diffusional mass transport) drug delivery system, which has

a known model.44 The calcium sulfate core constitutes a “monolithic solution,” as the molecule of interest is dispersed homogeneously through-

out the calcium sulfate matrix, and thus the “drug” (Gadovist) release can be described by the approximation44:

Mt

M∞
¼1� 4

2:4052
exp �2:4052Dt

R2

 !
, ð1Þ

where M(t) is the cumulative amount of drug released at time t, M(∞) is the cumulative amount of drug released at infinity, D is the diffusion

coefficient of the drug within the system, and R is the radius of the inner core cylinder. If R2* and concentration are linearly correlated, we can

use the mean R2* value (R2*avg(t)) within the agar to measure the release of gadobutrol from the core into the enclosed agar through the ratio:

Mt

M∞
¼ R2�

avg tð Þ�R2�
avg 0ð Þ

R2�
avg ∞ð Þ�R2�

avg 0ð Þffi
R2�

avg tð Þ�R2�
avg 0ð Þ

R2�
avg finalð Þ�R2�

avg 0ð Þ ð2Þ
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with the approximation that R2*avg(∞) is equivalent to R2*avg(final), taken from the 4-week time point. For each time point, R2*avg(t) was

calculated by averaging the values with a 26-mm annulus encompassing the agar surrounding the 9-mm central core. A baseline R2*avg(0) value

was derived from the blocked (non-diffusing) phantom using the same averaging approach and subtracted from each R2*avg(t). For the calcium

sulfate-only core (non-metal), best-fit curves (exponential plateau) were calculated while constraining the constants (Equation 1—a molecule of

interest is dispersed homogeneously throughout the matrix) to find the diffusion coefficient D of the system. The addition of an internal scaffold

structure (metal core) invalidates the model of Equation (1), as the matrix is no longer continuous; however, a similar release curve can be

expected. Therefore, the R2* data derived from the metal core phantom was fit to an exponential plateau but without the constants provided by

the model. QSM measurements and R2*-based release curves are compared through an exponential decay fit of the core susceptibility.

2.8.3 | Statistical analysis

All line fitting was evaluated for quality of fit by the coefficient of determination (R 2 value) and the sum of square of the points from the curve

(SoSPfC). All curve fitting and statistics were done in Prism 9 (version 9.0.0, GraphPad Software, San Diego, California).

3 | RESULTS

3.1 | Calcium sulfate core: quantitative maps

Representative aligned magnitude images (Figure 3A), R2* (Figure 3B), and QSM (Figure 3C) maps are shown at various time points over a 4-week

period; the plane presented is 1 mm thick and orthogonal to the core. The magnitude images (Figure 3A) show the signal enhancement generated

by the released, diffusing gadobutrol, where the radius of the high-signal circle increases over time. R2* images (Figure 3B) demonstrate a clear

increase in R2* in the agar surrounding the central core, as expected. The QSM images (Figure 3C) show changes within the calcium sulfate core,

where the core's magnetic susceptibility decreases as the high-susceptibility gadobutrol diffuses into the surrounding agar. Radially averaging the

magnitude, R2*, and QSM images (Figure 4) provides further insight into the images. The averaged line profiles show that magnitude images do

not change substantially beyond 7 days, suggesting that it takes a week for the initially released contrast agent to diffuse through the agar to the

periphery of the sample. The R2* curves demonstrate a decreasing peak over time (<10 mm from the core) and an increasing concentration distal

to the core (>20 mm from the center), which indicates that the total amount of gadobutrol leaving the core is decreasing and the total amount of

gadobutrol in the agar is increasing.

3.2 | Calcium sulfate in a porous metal scaffold: quantitative maps

The porous metal scaffold was built with 92.56% porosity (measured by mass). The addition of metal has a clear effect on the first echo magnitude

images (Figure 5A). The strong signal enhancement is still apparent, but the signal void surrounding the core has less defined edges, suggesting

that the artifact stems from the metal structure. The field inhomogeneity induced by the titanium scaffold is apparent in R2* (Figure 5B); as a

result, the volume adjacent to the core exhibits a fast-decaying signal (high R2*). The higher susceptibility of the core, compared with the calcium

sulfate-only core, results in poorer quality QS maps. Nonetheless, a decrease in core susceptibility is seen over time (Figure 5C). The radially

averaged line profiles confirm these observations, with a magnitude profile that is very similar to the non-metal experiment (compare Figure 6A to

Figure 4A), a very high peak R2* (Figure 6B), and core susceptibility (Figure 6C) that are substantially higher than those without the metal scaffold.

Note that, due to an error in acquisition, Week 2 data produced anomalously noisy maps, rendering them unsuitable for additional analysis.

3.3 | Calibration vials: relationship between concentration, magnitude, R2*, QSM, and T1

As expected, the relationship between magnitude and concentration was non-linear, and a linear relationship was observed between R2*, QSM,

and gadobutrol concentration (Figure 7). Although it may be possible to describe the relationship between magnitude and concentration, the

linear relationship between quantitative mapping and concentration provides an easy avenue for an experimental protocol that derives

quantitative measurements of gadobutrol concentration that facilitates the calculation of total release and diffusion coefficient. As there are only

four T1 scans, R1 (the reciprocal R1 is shown in order to compare with R2*) data for the water-based calibration vials are presented individually.

R1 maps had large outliers (voxels with R1 > 1000), which were removed from the analysis. T1/R1 maps showed strong linearity and minimal

noise at concentrations under 5 mM but poor performance at higher concentrations.
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3.4 | T1-mapping

The radially averaged line profiles and images are available in Figures S1 and S2, respectively, showing the results of a 2-timepoint experiment

using T1 mapping. The magnitude and R2* images from this scan are similar to what was seen in the experiments described above, although

the R1 maps surrounding the metal core are notably asymmetric. R1 line profiles show that measurements of T1 near the core and adjacent

to the enclosure wall have problems, but T1 is otherwise a powerful tool for measuring gadobutrol concentration. In particular, T1 measurements

are substantially less affected by the presence of metal than R2* and approach zero in the absence of contrast agents, which improves specificity.

F IGURE 4 Radially averaged line profiles. Each data point averages 600 total samples, spanning five slices of 120 points spaced 3� apart.
(A) Average intensity of magnitude images. (B) R2* line profiles. The lack of signal within the core resulted in a noisy fitting and is not shown.
(C) Quantitative susceptibility mapping (QSM) line profiles. While the concentration of gadobutrol is not detectable within the agar, QSM is
sensitive to the change in susceptibility of the core as gadobutrol is released.

F IGURE 3 Time-series of magnitude, R2*, and quantitative susceptibility mapping (QSM) images at time points ranging from 3 h to 4 weeks.
Slice shown is the plane of radial symmetry that bisects all three spherical markers. (A) Magnitude images of calcium sulfate (Stimulan) loaded
with gadobutrol contrast agent (Gadovist). (B) R2* images calculated from signal decay over 10 echoes. (C) QSM map showing the core
susceptibility decreasing as gadobutrol is released.
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3.5 | Release curves and diffusion coefficient

Analysis of the time-varying total concentration of gadobutrol in the agar (Equations 1 and 2) yields a set of R2* ratios governing the release of

contrast agent out of the calcium sulfate into the agar. The baseline values of R2* at t = 0 (i.e., the time just before diffusion begins and no

gadobutrol is present in the agar) were determined from the “blocked” (non-diffusing) phantom and were found to be 33.74 and 33.56 s�1 for the

F IGURE 5 Time-series of magnitude, R2*, and quantitative susceptibility mapping (QSM) images at time points ranging from 3 h to 4 weeks
of gadobutrol-loaded calcium sulfate in a porous metal scaffold. Slice shown is the plane of radial symmetry that bisects all three spherical
markers. (A) Magnitude images of calcium sulfate (Stimulan) loaded with gadobutrol contrast agent (Gadovist) in a 3D-printed titanium-alloy
porous scaffold. (B) R2* images calculated from signal decay over 10 echoes. R2* values near the core are heavily affected by field
inhomogeneity. (C) QSM map showing the core susceptibility decreasing as gadobutrol is released. The higher susceptibility metal scaffold results
in poor susceptibility estimates.

F IGURE 6 Radially averaged line profiles when a metal scaffold is added to the core. Each data point averages 600 total samples, spanning
five slices of 120 points spaced 3� apart. (A) Average intensity of magnitude images. (B) R2* line profiles. The lack of signal within the core
resulted in a noisy fitting and is not reliable. (C) quantitative susceptibility mapping (QSM) line profiles. The addition of metal to the calcium
sulfate core increased susceptibility as expected but resulted in poor overall data quality.
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calcium sulfate-only (non-metal) and calcium sulfate-in-scaffold (metal) cores, respectively. Time-release curves were calculated by subtracting

the baseline t = 0 R2* values from all corresponding average R2* values, representing released gadobutrol concentrations over time. The resulting

release curve (Figure 8A, non-metal) has an R 2-value of 0.991 and an SoSPfC-value of 0.016, indicating that the data fits the theoretical model44

well. The curve-fit results in a decay constant of 3.67 � 10�6 s�1, yielding a diffusion constant of 4.59 � 10�11 m2 s�1. Fitting the core suscepti-

bility values from the QSM images (Figure 8B, non-metal) yields an exponential decay with a decay constant of 2.4 � 10�6 s�1 (an R 2-value of

0.969 and an SoSPfC-value of 0.31). Although the addition of the Ti scaffold invalidates the mathematical model, the release curve exhibits a

F IGURE 7 Volume average of three slices of each calibration vial (8 mm regions of interest [ROI]). (A) Magnitude; no correlation. (B) R2*;
linear fit: water vials R2 = 0.956, slope = 4.75 s�1/mM; agar vials R2 = 0.995, slope = 10 s�1/mM. (C) quantitative susceptibility mapping (QSM);
linear fit: water vials R2 = 0.938, slope = 0.19 ppm/mM; agar vials R2 = 0.993, slope = 0.24 ppm/mM. (D) Results of a separate T1 mapping
experiment done 20 h and 14 days following pouring, showing R1 water vials for each scan; linear fit: R2 = 0.246–0.3102, slope = 4.56–
6.62 s�1/M. (E) Percentage of voxels in ROI used in (D) that had value = 1000 s�1 and were removed as outliers.

F IGURE 8 Diffusion curves measuring released contrast agent. (A) The ratio R2*avg(t)/R2*avg(final) is used as a measurement of
concentration(t)/concentration(∞), representing cumulative amounts of contrast agent in the agar. An outlier (metal, 2nd week) was excluded
because of poor image quality. The non-metal release curve yields a diffusion constant of 4.59 � 10�11 m2/s. (B) The susceptibility of the calcium
sulfate core measured through quantitative susceptibility mapping (QSM). The addition of metal to the calcium sulfate core increased
susceptibility as expected but resulted in poor overall data quality.
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similar exponential plateau (Figure 8A, metal) with a decay constant of 2.37 � 10�6 s�1, an R 2-value of 0.999, and an SoSPfC-value of 0.004 (the

improved fit is due to not constraining the curve to the drug release model). As expected, when adding titanium to the core, QSM does show an

increase in susceptibility (Figure 8B, metal); unfortunately, the susceptibility changes over time did not fit the expected exponential decay.

4 | DISCUSSION

In this work, we have demonstrated that quantitative MRI can monitor the diffusion-controlled release of a gadobutrol contrast agent. As MW

plays a dominant role in governing small-molecule diffusion, it is ideal if the contrast agent's MW is similar to the MW of the antibiotics it is

intended to simulate. The specific contrast agent employed in this study, Gadovist (MW = 604.7, freely soluble in water), is reasonably similar to

two antibiotics that are often mixed with Stimulan, tobramycin (MW = 467.5, freely soluble in water) and gentamicin (MW = 477.6, freely soluble

in water), making it an appropriate choice for potential clinical applications.

4.1 | Calcium sulfate-only core

As expected, the gadobutrol that is released from the calcium sulfate core has a signal-enhancing effect, with a high-signal circle increasing in

radius over time as the contrast agent slowly diffuses through the agar. A radially symmetric plane was identified and used for radial averaging

and modelling diffusion-controlled release. We have shown that R2* is sensitive to small changes in gadobutrol concentration and that those

changes can be used as a measure of concentration for modelling release kinetics. The released gadobutrol also resulted in a decrease in magnetic

susceptibility of the central core that is detectable by QSM; this decrease in core susceptibility (from paramagnetic to diamagnetic relative to

water) is consistent with the diamagnetic nature of calcium sulfate.45 Note that the diamagnetic nature of non-contrast enhanced calcium sulfate

is useful for offsetting some of the magnetic susceptibility increase introduced by the addition of gadobutrol. The decay constant found by QSM,

while comparable to that found with R2*, was 34% lower; we suspect that in the early time points, the high concentration of gadobutrol in the

agar directly adjacent to the core decreased the susceptibility difference between the core and agar, resulting in a lower measured core QSM.

Calcium sulfate, in the form of Stimulan, is clinically used as an antibiotic carrier, typically as 6-mm beads implanted at the surgical site. A clini-

cal study that measured drained serum antibiotic concentrations daily for 5 days post-surgery demonstrated a release profile where antibiotic

concentration peaked on Day 1 and decreased day to day,7 following a curve with a similar shape to that found in our experiments. A study exam-

ining the diffusion of a different small molecule (platinum) using calcium sulfate beads in agar through a series of concentric cubic shells found an

overall decrease in concentration in the innermost shells and an overall increase in concentration in the outermost shells,9 which is in line with

what we see in our R2* line profiles over time. Using mean R2* values as a surrogate for the cumulative release of gadobutrol in a diffusion-

controlled release model demonstrated an excellent fit that provided an accurate estimate of the diffusion coefficient (D) for this system. Compar-

ative values of D for gadobutrol from calcium sulfate have not been previously reported, and the diffusion coefficient will depend strongly on the

properties of the material through which it is diffusing, so comparison to the literature may be difficult to interpret. However, a CT study con-

ducted using the same experimental design (contrast agent loaded into a cylindrical core surrounded by agar)19 found a diffusion coefficient for

iohexol in calcium sulfate (4.6 � 10�11 m2 s�1) that is similar to the value for gadobutrol diffusion reported in our study (4.59 � 10�11 m2 s�1).

4.2 | Calcium sulfate contained in a porous metal scaffold

Calcium sulfate is commonly used as an antibiotic carrier without a supporting structure; the use of a porous metal scaffold would enhance the

mechanical properties. It has been shown in animal experiments37 that integrating a carrier into a load-bearing scaffold maintains its antibacterial

capability, promising better drug delivery than the current practice of packing the surgery site with antibiotic calcium sulfate beads13 by virtue of

direct contact with the infection site. Incorporating a drug-laden carrier into a porous metal scaffold emulates the drug-delivery function of an

antibiotic-loaded temporary spacer,46 ideally while improving mechanical stability sufficiently to employ as a permanent implant. However, mag-

netic susceptibility effects become a potential concern when incorporating the calcium sulfate carrier into a porous metal scaffold. For this reason,

one component of our study evaluated the possibility of quantitative characterization of gadobutrol release from calcium sulfate in the presence

of a titanium scaffold. It is apparent from the study that the gadobutrol-induced signal enhancement effect is still evident surrounding the metal

core. Unfortunately, the increased magnetic susceptibility makes QSM unreliable, which is likely due to multiple materials with very different sus-

ceptibilities existing in a single voxel, causing significant B0 variation within that voxel and also significant transverse relaxation, making it difficult

to fit the phase evolution, particularly at later echo times. The increased susceptibility (and resulting field inhomogeneity) also affected R2* in the

volume adjacent to the core; however, we present evidence that R2* is still sensitive to concentration changes when examining volumes distal to

the core. Calculating a release curve in a similar manner to the calcium sulfate-only core (without the constants supplied by the model as the
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model is limited to uniform geometry) shows that the addition of the scaffold impedes the release of gadobutrol, resulting in a slower initial surge

and slowed overall release that eventually results in a similar cumulative concentration (by Week 4). Further work is needed to reliably employ

quantitative imaging around calcium sulfate-loaded porous metal scaffolds, but this preliminary work demonstrates both its feasibility and poten-

tial value for studying the effects of carrier modifications on drug release using non-invasive measurements.

4.3 | Clinical potential

The imaging methods described in this study are likely to be clinically translatable. The multi-echo GRE employed for quantitative mapping is a

product sequence, and the processing algorithm has been previously used for in vivo studies.40,42 The B0-NICE algorithm24,40,42 has the ability to

measure fat fraction simultaneously with R2* and QSM; although this capability was not used in this study, it will be useful when fat-suppressed

images, which are typical in orthopedic MRI,47 are requested. We also conducted experiments showing the viability of the more commonly used

T1 mapping in this application. Aside from the fact that R2* and QSM can be processed from the same scan, our experiments with T1 mapping

showed two disadvantages compared with R2*—inaccurate measurements at higher concentrations and a small but noticeable asymmetry in the

images surrounding metal. Another concerning element is that noisy voxels in R1 maps often have very large values; although they are easily fil-

tered and discarded as outliers, they still present a concern for calculating release curves. T1 mapping does have advantages as well; radially aver-

aged line profiles indicate that T1 is less affected by field inhomogeneity effects than R2*, particularly surrounding the metal core, and R1 goes to

zero as contrast agent concentration decreases. The concerns surrounding T1 mapping, particularly regarding high concentrations of contrast

agent, are unlikely to be relevant with the smaller calcium sulfate beads used clinically, as we would expect lower concentrations surrounding a

smaller carrier.

The dearth of existing means to track antibiotic delivery should also promote clinical translation; existing methods of monitoring antibiotic

delivery in patients require examination of surgical drains and serum, leading to concerns about prolonged drain placement.7 These existing

methods are also limited in their ability to gather information about the diffusion and clearance processes; MR imaging may be able to help us bet-

ter understand how small molecules are cleared in vivo as the contrast agent can be detected even with simple magnitude images. Clinical applica-

tions of Stimulan deploy numerous small hemispheric beads,13 which should make QSM more effective as they are closer to what the algorithm

was designed for—being smaller and more spherical. These beads are also bio-absorbable, and resorption has been reported to occur within

6 weeks.14 Recent research in QSM source separation methods48–51 may help monitor the resorption of the bio-absorbable beads by separating

the overall susceptibility of the bead to its constituent contributions from the diamagnetic (calcium sulfate) and paramagnetic (gadobutrol)

sources.

Incorporating the calcium sulfate carrier into a porous metal scaffold, while more challenging to analyze, is likely to resemble the eventual

in vivo implant relatively closely, likely resulting in more direct in vitro-to-in vivo translation. Furthermore, the diffusion of contrast agents directly

into the periprosthetic space will likely prove valuable even with traditional qualitative MRI; it increases the signal surrounding the implant, which,

combined with the low effective susceptibility of the porous implant, could allow for reliable anatomical information to be scanned very close to

the prosthesis.

This manuscript has demonstrated the principle of quantitatively monitoring the diffusion of small molecules from a Ti-based scaffold impreg-

nated with calcium sulfate. However, the technique is applicable broadly to all MR-compatible scaffolds, including recently described 3D-printed

porous iron–manganese scaffolds.52

4.4 | Limitations

This study is limited in scope and intended primarily to disseminate a novel potential application of gadobutrol-based contrast agents as a surro-

gate small molecule, which would be used to enable MRI as a non-invasive means of estimating drug release. Our study design aimed to demon-

strate that the release of gadobutrol from a carrier follows a known drug release model in a tightly controlled environment. This experimental

setup, although useful for validation, has limitations; these limitations include differences in geometry versus clinical application, our limited explo-

ration of alternative pulse sequences, and limitations of the drug release model.

4.4.1 | Geometry-related limitations

This study is limited to a specific, tightly controlled setup that limits its predictive utility in more clinically realistic applications. We employed a

cylindrical shape in this study as it is both useful for modelling and curve fitting, and the size of the metal scaffold is a reasonable approximation

of its potential use as an implant. However, clinical applications of Stimulan commonly deploy numerous small hemispheric beads, which is not
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amenable to the same analysis.13 Although the smaller beads would have the benefit of decreasing susceptibility-related field inhomogeneity, it is

difficult to compare our findings using a relatively large cylinder with the experiments studying the clinically used beads.

4.4.2 | Imaging-related limitations

The scope of this study did not include a comparison of different imaging sequences or quantitative parameters, as the purpose was to demon-

strate that it is possible to use MRI to characterize the diffusion-controlled release of small molecules over time. We thus elected to run our

experiments with a sequence that could simultaneously measure the concentration of gadobutrol inside the core (QSM) and within the agar (R2*).

We conducted additional experiments to verify that T1 mapping could also be an effective tool for measuring gadobutrol concentration and found

that, compared with R2*, T1 is limited in the range of concentrations that can be measured accurately. However, our experiments also show that

this disadvantage may not be relevant in practice, as the concentrations being measured in our proposed application are small. T1 should be an

effective tool for measuring the diffusion-controlled release of contrast agents, particularly in the presence of metal. Changes in T1 are also more

specific to changes in concentration, which is likely to be valuable when making in vivo measurements.

Our study was performed at 3T, which is typical for clinical MRI, particularly for orthopedics. It is well known that susceptibility artifacts scale

directly with field strength, with R2* being particularly affected. At higher field strengths, such as those used in pre-clinical imaging, it may be per-

tinent to employ T1 imaging or QSM as the primary measurement for determining contrast agent release.

There are also limitations of MRI relative to CT, such as the longer scan time, cost, and risk of gadolinium deposits. Although CT may be a bet-

ter means of conducting this specific experiment, as it is easier to interpret and more specific in this well-controlled environment, it remains to be

determined if the wide range of quantitative measurements available to MRI (many of which we have not explored in this study, such as chemical

exchange saturation transfer53) will justify its cost and scan time. The risk associated with gadolinium deposition stemming from use as a surro-

gate drug-release measurement is also relatively minor, as the initial concentration of contrast agent in the matrix is only 5% and is released

slowly. Furthermore, CT contrast agents are also not risk-free54,55; thus, even if CT may be a better first option for monitoring drug release

through a contrast agent surrogate, an alternative modality would still be valuable.

4.4.3 | Model-related limitations

We validated our results by fitting them to a drug release model44 that solves Fick's laws of diffusion for a system analogous to our setup, con-

sisting of a drug surrogate (the contrast agent) homogenously distributed in a matrix (calcium sulfate) with cylindrical geometry. The diffusion

coefficient found in this experiment is not intended to predict behavior in vivo (where tissue perfusion and blood flow will complicate the analy-

sis), but rather to show that this technique can characterize the diffusion-dominated release of small molecules in a tissue-mimicking medium.

4.4.4 | Application-related limitations

Although we have taken care to choose a contrast agent that is of similar MW to some clinically relevant antibiotics, this study does not attempt

to verify that the surrogate molecule diffuses similarly to antibiotics. We assume that the surrogate molecules (gadobutrol) will diffuse through tis-

sue in a way that is similar to similar-weight antibiotics (such as tobramycin or gentamicin); this is consistent with Fickian diffusion and the

Stokes–Einstein equation.25 In future studies, this approximation can be verified by adding gadobutrol to experiments described by Laycock

et al.8 for testing antibiotic activity. Specifically, we can verify the validity of our assumption that gadobutrol will diffuse similarly to antibiotics by

loading both into a calcium sulfate bead (as used clinically), placing the bead in an agar plate, and examining zones of inhibition.

5 | CONCLUSION

We proposed a method for measuring the release of a gadobutrol-based contrast agent loaded into a calcium sulfate carrier using MRI. Results

from quantitative imaging show that R2* and QSM are linearly proportional to gadobutrol concentration, agree with previously published studies,

and fit a mathematical model of drug release. We also explored the effect of filling a highly porous metal scaffold with the gadobutrol-loaded car-

rier and found that, while further work is needed, quantitative imaging is still viable in spite of the increased core susceptibility. Overall, we have

demonstrated the feasibility of MRI as a non-invasive means of characterizing the diffusion-controlled release of small molecules from a clinically

relevant carrier through a contrast agent surrogate.
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