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Abstract 

Objective: To evaluate effects of a common CT contrast agent (iohexol) on the mechanical 

behaviors of cartilage and meniscus. 

Methods: Indentation responses of juvenile bovine cartilage and meniscus were monitored 

following exposure to undiluted contrast agent (100% CA), 50% CA/water, 50% CA/Phosphate 

Buffered Saline (PBS) or PBS alone, and during re-equilibration in PBS. The normalized peak 

force (!"#$$$$$), effective osmotic strain (%&'(), and normalized effective contact modulus ()*$$$) were 

calculated for every cycle, with time constants determined for both exposure and recovery via 

mono- or biexponential fits to !"#$$$$$.  

Results: All cartilage CA groups exhibited long-term increases in !"#$$$$$  following exposure, 

although the hyperosmolal 100% CA and 50% CA/PBS groups showed an initial transient 

decrease. Meniscus presented opposing trends, with decreasing !"#$$$$$  for all CA groups. 

Re-equilibration in PBS for 1hr after exposure to 100% CA did not produce recovery to baseline 

!"#$$$$$ in either tissue. The recovery time for meniscus was substantially longer than that of cartilage. 

)*$$$ increased with CA exposure time for cartilage but decreased for meniscus, suggesting an 

increased effective stiffness for cartilage and decreased stiffness for meniscus. Long-term changes 

to %&'( in both tissues were consistent with changes in )*$$$. 

Conclusion: Exposure to iohexol solutions affected joint tissues differentially, with increased 

cartilage stiffness, likely relating to competing hyperosmotic and hypotonic interactions with 

tissue fixed charges, and decreased meniscus stiffness, likely dominated by hyperosmolarity. 

These altered tissue mechanics could allow non-physiological deformation during ambulatory 

weight-bearing, resulting in an increased risk of tissue or cell damage.  

Keywords: contrast agent, contact modulus, cartilage, meniscus, osmolality  
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Introduction 

Computed Tomography (CT) arthrography is used to assess soft tissue structures and surface 

lesions across a range of pathologies and degenerative conditions1,2, particularly in the shoulder, 

elbow, hip and knee, and recent studies have explored its utility to estimate glycosaminoglycan 

(GAG) composition in cartilage3,4. Conventional CT arthrograms of the knee involve intraarticular 

injection of an iodinated contrast agent followed by a CT scan. While magnetic resonance (MR) 

arthrography is more common and minimizes exposure to ionizing radiation, CT arthrography 

continues to be useful due to its broad availability, lower cost, and its utility in patients with 

contraindications to MRI, including prostheses or metal implants5,6. Additionally, CT contrast 

agents are often included in MR contrast injections for fluoroscopic guidance during MR 

arthrography or to allow sequential MR and CT arthrography.  

 

Iodine is the basis for many CT contrast agents, as its high X-ray attenuation enhances visibility 

of blood vessels and tissues7. Both ionic and non-ionic contrast agents have been widely used in 

clinical and research settings, but non-ionic agents have become favored due to lower osmolalities 

and decreased physiological side effects8,9. Although most non-ionic, iodinated contrast agents are 

considered low-osmolar, their osmolalities range from ~300-800 mOsm/kg and most are 

hyperosmotic relative to normal saline (308 mOsm/kg) and synovial fluid (300-400mOsm/kg)10–

12. Importantly, these contrast agents are solubilized in water with minimal ionic excipients, giving 

these hyperosmolal non-ionic contrast solutions substantially lower ionic strengths than synovial 

fluid. 
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Despite the prevalence of intraarticular contrast injections, formulations for injection are based 

primarily on institutional preference and expected image quality rather than specific considerations 

of effects on articular tissues13,14. Protocols vary substantially and involve contrast agents 

undiluted or variably diluted in anesthetics or saline3,13,15–20. Although the full range of clinical 

protocols is unknown, contrast formulations reported in the recent research literature vary 

substantially (Fig. 1, Table S1). Ionic contrast formulations had hyperphysiologic ionic strengths 

and osmolalities up to 5 times that of synovial fluid, while non-ionic contrast formulations had 

subphysiological (in some cases negligible) ionic strengths and generally had hyperphysiologic 

osmolalities up to twice that of synovial fluid.  

 

Figure 1: Contrast agents for CT arthrography vary substantially in both osmolality and 
ionic strength. Osmolalities and ionic strengths were estimated for all PubMed-indexed CT 
arthrography studies on human subjects published in 2014-2018 that gave sufficient information 
on the contrast agent and dilution (47 studies). Bubble sizes indicate the number of human subjects 
for a given contrast formulation, pooling multiple studies with identical formulations. Dashed lines 
indicate approximate values for synovial fluid. Ionic contrast solutions were generally both 
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hyperosmolal and hypertonic with respect to synovial fluid, with the largest set of studies (largest 
bubble represents ~1500 subjects) reporting use of contrast formulation with an osmolality and 
ionic strength 3-4 times larger than synovial fluid. Non-ionic contrast solutions were generally 
hyperosmolal (1-2 times larger than synovial fluid) but hypotonic with respect to synovial fluid. 
 
These large variations in contrast solution properties are concerning given the known sensitivity 

of proteoglycan-rich tissues, such as cartilage, to the osmotic environment. Alterations to bath ion 

concentrations affect the osmotic swelling stress in cartilaginous tissues produced by interactions 

between the negatively charged sulfated GAGs and the ions in the interstitial fluid21–28. These 

interactions are functionally important and contribute to both the equilibrium and dynamic 

stiffness of these tissues. As arthrography patients often ambulate to distribute the contrast medium 

immediately post-injection, changes to the osmotic environment induced by contrast media could 

be detrimental for cartilaginous tissues. Indeed, Hirvasniemi et. al. specifically avoided subject 

weight-bearing based on findings that 1.5-hour immersion in a hyperosmolal, ionic contrast agent 

(Hexabrix 320, 600mOsm/kg) substantially decreased bovine cartilage stiffness and increased 

susceptibility to loading-induced cell death3,29. Nonetheless, osmolality alone may not be sufficient 

to predict the effects of a solution on cartilaginous tissues, as ionic and non-ionic solutes interact 

differentially with the charged tissue matrices.  

 

Although systemic effects of iodinated contrast agents have been characterized, potential effects 

on the mechanical response to loading of cartilage and meniscus – tissues directly exposed to the 

contrast agent solutions for prolonged periods during arthrography – are virtually unknown. This 

study examined transient mechanical effects on cartilage and meniscus tissues of exposure to and 

removal of various dilutions of iohexol, a common low-osmolar, non-ionic, iodinated contrast 

agent. 
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Materials and Methods 

Materials 

Juvenile (~2-week old) bovine stifles were from San Jose Valley Veal and Beef (Santa Clara, CA). 

Biopsy punches were from Integra Miltex (York, PA). Protease Inhibitor Cocktail Set I and 

phosphate buffered saline (PBS) tablets (140mM NaCl, 10mM phosphate buffer, 3mM KCl 

reconstituted in 1L of deionized H2O) were from Calbiochem (San Diego, CA). Omnipaque was 

from GE Healthcare (Chicago, IL) and contained either 350mg/mL (Omnipaque 350, 844 

mOsm/kg, 541mOsm/L) or 300mg/mL (Omnipaque 300, 672mOsm/kg, 465mOsm/L) of iodine in 

the form of iohexol, 1.21mg/mL tromethamine, and 0.1mg/mL edetate calcium disodium, with a 

reported pH between 6.8-7.730.  

  

Sample preparation 

Full thickness cores were harvested with an 8mm biopsy punch from the femoral condyle of three 

juvenile bovine stifles (cartilage) and the cranial surfaces of medial and lateral menisci of six 

juvenile bovine stifles (meniscus). Cores were trimmed to 2mm from the intact surface and stored 

in 1X PBS with protease inhibitors at -20˚C until testing. Samples were thawed at 37˚C for 30 

minutes and trimmed to 6mm diameter immediately before testing. Samples were randomly 

distributed across treatment groups. 

 

Protocol development 

A repeated indentation testing protocol was developed to monitor time-dependent effects of the 

bath environment on tissue mechanical behaviors with minimal transport inhibition, while 

avoiding tissue damage due to repeated testing. Tissue samples were placed within a rubber 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 13, 2019. ; https://doi.org/10.1101/2019.12.13.874743doi: bioRxiv preprint 

https://doi.org/10.1101/2019.12.13.874743
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 7 

confining ring (Fig. 2A) in 5mL of 1X PBS and a compressive tare load of -0.02N was applied to 

determine the reference thickness. The articular surface was cyclically indented using an Instron 

5944 microtester (Instron, Norwood, MA) equipped with a 10N load cell and an aluminum 

indenter with a hemispherical 1mm diameter tip. Each cycle consisted of indentation by 15% of 

the sample reference thickness at 0.002mm/s, unloading at 0.002mm/s to the reference thickness 

and either a 3min (for cartilage) or 15min (for meniscus) hold period (Fig. 2B, 2C). The different 

hold periods were determined from preliminary tests in 1X PBS as sufficient to allow full recovery 

of each tissue with no evidence of damage from the cyclic indentations over several hours. To 

validate that this protocol captured expected trends with changes in the bath environment31, 

cartilage and meniscus samples (n=3/condition) were monitored during equilibration in 

hypoosmolal 0.1X PBS (swelling), hyperosmolal 10X PBS (deswelling) and isoosmolal 1X PBS 

(control). 

 

Contrast agent dilution and visual assessment of tissue effects 

To examine effects of a range of clinically relevant conditions involving different osmolalities and 

ionic strengths, we used contrast agent as supplied (100% CA), diluted 50% v/v in PBS (50% 

CA/PBS), diluted 50% v/v in deionized water (50% CA/H2O), and 1X PBS as a control. Although 

clinical protocols typically use normal saline, PBS was chosen as an osmotically similar (280-310 

mOsm/kg vs. 308 mOsm/kg) diluent for consistency with earlier laboratory studies. The 50% 

CA/H2O group was included to understand the effect of ions introduced by the dilution in PBS and 

to simulate the response to a lower osmolality, but still non-ionic contrast agent solution. Due to 

availability at the time of testing, cartilage was tested with Omnipaque 350 while meniscus was 
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tested with Omnipaque 300. Published and estimated properties of the various contrast dilutions 

are summarized in Fig. 2H.  

 

To visually assess any obvious changes resulting from contrast solution exposure, samples were 

equilibrated at room temperature in 1mL of either 100% CA, 50% CA/PBS, 50% CA/H2O, or 

1X PBS. Photos were taken after 1hr.  

 

Indentation testing 

Explants (n=5/condition) were subjected to the repeated indentation regime described above. Each 

change in bath fluid was preceded by emptying the bath and rinsing twice with the new solution. 

After three baseline cycles in 1X PBS, the bath was replaced by 5mL of either 100% CA, 50% 

CA/PBS, 50% CA/H2O or 1X PBS. To keep exposure times roughly comparable, cartilage samples 

were indented for 10 cycles while meniscus samples were indented for 4 cycles. The bath was then 

replaced with 1X PBS and recovery was monitored for an additional 10 (cartilage) or 4 (meniscus) 

cycles. Additional meniscus explants (n=3/condition) were exposed to 100% CA or 1X PBS as 

described above but were allowed to recover for 25 cycles in 1X PBS to monitor long-term 

recovery.  

 

Data analysis 

The peak force (!"#) value for every cycle was normalized by !"# at cycle 3, the last cycle tested 

in the baseline 1X PBS bath (!"#_,-.):  

!"#$$$$$ = !"#/!"#_,-.                                                           (1) 
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The equilibration time was characterized by fitting the normalized peak force data (!"#$$$$$) during 

equilibration to contrast solutions using a biexponential model: 

!"#$$$$$ = 1 + 34
56 789 + :4

56 7;<=>?9 	                                              (2) 

where the equilibration time constant AB describes the time scale for exposure equilibration, while 

A'C&D6 denotes the time scale for an additional short-term response exhibited by cartilage groups 

(100% CA and 50% CA/PBS). Positive/negative values of the coefficients B and C indicate long-

term (for B) or short-term (for C) increases/decreases to !"#$$$$$	. As meniscus groups exhibited a 

simpler response, samples from these groups were instead fitted with a monoexponential model: 

!"#$$$$$ = 1 + 34
56 789 	                                                         (3) 

The recovery time was characterized by fitting the normalized peak force data during recovery 

using a monoexponential model:  

!"#$$$$$ = E + F4
56 7G9                                                          (4) 

where the recovery time constant AH  describes the time scale for recovery equilibration and 

positive/negative values of the coefficient H indicate long-term increases/decreases in the 

!"#$$$$$	during re-equilibration in 1X PBS. As meniscus explants did not exhibit exponential behaviors 

during recovery, the recovery exponential fit was not performed for these groups. For 100% CA 

groups only, the recovery response of cartilage and meniscus was assessed by comparing the actual 

time values needed to reach 50% recovery (t50%).  

 

Changes in tissue thickness could not be consistently determined from the force-deflection curves 

because samples that deswelled (contracted) developed a gap between the indenter and tissue 

surface while samples that swelled maintained contact. As an alternative, we determined for each 

cycle IJ.L,M, the compressive displacement at which the force reached 10% of the cycle’s peak 
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force as an estimate of whether and to what extent a sample changed dimension. An effective 

osmotic strain (%&'() relative to baseline was calculated as:  

 %&'( = 5NOP.QRS5OP.QRT_RUVW
6=

	X	100%                                              (5) 

where IJ.L,\_,-. is the displacement at which the last baseline cycle reached 10% of its peak force 

and ]&  is the reference tissue thickness. Swelling results in smaller displacement values and 

positive values of %&'( while deswelling results in negative values of %&'(. 

 

Contact modulus 

The loading portions of each indentation cycle (Fig. S1, S2) were fitted with an analytical solution 

to the Hertzian contact model for biphasic materials32 to determine an effective contact 

modulus ()*). )* reflects combined fluid and solid contributions to the indentation stiffness that 

depends on intrinsic material properties as well as experimental conditions, such as indentation 

rate and probe radius at the point of contact. For each cycle, the force data were first adjusted to 

account for the finite sample thickness and an analytical solution for spherical indentation of a 

semi-infinite biphasic half space was fit to the adjusted force vs. displacement data32 via least 

squares minimization in MATLAB (version 9.5, The MathWorks, Inc., Natick, MA) with the 

contact modulus )* and an offset displacement as free parameters. Unlike !"#, which describes 

the structural response over the entire test, )*  provides an estimate of the effective material 

behavior after the point of contact. Like !"#, )* was normalized to )* at cycle 3, the last cycle 

tested in the baseline 1X PBS bath ()*_,-.):  

)*$$$ = )*/)*_,-.                                                             (6) 

 

Statistical analysis 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 13, 2019. ; https://doi.org/10.1101/2019.12.13.874743doi: bioRxiv preprint 

https://doi.org/10.1101/2019.12.13.874743
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 11 

!"#$$$$$ for the final exposure or recovery cycle and equilibrium time constants were analyzed using 

one-way analysis of variance (ANOVA) followed by Bonferroni’s post-hoc test for pairwise 

comparisons. Differences in %&'(  and )*$$$  between conditions were analyzed using repeated 

measures ANOVA with Bonferroni’s post-hoc test for pairwise comparisons, as were differences 

in !"#$$$$$ for the extended recovery meniscus experiment. Differences in t50% between cartilage and 

meniscus for the 100% CA condition were assessed using an unpaired, two-tailed Student’s t-test. 

Analyses were performed using GraphPad Prism (version 8.0.2, GraphPad Software, La Jolla, CA) 

with significance set at p<0.05. Results are presented as mean ± 95% CI. 

 

Results 

Protocol validation  

Cartilage (Fig. 2D) and meniscus (Fig. 2F) exhibited increased !"#$$$$$	following exposure to 0.1X 

PBS and decreased !"#$$$$$	 following exposure to 10X PBS, reflecting the known swelling and 

deswelling behaviors of these tissues. At the last exposure cycle (Fig. 2E; Fig. 2G), !"#$$$$$	for the 

0.1X PBS group was significantly greater than controls for both tissues while !"#$$$$$	for the 10X PBS 

group was significantly lower than controls for cartilage. These results demonstrate that this testing 

protocol detects transient mechanical behaviors of cartilage and meniscus explants consistent with 

previous reports. 
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Figure 2: Indentation test set-up and protocol validation. (A) The indentation test set-up 
consisted of a thin ø1mm hemispherical indenter used to apply the prescribed strain to a ø6mm 
sample semi-confined in a rubber ring. (B) Each indentation cycle comprised a loading step to 
15% compressive strain at a ramp rate of 0.002mm/s followed by an unloading step at the same 
rate and a hold period of 3 min for cartilage or 15 min for meniscus specimens; (C) the peak force 
for every cycle was monitored to assess changes in the mechanical response as samples were 
exposed to different bath solutions. The indentation test set-up was validated to assess transient 
changes in swelling stress by equilibrating samples in different concentrations of PBS following 
baseline indentation in 1X PBS (swelling: 0.1X PBS, deswelling: 10X PBS, control: 1X PBS) in 
(D-E) cartilage and (F-G) meniscus. As expected, normalized peak force values for samples 
equilibrated in 1X PBS did not change with indentation cycle, demonstrating that force changes 
are a result of bath equilibration and not the indentation protocol. Both (D) cartilage and (H) 
meniscus samples equilibrated in 0.1X PBS had increased normalized peak forces while exposure 
to 10X PBS resulted in decreases to the normalized peak force for both tissues. Normalized peak 
force at the end of cycle 10 for cartilage was significantly greater for 0.1X PBS and significantly 
lower for 10X PBS compared to the 1X PBS control (E). For meniscus, normalized peak force at 
the end of cycle 4 was significantly greater for 0.1X PBS than 1X PBS, with no significant 
differences detected between 10X PBS and 1X PBS (I). (H) Characteristics of contrast solutions 
used for cartilage and meniscus. Osmolalities, osmolarities and ionic strengths for contrast 
dilutions were estimated based on published physical properties of contrast agents and PBS. 
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Visual assessment of samples 

Exposure to the contrast solutions, particularly when undiluted, altered the appearance of both 

cartilage (Fig. 3A) and meniscus (Fig. 3F) samples. While cartilage sample dimensions did not 

obviously change, meniscus samples in all contrast solutions distorted to some extent. Both tissues 

exhibited optical clearing (reduced opacity) with increased contrast agent concentration, evidence 

of fluid substitution consistent with the use of Omnipaque for tissue clearing in microscopy33–35. 

 

Normalized peak force values 

Two cartilage and one meniscus sample were excluded from analysis due to inconsistencies in test 

results indicating procedural errors, with each experimental group maintaining at least four 

samples per condition. Patterns of !"#$$$$$	versus time indicate that the contrast solutions affected the 

two tissues differently, with distinctive patterns evident both among solutions and between tissues 

(Fig. 3B, 3D, 3G, 3I; Table 1A).  

 

For cartilage, the hyperosmolal 100% CA and 50% CA/PBS groups showed a transient, short-term 

decrease in !"#$$$$$ not seen in the roughly isosmolal 50% CA/H2O group, but all contrast groups 

exhibited long-term increases in !"#$$$$$ that appeared to approach equilibrium at the end of the 

exposure phase (Fig. 3B). !"#$$$$$ on the last exposure cycle (cycle 10) was significantly greater for 

all contrast agent groups than for the PBS controls (Fig. 3C). Upon returning the baths to 1X PBS, 

!"#$$$$$ for cartilage contrast groups decayed towards their baseline levels (Fig. 3D), with all samples 

approaching equilibrium and only the 100% CA group remaining significantly greater than 

controls at the last recovery cycle (Fig. 3E). 
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Table 1: Data summary. All results presented are mean ± 95% CI. (A) Normalized peak force 
values of cycle 10 of cartilage exposure and recovery equilibriums and cycle 4 of meniscus 
exposure and recovery equilibriums. Peak force values for exposure and recovery phases were 
normalized to the peak force value on the last indentation cycle during baseline testing. P-values 
for normalized peak force show significance in comparison to control groups (1X PBS). (B) Short-
term (tshort), long-term (tlong), and recovery (tR, tR_EXT) equilibrium time constants for cartilage 
and meniscus samples obtained from exponential data fits. Short-term equilibrium time constants 
are only reported for 100% CA and 50% CA/PBS groups, which are the groups that exhibited the 
initial decrease in normalized peak force. Recovery equilibrium time constants for meniscus are 
only reported for extended tests. t50% was determined as the time needed to reach 50% recovery in 
cartilage and meniscus samples initially treated with 100% CA. P-values for equilibrium time 
constants show significance in comparison to 100% CA groups, P-value for t50% in meniscus shows 
significance in comparison to cartilage. (C) Normalized contact modulus for cartilage and 
meniscus samples. Contact modulus for exposure and recovery phases were normalized to the 
contact modulus on the last indentation cycle during baseline testing. P-values for normalized 
contact modulus show significance in comparison to control groups (1X PBS). 
 

A Normalized Peak Force ^_`$$$$$ (N/N)  
 Cartilage Meniscus 

 100% 
CA 

50% 
CA/H2O 

50% 
CA/PBS PBS 100% 

CA 
50% 

CA/H2O 
50% 

CA/PBS PBS 

Exposure 1.72±0.10 1.81±0.13 1.42±0.17 1.01±0.04 0.01±0.01 0.12±0.06 0.16±0.07 1.03±0.02 
P-value <0.0001 <0.0001 <0.001 --- <0.0001 <0.0001 <0.0001 --- 
Recovery 1.37±0.31 1.17±0.05 1.16±0.21 1.01±0.05 0.06±0.02 0.76±0.09 0.89±0.25 1.01±0.03 
P-value 0.0020 0.2923 0.3868 --- 0.0147 >0.9999 >0.9999 --- 

 
B Equilibrium Time Constants (s) 
 Cartilage Meniscus 

 100% 
CA 

50% 
CA/H2O 

50% 
CA/PBS 

100% 
CA 

50% 
CA/H2O 

50% 
CA/PBS 

tshort 321.7±249.2 --- 924.9±1539.9 --- --- --- 
P-value --- --- >0.999 --- --- --- 
tlong 2343.0±1310.7 2443.8±775.6 2053.0±1276.9 1087.0±589.4 745.7±611.7 970.9±1039.7 
P-value --- >0.999 >0.999 --- >0.999 >0.999 
tR 3971.9±2934.2 1457.8±286.3 2001.1±1554.8 --- --- --- 
P-value --- 0.0063 0.0327 --- --- --- 
tR_EXT --- --- --- 4117.0±5078.7 --- --- 
P-value --- --- --- --- --- --- 
t50% 3672.0±2215.4 --- --- 10155.3±5663.9 --- --- 
P-value --- --- --- 0.01 --- --- 

 
C Normalized Contact Modulus ab$$$ (MPa/MPa) 
 Cartilage Meniscus 

 100% 
CA 

50% 
CA/H2O 

50% 
CA/PBS PBS 100% 

CA 
50% 

CA/H2O 
50% 

CA/PBS PBS 

Exposure (Cycle 2) 2.10±0.29 1.32±0.07 1.54±0.31 1.00±0.06 --- --- --- --- 
P-value 0.0023 <0.0001 0.0309 --- --- --- --- --- 
Exposure (Last) 2.47±0.89 1.75±0.18 1.89±0.45 1.02±0.05 0.11±0.18 0.24±0.32 0.16±0.09 1.00±0.11 
P-value 0.0418 0.0005 0.0236 --- <0.0001 0.0012 0.0002 --- 
Recovery (Last) 1.43±0.43 1.18±0.09 1.15±0.14 1.01±0.08 0.25±0.35 1.00±0.63 0.73±0.59 0.98±0.16 
P-value 0.1577 0.0151 0.1356 --- 0.0010 >0.9999 0.5494 --- 
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Figure 3: Exposure to contrast agents affects cartilage and meniscus appearance and 
differentially alters their response to indentation loading. Cartilage (A) and meniscus (F) 
explants equilibrated for 1h in 100% CA, or in a dilution of the contrast agent in water or PBS, 
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lose their opacity when compared to the control explants equilibrated in PBS. Representative plots 
show that for cartilage explants, exposure to the different contrast agent dilutions resulted in long-
term increase in the normalized peak force after 10 indentation cycles, with the 100% CA and 50% 
CA/PBS groups experiencing an initial decrease in normalized peak force in the first 2 cycles (B). 
Normalized peak force values on the last cycle (cycle 10) of indentation testing during exposure 
equilibration were all significantly greater than the PBS control (C). Re-equilibration in PBS 
resulted in an overall deswelling trend (D), with most groups returning to a baseline normalized 
peak force value except for the 100% CA group, which remained significantly greater than the 
control after 10 cycles of recovery (E). The opposite effects were observed in meniscus. During 
exposure equilibration (G), samples from all contrast agent groups experienced a rapid decrease 
in normalized peak force, with all groups maintaining significantly lower normalized peak force 
values than the PBS control on the last indentation cycle (H). Re-equilibration in PBS resulted in 
an increase in normalized peak force in meniscus (I), with most groups returning to baseline levels 
except for the 100% CA group which remained significantly lower than the control on the last 
cycle of recovery (J). n=4-5/group, * P<0.05, ** P<0.01, ± P<0.001, # P<0.0001. 
 

The effects on meniscal tissue were strikingly different. All contrast solutions induced substantial 

decreases in meniscus !"#$$$$$ following exposure (Fig. 3G). !"#$$$$$ for all meniscus contrast groups 

were significantly lower than controls at the last exposure cycle (Fig. 3H). !"#$$$$$  considerably 

increased for the diluted contrast groups during recovery (Fig. 3I) but remained close to zero for 

the 100% CA group, significantly lower than controls at the last recovery cycle (Fig. 3J).  

 

To further assess recovery of meniscus samples exposed to 100% CA, additional samples were 

monitored for 4 exposure cycles plus an extended period of 25 recovery cycles to provide an extra 

6 hours of re-equilibration in 1X PBS. Meniscal samples reached baseline !"#$$$$$ after approximately 

10 cycles but !"#$$$$$ continued to increase with time (Fig. 4). Interestingly, !"#$$$$$ after 15 cycles of 

recovery was significantly greater for meniscal samples previously treated with 100% CA than for 

controls, suggesting that structural effects resulting from exposure to contrast agents on meniscus 

linger for hours after removal of the contrast agent.  
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Figure 4: Meniscus normalized peak force considerably increases with extended 
re-equilibration times. A subset of meniscus explants was subjected to an extended recovery 
indentation test consisting of 25 cycles. Meniscus explants reached baseline normalized peak force 
values after 8 cycles (~2.5 hours) in PBS and continued increasing way beyond this baseline level. 
Normalized peak force values after cycles 1-7 of recovery were significantly lower than the PBS 
control, while values after cycle 15 of recovery were significantly larger than the PBS control. 
n=3/group, * P<0.05, ** P<0.01, ± P<0.001, # P<0.0001. 
 

Equilibration time constants  

Most testing conditions for cartilage and meniscus samples resulted in behaviors well described 

by exponential fits, with no significant differences in AB among contrast solutions for either tissue 

(Fig. 5A). The additional equilibration time constant A.C&D6 , describing the initial decrease in 

!"#$$$$$	for cartilage samples equilibrated in 100% CA or 50% CA/PBS, did not significantly differ 

between groups (Fig. 5A). For cartilage, the recovery time constant for the 100% CA group was 

significantly greater than for the 50% CA/H2O and 50% CA/PBS groups (Fig. 5B). To compare 

the time response of recovery for cartilage and meniscus samples previously equilibrated in 

100% CA, the times required to reach 50% recovery were tabulated. Meniscus required 

approximately 3-times longer to reach 50% recovery than cartilage (Fig. 5C). Table 1B 

summarizes all equilibrium time constant results. Individual exponential fits for each cartilage and 
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meniscus sample are included as part of the supplemental data (Cartilage: Fig. S3; Meniscus: 

Fig. S4). 

 

Figure 5: Meniscus requires longer recovery times to return to baseline equilibrium. (A) No 
significant differences were detected in equilibration time constant A.C&D6 (representing the initial 
decrease in normalized peak force) between cartilage groups. No significant differences in 
equilibration time constant AB (representing the long-term normalized peak force behavior) were 
observed between the CA groups for both cartilage and meniscus samples. (B) The recovery 
equilibration time constant for cartilage, tR, was significantly longer for the 100% CA group than 
both 50% CA/H2O and 50% CA/PBS groups. (C) Time required to reach 50% recovery after 
exposure to 100% CA was significantly greater for meniscus than cartilage. Results are 
mean + 95% CI, n=3-5/group, *P<0.05, **P<0.01. 
 

Changes to contact stiffness 

In cartilage samples exposed to 100% CA or 50% CA/PBS, %&'(  trends exhibited an initial 

decrease followed by a long-term increase with values that remained negative for the duration of 

the test (Fig. 6A), suggesting the effect of the initial tissue contraction (negative %&'() persisted 

as samples experienced subsequent relative expansion. During recovery equilibration, samples 

assigned to 100% CA and 50% CA/PBS groups continued expanding, with %&'(	eventually 

equilibrating close to baseline levels. Cartilage equilibrated in 50% CA/H2O showed minimal 

changes in %&'(, with no significant differences detected from the control group. )*$$$ in cartilage 

(Fig. 6B) consistently increased for all contrast agent groups during exposure equilibration, 
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suggesting a stiffening effect. )*$$$	decreased during recovery equilibration for all groups, with only 

the 50% CA/H2O group significantly larger than the PBS control at the end of recovery testing.  

 

Figure 6: Contrast agent dilutions stiffen cartilage and soften meniscus at the surface. 
Changes in the effective osmotic strain	%&'( of (A) cartilage samples showed that exposure to 
100% CA and 50% CA/PBS resulted in an initial softening or contraction effect at the surface with 
the most negative value of 	%&'(  at cycle 2 of exposure equilibration. After cycle 2, samples 
exhibited an increasing trend in osmotic strain. The 50% CA/H2O group exhibited an increasing, 
positive 	%&'( , indicating swelling/expansion of the samples. Interestingly, the significant 
increases in normalized effective contact modulus Ec of cartilage samples (B) suggest that the 
long-term trends resulting from changes in ionic strength, rather than osmolality, govern the tissue 
response at the bulk level. In meniscus, exposure equilibration lead to a rapid decrease in the 
effective osmotic strain (C), consistent with the normalized peak force data (Fig. 3G) and 
suggesting a deswelling effect in meniscus samples. The significant decreases in normalized 
effective contact modulus for meniscus (D) also indicate a softening effect, which remains 
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significant even after 4 cycles of recovery for the 100% CA group. Dashed lines in effective 
osmotic strain plots represent 95% CI. In normalized effective contact modulus plots, upper and 
lower box boundaries represent 25th and 75th percentiles with the middle line representing the 
mean, whiskers show 5th and 95th percentile. n=4-5/group, significance set with respect to PBS 
control groups *P<0.05, **P<0.01, ±P<0.001, #P<0.0001. 
 

All meniscus contrast agent groups exhibited decreasing %&'( trends that were reversed during 

recovery equilibration (Fig. 6C). Consistent with %&'(, )*$$$ was lower for all contrast agent groups 

in meniscus compared to control and returned to baseline levels after 4 cycles of recovery, except 

for the 100% CA group which remained significantly lower than the control (Fig. 6D). These 

results suggest reduced stiffness with exposure to contrast agents in meniscus.  

 

Discussion 

CT arthrography protocols vary widely, with parameters such as contrast agent dilution being 

based primarily on their effects on image quality (i.e. iodine concentration sufficient to ensure 

image clarity 30-60 minutes after injection, but low enough to avoid major beam hardening 

artifacts). This study characterized the transient response of cartilage and meniscus tissue samples 

exposed to various dilutions of iohexol, a non-ionic, iodinated, low-osmolar contrast agent 

commonly used for CT arthrography. We found that clinically relevant contrast agent formulations 

did, in fact, alter the mechanical response of joint tissues in a time frame relevant to clinical scan 

protocols. Surprisingly, cartilage and meniscus tissue samples exhibited opposing behaviors when 

exposed to equivalent dilutions of the contrast agent. Our findings suggest that exposure to non-

ionic, iodinated contrast agents could render cartilage and meniscus susceptible to load-induced 

material or biological damage during arthrography procedures, and that effects could linger for 

hours after contrast administration. Note that reductions of contrast agent concentration due to 
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physiologic clearance are not step changes, and more gradual reductions would be expected to 

prolong the after-effects of contrast exposure. 

 

Cartilage explants exhibited an initial decrease in !"#$$$$$ when equilibrated in 100% CA and 50% 

CA/PBS groups, as well as a long-term increase in !"#$$$$$	that was present in every contrast agent 

group. We hypothesize that these trends reflect two competing phenomena that occur 

simultaneously. The hyperosmotic nature of these contrast solutions induces an immediate 

deswelling effect, as the reduced chemical potential of water in the bath draws fluid out of the 

tissue. However, the low ion content of the contrast agent solutions (particularly the 100% CA and 

50% CA/H2O groups) substantially perturbs the electrochemical interactions among the 

negatively-charged cartilage matrix, the interstitial ions, and the ions in the bath, causing an efflux 

of ions from the tissue and resulting in an increased osmotic swelling stress36. As the non-ionic 

contrast molecule (the primary neutral solute in these mixtures) is able to enter the tissue and would 

eventually equilibrate, the long-term response is expected to reflect the low ionic strength of these 

hyperosmolal solutions. In the 100% CA and 50% CA/PBS cartilage groups, the high osmolality 

initially dominates the mechanical response, but the long-term response of all cartilage contrast 

agent groups are dominated by the low ionic strength (Fig. 7A).  

 

While the same phenomena affect meniscus tissue, the much lower sGAG concentration37 

compared to cartilage substantially reduced the impact of the solution ionic strength. 

Consequently, the responses of meniscus explants appeared to be dominated by the deswelling 

behavior characteristic of exposure to a hyperosmolal solution (Fig. 7B). The iohexol formulation 

used with meniscus samples was less hyperosmolal than that used with cartilage (Fig. 2H), and we 
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would expect an even larger discrepancy between tissues if identical formulations were used. 

Curiously, substantial deswelling was observed even in the slightly hypoosmolal 50%CA/H2O 

group for meniscus, suggesting either more complex interactions (e.g. involving intrafibrillar 

water within collagen fibrils) or unknown microstructural changes induced by the contrast 

molecules. 

 

Figure 7: Schematic representation of competing hyperosmotic and hypotonic effects in 
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cartilage and meniscus samples. A) Starting at an equilibrium state in 1X PBS (1), cartilage 
samples exposed to 100% CA experience an initial deswelling behavior (2) that is governed by the 
hyperosmolality of the contrast agent bath, with the high solute (contrast agent) concentration in 
the bath solution drawing fluid out of the samples. As contrast agent molecules diffuse into the 
tissue, this effect is reduced and the lack of ions in the contrast agent bath (i.e. the hypotonicity of 
the bath) dominates the subsequent response, drawing ions out of the tissue and driving fluid into 
the tissue as it moves towards a new equilibrium (3). B) The initial response of meniscus samples 
is similarly governed by the hyperosmolality of the contrast agent bath, drawing fluid out of the 
tissue sample. Due to the relatively low fixed charge density of meniscal tissue, however, 
electrochemical interactions between the tissue matrix and the fluid are much weaker, and the 
effects of a hypotonic bath solution are relatively small. As a result, the long-term equilibrium 
response is consistent with the initial deswelling induced by the hypoosmolal bath. 
 

For cartilage, these trends were largely transient, with deswelling and a return to baseline behaviors 

in 50% CA/PBS and 50% CA/H2O groups within an hour of recovery in PBS. The 100% CA group 

also returned towards baseline behavior but remained significantly swollen after an hour of 

recovery. For meniscus, the 50% CA/PBS and 50% CA/H2O groups also exhibited substantial 

recovery (reswelling) but did not fully recover within an hour. The 100% CA group for meniscus 

exhibited minimal initial recovery and required 3 hours to return to baseline, with an eventual and 

sustained increase in !"#$$$$$ to levels above baseline. This may indicate an unexpected effect of the 

contrast agent on the meniscal microstructure.  

 

While an important first step in determining the mechanical effects of contrast agents in cartilage 

and meniscus surfaces, this study has some limitations. In vivo, joints experience a more complex 

and highly variable range of physiological loading that is difficult to replicate ex-vivo. Harvesting 

of samples, particularly in the case of meniscus tissues, disrupts the collagen network and 

potentially alters the mechanical behavior. Nonetheless, preliminary tests on intact meniscus 

specimens performed while developing the indentation testing protocol revealed minimal effects 

of explant extraction on the mechanical response captured by these indentation tests. Juvenile 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 13, 2019. ; https://doi.org/10.1101/2019.12.13.874743doi: bioRxiv preprint 

https://doi.org/10.1101/2019.12.13.874743
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 24 

bovine tissues are less mature than their adult human counterparts and may differ in relevant 

aspects of composition including collagen and GAG content, collagen cross-linking, etc. that 

would be expected to affect the relative degree of mechanical alterations due to contrast exposure. 

The persistent alterations observed in meniscal behavior, including the increased !"#$$$$$	during long-

term recovery, allude to potential structural changes that should be addressed in future studies on 

human tissues. It is important to note that clinical arthrography is not typically performed in 

healthy joints, and the effects of contrast agents on diseased human tissues, including ones with 

compromised surface layers that allow more rapid transport at the tissue-fluid interface, will be 

important to evaluate going forward. Although our study did not include full-thickness explants, 

the use of partial thickness samples with intact surface layers is appropriate for studies of relative 

short-term, transient responses such as this one. Nevertheless, further studies examining tissues in 

the context of intact joints (cadaveric or living) will provide more directly relevant insights. 

Preliminary vital dye staining of cartilage showed minimal cytotoxicity after 1hr exposure to 100% 

CA (Fig. S5); however, the large step change in the osmotic environment associated with contrast 

injection suggests that more thorough evaluations of biological effects, including biochemical and 

histological analysis, would be prudent.  

 

The work presented here reveals that exposure to non-ionic, iodinated contrast agents at clinically 

relevant dilutions can rapidly and substantially alter the mechanical behaviors of cartilage and 

meniscus. Given the strong nature of the ionic interactions that govern the swelling behaviors of 

cartilage and meniscus, we posit that the effects of contrast agent media with larger osmolality 

differences (compared to physiological conditions) will be even stronger on the mechanical 

response of these tissues, but that producing that mismatch with ionic and nonionic agents will 
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result in different tissue responses. Although experimental studies would be required for 

verification, we surmise that exposure to iso-osmotic, non-ionic contrast agents such as iodixanol 

would still produce a swelling response in cartilage due to low ionic strength but would not produce 

the initial deswelling related to the high osmolality of iohexol, while the meniscus response might 

be less substantial than reported here. Ionic contrast solutions are predominantly both 

hyperosmolal and hypotonic and undiluted ionic contrast solutions would thus be expected to 

induce deswelling and softening in both cartilage (as previously observed with Hexabrix29) and 

meniscus, rendering the surfaces of both tissues more susceptible to physical and biological 

damage upon loading.  

 

Given the rapid changes in tissue behaviors observed in these studies, it may be prudent to limit 

common clinical practices such as pre-scan patient ambulation and instead favor gentler passive 

joint movement38 as a way to distribute contrast while minimizing potential tissue damage. In a 

similar manner, the long recovery time (particularly for the fibrocartilaginous meniscus) upon 

complete removal of the contrast agent raises concerns about the timing of patient re-ambulation 

following the procedure. Our results advise the establishment of new guidelines for CT 

arthrography that consider not only systemic reactions and image quality but also the unique 

physical effects of contrast agents on hydrated joint tissues. 
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