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Abstract

Objectives: To determine patients who have undergone MRI with Gadolinium Based Contrast
Agents (GBCASs) and meet the proposed diagnostic criteria for Gadolinium Deposition Disease
(GDD): 1. The effectiveness of chelation therapy (CT) with intravenous Ca-DTPA in removing
retained gadolinium (Gd) and factors affecting the amount removed; 2. The frequency of CT-
induced Flare, i.e., GDD diagnostic symptom worsening, and factors affecting Flare intensity; 3.
Whether, as reported in a separate cohort, GDD patients’ serum cytokine levels differ significantly
from those in healthy normal controls and change significantly in response to CT; 4. Whether
urine Gd, Flare reaction, and serum cytokine findings in GDD patients are mimicked in non-ill
patients described as having Gadolinium Storage Condition (GSC).

Materials and Methods: Twenty-one GDD subjects and three GSC subjects underwent CT.
Patients provided pre- and post-CT 24-hour urine samples for Gd content determination along
with pre- and 24-hour post-CT serum samples for cytokine analysis. Patients rated potential Flare
24 hours after CT. Pre- and post-CT 24-hour urine Gd analyses and Luminex serum cytokine
assays were performed blind to patients’ GDD and GSC status and all other data except age and
gender. Serum cytokine levels in a healthy normal control group of age- and sex-matched subjects
drawn from Stanford influenza vaccination studies were measured once, contemporaneously with
those of GDD and GSC patients, using the same Luminex assay.
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Results: Urine Gd amounts increased post-CT by four times or more after 87% of the 30 CT
sessions. The most important factors appeared to be the time since the last GBCA dose and the
cumulative dose received. Urine Gd amounts for GDD and GSC patients fell in the same ranges.
All GDD patients, and no GSC patient, reported a Flare 24 hours post-CT. Linear regression found
that Flare intensity was significantly predicted by a model including pre- and post-CT Gd amounts
and the number of GBCA-enhanced MRIs. Post-CT, multiple cytokines showed strong positive
relationships with GDD patients’ Flare intensity in multivariable models. Pre-CT serum levels of
12 cytokines were significantly different in GDD patients compared to healthy Flu vaccine
controls. The small number of GSC patients precluded analogous statistical testing. Post CT, GDD
patients’ serum levels of 20 cytokines were significantly decreased, and 2 cytokines significantly
increased. These cytokines did not exhibit the same change pattern in the 3 GSC patients. The
small number of GSC patients precluded statistical comparisons of GSC to GDD patients’ results.

Conclusions: In this preliminary study, 24-hour urine Gd content increased markedly and
similarly in GDD and GSC patients following Ca-DTPA CT. Post-CT Flare reaction developed
only in GDD patients. The current study is the second finding significantly different serum
cytokine levels in GDD patients compared to healthy normal controls. These differences and the
difference between GDD and GSC patients’ Flare and cytokine responses to CT suggest some
inflammatory, immunologic, or other physiological differences in patients with GDD. Further
research into the treatment and physiological underpinnings of GDD is warranted.
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Introduction

Gadolinium Deposition Disease (GDD) is a newly described disorder that has not achieved
wide recognition in the medical community!2. Gadolinium (Gd) toxicity has, however, been
broadly recognized to occur in individuals with advanced renal failure and manifests in
Nephrogenic Systemic Fibrosis (NSF)3. This disease process has been identified almost
exclusively secondary to less stable linear Gadolinium Based Contrast Agents (GBCAs)%.
Acute hypersensitivity reaction is another well recognized adverse effect resulting from
many medications, including GBCAs. This can occur independently of renal function and is
observed with all GBCASs®,

In individuals with normal renal function, data regarding Gd retention are limited. Studies
have reported Gd retention without related symptoms in brain, bone, skin, and cerebral
spinal fluid1-®. An animal study reported gadolinium retention in peripheral nerves after
GBCA administration and associated hyperalgesia’, a finding consistent with GDD patients
common complaint of persistent burning pain.

Several papers describe the GDD symptom complex8-19, but no study has incorporated
blinded comparison with a symptom-free, GBCA-exposed control group. This has been one
primary roadblock to recognizing the disorder as a valid disease entity.

Invest Radliol. Author manuscript; available in PMC 2022 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Maecker et al.

Page 3

In vitro studies, 1112 have shown cytokine elaboration by peripheral blood mononuclear cells
after exposure to several GBCAs. Cytokine release is one of the immune system’s principal
defense mechanisms against foreign antigens. These studies have laid the groundwork for
investigating cytokine changes as disease mechanisms, not only for NSF but also for GDD.
The only biological study of patients with GDD found significantly elevated serum cytokine
levels compared to levels in controls but lacked data on the patients’ cytokine levels before
receiving the symptom-associated GBCAL3.

Determining the presence of heavy metals via urine collection is a common tool4-16 and
has been utilized for Gd. In patients with onset of specified symptoms of GDD after a
GBCA-enhanced MRI, the presence of Gd in urine pre-CT and its increase post-CT have
been considered evidence of Gd toxicity®. A Flare reaction (GDD symptom worsening) has
been reported to occur in a little less than half of GDD patients immediately or within a few
days after CTL”. In our clinical experience, it has been a major concern of GDD sufferers
contemplating CT.

The present study had several aims: To determine in patients who have undergone MRI with
Gadolinium Based Contrast Agents (GBCASs) and meet the proposed diagnostic criteria for
Gadolinium Deposition Disease (GDD): 1. The effectiveness of chelation therapy (CT) with
intravenous Ca-DTPA in removing retained gadolinium (Gd) and factors affecting the
amount removed; 2. The frequency of CT-induced Flare reactions, i.e., worsening of
symptoms included in the GDD diagnostic criteria, and factors affecting Flare intensity; 3.
whether, as reported in a separate cohort, GDD patients’ serum levels of a range of cytokines
differ significantly from those in healthy normal controls, and whether these levels change
significantly in response to CT; 4. To determine whether urine Gd, Flare reaction, and serum
cytokine findings in GDD patients are mimicked in non-ill patients described as having
Gadolinium Storage Condition (GSC).

Materials and Methods

Patients

Study patients were enrolled from March 2019 to January 2020 at private medical clinics in
Chapel Hill, NC. They constituted consecutive, study-eligible patients seeking CT for
removal from their bodies of retained Gd. All patients, both those with GDD and GSC,
signed an Informed Consent to use their data approved by the Stanford University Medical
Center IRB. No study patient had provided data used in other publications. Those with GDD
(n= 15 females, 6 males, age range 21 — 66 years, mean 47 + 11 years) were undergoing off-
label, clinical treatment, and testing for removal of Gd from their bodies, including urine Gd
and Flare reaction measurements, as described elsewherel’. Briefly, 2.5 ml (1g/5L) Ca-
DTPA was administered intravenously as a 1-minute push concurrent with a 1 L normal
saline drip, followed 50-60 minutes later by hand injection of 2.5 ml. All study
measurements were obtained before administration 24 hours later of Zn-DTPA. On
examination and interview by the treating MD (RCS), all GDD patients met the GDD
diagnostic criteria specified in an FDA-approved GDD treatment protocol (Semelka and Jay,
Investigational New Drug Application, 2016). These criteria are the presence of:
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1 Onset within 30 days of administration of a GBCA of = 3 of 8 symptoms:
cognitive disturbance, extremity pain, arthralgia, chest wall pain, skin pain,
headache, skin induration, and skin hyperpigmentation,

2. The symptoms are new to the patient, 7.¢e., do not reflect any pre-existent disease
or symptoms observed before GBCA administration,

3. The patients had normal or near-normal renal function at the time of the GBCA
administration.

Indications for the GBCA-enhanced MRI preceding GDD onset included: low back pain (7),
post-motor vehicle accident neck/back trauma (2), hip pain (1), pituitary visualization (2),
headache/evaluation for stroke (4), pelvic pain (1), abdominal exam (2), and breast exam (2).
Subjects without GDD symptoms had undergone an MRI for prostate exam (1), headache
(1), or abdominal exam (1).

Study exclusion criteria were age less than 18 years, suffering from hemochromatosis or
Wilson’s disease, or a medical condition or taking a medication known to strongly influence
serum cytokine levels, e.g., an infectious disease, cancer, rheumatoid arthritis, or an
autoimmune disorder.

Two GDD patients had well-treated Hashimoto’s thyroiditis. An exception to the exclusion

criteria was made for one GDD patient, a physician who was taking mycophenolate mofetil,
which may reduce /n vitro production of the cytokines IL-1a, IL-1p, IL-2, IL-3, IL-4, IL-5,
IL-6, IL-10, IFN-y, TNF-a, TNF-B, and GM-CSF18,

The patients began Ca-DTPA (diethylenetriaminepentaacetic acid) CT from one month to
five years after their last exposure to a GBCA (Table 1).

Three asymptomatic male patients (age range 56 — 66 years, mean 60 + 4 years) with
Gadolinium Storage Condition (GSC)° were concerned about Gd retention after their
GBCA injections and requested CT. They began DTPA CT treatment at the study clinics
from six months to 11 years after their last GBCA exposure (Table 1). No GSC patient had
previous DTPA CT treatment.

Six GDD patients and one GSC patient provided cytokine, urine Gd, and Flare data twice,
three months apart, at their first and fifth CT sessions, time points regularly used to evaluate
pre- and post-CT 24-hr urine Gd amounts. The assessments were used clinically to
determine CT effectiveness and to help determine the advisability of further CT. The second
GSC patient data was a check on the reproducibility of measurements.

The Luminex serum cytokine results for the healthy age- and sex-matched control group
(N=35) were drawn from influenza vaccination studies at Stanford University Medical
Center20 and measured once, contemporaneously with GDD and GSC patients, using the
same Luminex assay. Potential subjects for these vaccination studies were excluded for the
presence of acute illness, a history of autoimmune disease, cancer (other than non-melanoma
skin cancer), clinically significant liver disease, moderate to severe renal disease, diabetes
mellitus requiring insulin, other major chronic illness, receipt of blood products in the prior
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6 months, and current pregnancy or breastfeeding, but not for a history of cardiovascular
disease. Further description is provided elsewhere?!. No healthy control group subject was
suffering from a medical condition known to influence serum cytokine levels strongly.

Urine Gd measurement

24-hr urine for Gd was obtained the day before CT and during approximately 24-hours post-
Ca-DTPA CT. Urine samples were sent to Doctor’s Data, Inc., St Charles, IL (htpps://
www.doctorsdata.com/contact; info@doctorsdaa.com), which determined Gd amounts using
inductively coupled plasma mass spectrometry. The Doctor’s Data, Inc. norm = < 0.6 ug/24
hours for women, and < 1.0 for men, based on unprovoked urine samples from individuals
(336 females and 204 males) asked to refrain from a GBCA-enhanced MRI for at least 48
hours before starting urine collection. The norms represent the 95th percentiles in this
sample. DDI’s approach to establishing reference ranges and quality control measure is
consistent with other laboratories. (See: https://doctorsdata.com/licensing). Two physicians
were blinded as to whether results were from GDD or GSC patients independently examined
urine Gd reports to investigate whether potential differences between pre- and post-CT
results and between GDD and GSC patients’ results could be accurately distinguished.

Cytokine Analysis

At the start of CT, 8 ml of blood was drawn, serum separated in standard fashion, and the
serum tubes packed on dry ice for overnight shipping to the Stanford Human Immune
Monitoring Center laboratory. The post-Ca-DTPA CT serum sample was acquired the next
day at approximately the same time of day. All samples were drawn between 10 AM and
11:00 AM to avoid circadian effects on cytokine levels. Serum sample tube labels encoded
patient identity and whether the sample was related to the first or fifth CT. However,
laboratory staff was blind to whether samples were pre- or post-CT, and whether from GDD
or GSC patients.

Luminex Cytokine Immunoassay: This assay was performed by the Stanford University
Human Immune Monitoring Center (Palo Alto, CA, https://iti.stanford.edu/himc.html
yaelhr@stanford.edu;). Seventy-six cytokines were measured in GDD patients and GSC
controls. Kits were purchased from EMD Millipore Corporation (Burlington, MA) and used
according to the manufacturer’s recommendations with modifications as follows. The assay
included 3 panels (Supplementary Table 1). Panel 1 was Milliplex HCY TMAG60PMX41BK
with IL-18 and IL-22 added to generate a 43 plex panel. Panel 2 was Milliplex
HCP2MAG62KPX23BK, with CXCL9 added to generate a 24 plex panel. Panel 3 included
the Milliplex HSP1IMAG-63K with Resistin, Leptin, and HGF added to generate a 9 plex
panel. The assay setup was as recommended by the vendor. Briefly, samples were mixed
with antibody-linked magnetic beads on a 96-well plate and incubated overnight at 4°C with
shaking. Cold temperature and room temperature incubation steps were performed on an
orbital shaker at 500-600 rpm. Plates were washed twice with wash buffer in a Biotek
ELx405 washer. Following a one-hour incubation at room temperature with biotinylated
detection antibody, streptavidin-PE was added for 30 minutes with shaking. Plates were
washed as above, and phosphate-buffered saline (PBS) was added to wells for reading in the
Luminex FlexMap3D Instrument (Luminex Corp., Austin, TX) with a lower bound of 50
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beads per sample per cytokine. Each sample was measured in duplicate. Custom Assay Chex
control beads were purchased from Radix Biosolutions, Georgetown, Texas, and were added
to all wells. Duplicate wells of the samples on the same plates had mean CV values of 3-6%
depending on the plate.

GDD patient and GSC control samples were run in two batches, with healthy Flu vaccine
controls run in a third batch, all using the same lot of Luminex kits. We compared the inter-
batch variation of a shared duplicate control sample between batches and found
reproducibility within 20% CV for all cytokines to check for batch effects. Therefore, no
correction for batch effects was made in the downstream analyses.

All patients received intravenous Ca-DTPA as the chelating agent, utilizing the technique
previously reported!’. 24-hour urine samples, post-CT serum samples, and Flare ratings
were obtained before beginning the reported technique’s Zn-DTPA CT session, which began
approximately 24 hours after the Ca-DTPA CT session ended. The nurse or physician
adjusted the rate of standard saline administration. GSC patients received Ca-DTPA as a
single 1-minute duration bolus push of the 5 ml aliquot of Ca-DTPA followed by rapid i.v.
drip of 50 ml of normal saline. They received single-dose administration for increased
throughput, despite the increased possibility of eliciting a Flare. GDD patients’ split dose
was intended in part to mitigate the Flare reaction.

Flare determination

A flare was defined as the exacerbation in the 24 hours after Ca-DTPA CT of pre-existent
GDD symptoms or onset of new but related to pre-existent symptoms (e.g., pain in a bone,
but one not previously painful). As is standard for GDD patients, patients rated their Flare
reaction from O (absent) to 10 (extremely severe). Flare ratings were made approximately 24
hours after Ca-DTPA CT. For the three days pre-CT and before the post-Ca-DTPA CT blood
draw, no patient took medication to diminish a Flare. Current prescribed medications were
not discontinued before or after CT, but none, except mycophenolate mofetil, had known
substantial effects on cytokines.

Statistical analysis

Because of the small number of GSC patients, the statistical analysis focused on the GDD
patient data. At a high level, comparisons were made between measurements taken pre- and
post-CT for these GDD patients and between the pre-CT cytokine measurements and healthy
Flu vaccine controls. Descriptions of specific analyses follow. (1) The p-value for the chi-
squared test of reported Flare by GDD and GSC groups was estimated using a Monte-Carlo
simulation with 2000 replicates to account for the small number of GSC patients. (2) To
estimate post-CT Gd levels, a multivariable linear regression model was fit using pre-CT Gd,
the number of MRIs, and Flare. Age, sex, years since most-recent GBCA receipts, and years
since GDD symptom onset did not improve the model, as tested by ANOVA. Multiple visits
(i.e., multiple pre- to post-CT cycles) from the same patient were treated independently. (2)
Cytokine data for GDD patient pre-CT samples (n=21) were compared to healthy “Flu”
controls (described above, n=35) using a two-sided Student’s t-test. (4) Cytokine data were
compared between time points and GDD and GSC patients using a linear mixed-effects
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model. The models’ estimated change between pre- and post-CT time points, allowing the
change to differ between GDD and GSC patients, with intercept differing by patient-visit.
We report p-values associated with the pre- to post-CT change for GDD patients only and
calibrate the estimated change as a percentage of the Flu control range. (5) To estimate post-
CT cytokine levels, a full regression linear regression model (post-chelation cytokine ~ pre-
chelation cytokine + post-chelation Gd + Flare + Age + Sex + number of MRIs + years since
most recent GBCA + years since GDD symptom onset) was fit for GDD patient data. The
backward selection was used to eliminate terms other than pre-chelation cytokine. Separate
models were created for different cytokines. Across all analyses, no corrections were made
for multiple comparisons due to this work’s exploratory nature. P-values < 0.05 were
considered of interest in this exploratory study. R version 3.5.1 was used for all statistical
analyses. Median fluorescence intensity (MFI) of duplicate wells was used to compare
cytokine levels, rather than calculated concentration, based on Breen et al.22.

Table 1 presents the patient ID number, the Ca-DTPA CT visit (whether first [V1} or fifth
[V2] CT visit), and data regarding GDD and GSC patient demographics, 24-hour urine Gd
content pre- and post-CT, the patient’s Flare rating 24 hours after the visit, the number of
years since receiving the most recently administered GBCA dose and since GDD symptom
onset, and the number of GBCA-enhanced MRIs the patient had received. Note: patient ID
numbers are discontinuous between P05 and PO7.

24-hour Urine Gd

Flare

Pre-CT 24-hour Gd amounts varied from < 0.1 to 4.9 mcg (plus an outlier of 72 mcg). Six of
12 GDD patients, ill for < 2 years before blood draw, and 2 of 9 GDD patients, ill for > 2
years, had 24-hour Gd amounts above the Doctor’s Data, Inc. laboratory norm. In the urine
samples collected for 24-hours after CT, 19 of 21 GDD patients and 2 of the 3 GSC patients
(and 87% of 30 post-CT visit samples) had urine Gd amounts from 4 times to more than 20
times greater than the laboratory norm (Table 1), evidencing substantial Gd retention. Five
patients had received only a macrocyclic GBCA (Table 1). The most important factors
appeared to be the time since the last GBCA injection and cumulative Gd dose received
from all GBCA-enhanced MRIs. GDD sufferers and GSC patients exhibited no appreciable
difference in pre- and post-CT urine Gd levels. Neither pre- nor post-CT urine Gd amounts
permitted distinction between GDD and GSC patients.

All GDD patients reported a Flare within 24 hours post-CT, and many experienced the Flare
within minutes of Ca-DTPA injection. No GSC patient reported a Flare (Table 1). Mean
amounts of Gd excreted post-CT were considerably higher (19.1 mcg) in GDD patients with
Flare ratings of = 6 (n=10) than in those with Flare ratings of <5 (6.3 mcg, n=9). (One
patient’s post-CT Gd amount was unknown, and one patient was an outlier, with urine Gd of
68 mcg [Flare rating 5] as a result of having CT one month after the last GBCA injection,
and additionally, having had >15 GBCA-enhanced MRIs.)
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Linear regression revealed that the Flare intensity was not significantly associated with post-
CT urine levels of Gd alone but was significantly associated when pre-CT urine Gd was
added to the model (Figure 1). The model was further improved by adding the number of
GBCA-enhanced MRIs (r2=0.69) but not by adding age, gender, time since GDD onset, or
time since last MRI.

Cytokines were significantly different in pre-CT GDD patients vs. healthy
controls.—Table 2 lists the 12 cytokines whose serum levels were significantly different in
the GDD patients than the healthy Flu vaccine controls. Their distributions are shown in
Figure 2. GDD patients’ levels were not related to gender or to time since the last MRI.
Levels were significantly higher for six cytokines. Among these six, three were also
significantly elevated in the subset of 12 GDD patients ill for < 2 years (CCL15, CCL27, and
TRAIL), and one (GROA) was nearly so at p = 0.0536.

Among the six cytokines whose levels were significantly lower in the GDD patients, a
similar split was seen in the GDD patients ill for < 2 years: three cytokines were
significantly lower (SCD40L, EGF, and HGF), and one (SERPINE) nearly so at p = 0.0514.

The small number of GSC patients, (3) prevented statistical testing of their pre-CT cytokine
levels versus the normal Flu controls.

Cytokines significantly changed pre- to post-CT.—Table 3 shows the 22 cytokines
(of 76 measured) whose serum levels were significantly changed in GDD patients 24 hours
after CT. Of the 22 cytokines, 20 were reduced post-CT; only two (SFAS and G-CSF) were
increased. This changing pattern was not seen in the group of 3 GSC patients (see
Supplementary figure 1). None of these 22 cytokines in the GSC patients were significantly
decreased post-CT, and only one (CTACK) was significantly increased.

Figure 3 displays examples of cytokines with significant CT-related changes. Leptin, which
was significantly decreased after CT in GDD patients, showed no significant change in GSC
patients. The largest decreases were seen in the GDD patients who had the highest pre-CT
serum levels. A similar pattern was seen for TGFA (Figure 3A). On the other hand,
SICAM-1 appeared to show a small but relatively consistent decrease in GDD patients, but
not in GSC patients (Figure 3B). Finally, TNFRSF6, one of only two cytokines that
increased after CT in GDD patients, showed a similar trend for GSC patients (Figure 3C).

Cytokine relationships to Flare ratings and urine Gd amounts.—Multiple
regression analysis examined cytokines’ relationships, post-CT urine Gd amount, Flare
intensity, age, sex, time since GBCA exposure, and time since onset of GDD. The findings
included relationships of cytokines with Flare intensity and urine Gd. For two cytokines,
IL-18 and IL-12p40, the regression models showed a strong positive relationship of cytokine
serum levels with Flare intensity (Figure 4). Flare intensity had the largest interquartile
range (IQR) effect size of any term in the IL-18 model and the third-highest effect in the
IL-12p70 model. The IQR effect size is the estimated difference in outcome associated with
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a change in a predictor from the first quartile to the third quartile, a span that includes 50%
of the data values.

We further examined whether there were significant correlations of Flare intensity with the
difference between pre- and post-CT cytokine levels (Supplementary Figure 2). While there
were positive trends, no cytokine level difference had a significant relationship, suggesting
that the multivariable models were better at capturing relationships with Flare.

Discussion

In the current study, 24-hour Gd urine content pre- and post-CT were easily distinguished
since post-CT amounts were multiple times higher. The post-CT urine levels confirm long-
term retention of Gd in GDD patients and patients with no related symptoms (GSC patients);
the levels also confirm Gd’s accessibility to DTPA CT even many years after the
administration of a GBCA, despite the expected long-term washout, especially with linear
GBCA agents23:24, A critical observation of our study was that DTPA induced mobilization
of Gd after GBCA-enhanced MRI in patients exposed only to one macrocyclic GBCA,
confirming observations in a separate cohort!”. In contrast, using a rat model, Boyken J et al.
only found mobilization of the linear agent gadodiamide but not of the macrocyclic agent
gadobutrol?®. In what forms Gd has been retained and is removed have not, however, been
established. The clinical significance of Gd retention in patients without GDD symptoms is
unknown.

The kidneys’ urine production exhibits diurnal variation, and the importance of diurnal
variation in serum creatinine has been emphasized2%. Until the effect of diurnal variation is
better understood, deriving Gd’s urine measure from the entire 24-hour period seems
prudent. As in the present study, utilizing similar start and end times for each collection may
be of value, particularly because the degree of retention varies over time for different
GBCAs?’,

Although post-CT urine Gd content may not distinguish GDD patients from those free of the
condition, it provides useful information regarding the likely effectiveness of further CT
therapy in GDD. If pre- and post-CT urine Gd amounts do not differ substantially, additional
CT seems unlikely to be helpful. DTPA CT has been reported to reduce GDD symptoms,
albeit in an open-label, non-randomized study!’.

All GDD patients reported a Flare reaction of moderate or greater intensity in the first 24
hours post-CT, suggesting the need to find a preventive treatment, a need recognized for the
acute hypersensitivity reaction (AHR) to GBCAs®. A Flare was reported in approximately
50% of GDD patients in a prior study’, and in our clinical practice, is universal. That no
Flare symptoms occurred in the three GSC patients is consistent with their not having
experienced GDD symptoms after their MRI GBCA exposure(s). The absence of Flare
suggests that some inflammatory response, immunological, or other physiological difference
exists between the GDD and GSC patients.

The intensity of the Flare reaction was related to the amount of Gd in the pre- and post-CT
urine sample and the number of GBCA exposures, suggesting that the related
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pathophysiology was exacerbated as more Gd, or Gd carrier molecule, was extracted from
tissues and into the vascular system. Research into the mechanisms of rheumatoid arthritis
spontaneous flares?® raises the possibility that the CT-induced Flare in GDD may reflect the
migration of activated immune cells from the circulation to the tissue sites in which DTPA is
extracting Gd. In rheumatoid arthritis, pre-inflammatory mesenchymal (PRIME) cells
migrated from the circulation to the synovium to produce inflammation. Perhaps similarly,
the post-CT fall in cytokine levels in GDD patients reflects the migration of PRIME cells
into tissues. The rheumatoid flare finding also supports our opinion that GDD Flare is
immunologic.

GDD appears to have features of both an AHR and NSF. As with an AHR to GBCA
exposure, a Flare reaction in GDD can arise rapidly after Ca-DTPA injection. Also, both
GDD and an AHR can arise after administering all molecular structures of GBCA (linear
and macrocyclic, ionic, and nonionic). In contrast, the vast majority of NSF cases arise
following nonionic linear GBCAs. The clinical features and persistence of GDD and NSF1’
are more similar than either disorder is to an AHR.

The current study is the second to find significantly different serum cytokine levels in GDD
patients than in healthy normal controls. However, only one elevated cytokine, GROA, is
common to the two studies3. Physicians who are skeptical of the existence of GDD?2° may
assert that the finding of elevated levels of different cytokines in the current study as
compared to a prior study?3 indicates that the cytokine findings in both studies are due
simply to chance. While this is possible, many other explanations are more probable. First,
two studies with only modest sample sizes are unlikely to generate identical cytokine results.
Second, the cytokine distributions of patients and controls in both studies were
heterogeneous and overlapping, even for cytokines having significantly different mean
serum levels. This is not unlike what is seen for cytokines in other disorders; cytokine
findings in different individuals with the same disorder often vary39-35, Third, the frequency
of various GDD symptoms in the two studies differs. For example, all GDD patients in the
current study had bone pain and burning skin pain compared to 63% and 58%, respectively,
in the prior study13. Fourth, the lengths of time ill and patients’ fasting status at blood draw
were not identical in the two study groups. Fifth, in vitro studies,1112 have found different
GBCA s evoke different patterns of cytokine production. The distribution of single and
multiple GBCAs administered to the two studies’ patients differs, along with the GBCA
order and timing. Unfortunately, the number of GDD patients receiving only one GBCA was
too small to provide definitive cytokine results for any given agent. Sixth, some of the
significant cytokines in the present study were not included in the 62-plex Luminex kit used
in the prior study; and, one significant cytokine in the earlier study, IL-31, is not in the
current study’s Luminex kit. Moreover, the two studies utilized healthy normal Flu vaccine
serum sets. Seventh, in the GDD patients who had been ill for < 2 years, p-values for the
comparison of serum cytokine levels that were elevated compared to the levels in Flu
vaccine controls range, for the five most significant cytokines, from p = 0.01 to 0.004 in the
earlier study, and from p = 0.0015 to 0.000001 in the present study. The p-values in the two
studies for the shared cytokine, GROA, were p = 0.006 and 0.0096. These probability levels
argue that chance is not the explanation of the GDD patients’ higher serum cytokine levels.
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Whether the physiological functions of the cytokines whose pre-CT serum levels differed in
GDD patients vs. normal controls play a role in causing GDD symptoms deserves
investigation. CCL15 and CCL27, whose levels were elevated compared to controls, are
chemokines that bring inflammation-related cells into areas of inflammation36. TRAIL, the
third elevated cytokine, prevents the progression of autoimmune diseases3”. The levels of
three cytokines were lower in GDD patients compared to controls. SCD40L reduces
immunosuppression, so lower levels indicate that less immunosuppression is occurring38.
EGF stimulates cellular proliferation, differentiation, and survival in many tissues3?,
including the brain40. HGF stimulates angiogenesis and tissue regeneration®!. Leptin, which
was significantly decreased after CT in GDD patients, but unchanged in GSC controls, is
associated with pain and fatigue levels in fibromyalgia®243.

This study’s strengths include blinded judgment regarding pre- or post-CT status of urine Gd
results, the inclusion of a comparison group of patients with retained Gd but no GDD
symptoms, standardized collection of data regarding the Flare reaction, the standardized
time of serum collection before and after CT, absence of medical diagnoses or concomitant
medications that could affect serum cytokine levels and blinded determination of cytokine
serum levels. The study’s primary limitations include the small GDD patient sample size,
the small number of GSC comparison patients, and the absence of detailed data regarding
every patients” GBCASs. Thus, the study must be considered preliminary. Further
investigation, however, is warranted.

Future research might look for differences between cytokine results of /n vitro studies and
studies /n vivo after GBCA exposure; cytokine changes in larger samples of GDD subjects
and GBCA-exposed, asymptomatic GSC subjects; and potential treatments for GDD and for
reducing the Flare reaction. Studies of other mechanisms possibly underlying GDD
symptoms, including Gd’s interference with the function of Ca%* -dependent enzymes#443,
and with mitochondrial energy production,*6-47 would also be of great interest.

In summary, our preliminary study showed the following: i) GDD sufferers and GSC
patients exhibited no appreciable difference in pre- and post-CT urine Gd levels; ii) Gd
retention was observed in patients receiving only a macrocyclic GBCA, confirming
observations in an earlier study; iii) all GDD sufferers, but no GSC patients, experienced
Flare reactions to CT; iv) cytokine levels differed between GDD patients, and normal Flu
vaccine controls pre- and post-CT, raising the possibility of inflammatory, immunological,
or other physiological difference in GDD patients; and, v) the decrease in levels of some
cytokines post-CT in GDD raises the possibility that immune cell transit from the circulation
to tissue sites accompanies Gd extraction.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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While the correlation between post-CT Gd and Flare was not significant, a linear model that
included pre-CT Gd and the number of MRIs levels was significant. (A) Relationships
between post-CT Gd and the three predictors (Flare, severity scale 0 to 10; nMRI, number of
MRIs; preCtGd, pg/24 hours). The solid line is the estimated linear fit. (B) Relationship
between the predicted and observed post-treatment Gd. (C) The adjusted R-squared of the
multivariable model (Post-CT Gd ~ Flare + Pre-CT Gd + nnMRI) is 0.69. The cumulative fit
graph displays the estimated response (post-CT Gd) by accumulating the contribution of one
predictor at a time. A dotted red “trend line” connects the mean cumulative value at each
predictor addition. Each gray path represents one patient-visit (or pre-post cycle), with 6
GDD patients having two visits. The intersection of the patient paths and the blue vertical
line represents the estimated response for each patient, while the paths’ final points indicate
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the observed responses. The predictors are ordered by mean contribution to the fit, from
lowest to highest. The intercept is not shown. As Flare severity increases from 5to 7,
predicted post-CT Gd increases by approximately 5, just over 7% of the observed range for
post-CT Gd.
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Est. change GDD= -6.6, p = 3.0e-02,
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Examples of significant cytokine changes with chelation therapy. P-values are for the change
between pre- and post-chelation therapy in GDD patients. (A) Two cytokines, Leptin and
TGFA, appear to show a greater decrease with chelation therapy in patients with the highest
levels. (B) By contrast, ICAM-1 appears to show a small but relatively consistent decrease
across GDD patients. GSC patients show no significant trends with chelation therapy for any
of these cytokines. (C) One of only the two cytokines that increased with CCT, SFAS/
TNFRSF6, showed a similar change in GDD patients and GSC controls.
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Figure 4.
Regression modeling of post-chelation therapy cytokines and clinical factors. For each

cytokine, a regression model (post-CT cytokine ~ pre-CT cytokine + post-CT Gd + Flare +
Age + Sex + number of MRIs + years since most recent GBCA + years since GDD
symptom onset) was fit for GDD patient data. Backward selection was used to eliminate
terms other than pre-chelation cytokine. Results are shown for those cytokines with p< 0.01
for the Flare term, and a positive association between post-treatment cytokine and Flare. (A)
For each cytokine, included predictors are indicated with a small circle. Adjusted R-squared
values are in parentheses. All models include Flare and pre-CT cytokine by design. All
models retained Age and Sex as predictors, while post-CT Gd, number of MRIs, years since
most recent GBCA, and years since GDD symptom onset were eliminated from some
models (B, C). The graphs show the cumulative model fit by adding the contribution of one
predictor at a time. Gray lines are individual patients; the dotted red line indicates the mean
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cumulative value at each predictor. For IL18, Flare had the largest interquartile range (IQR)
effect size, approximately 19% of the observed range. The IQR effect size is the estimated
difference in outcome associated with a change in a predictor from the first quartile to the
third quartile, which includes 50% of the data values. For IL12P70, Flare has an effect size
of approximately 12% of the observed range. Gd=post-CT Gd, Pre=pre-CT cytokine,
SexM=predictor for male patients, years since most recent GBCA, YrSinceOnset=years
since GDD symptom onset.
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Table 1.
Summary of patient characteristics”
Patient ID [ Visit | Age | sex [ prineGd | brineGd ggefity Control | Batch | Snoe Since #MRIs
GBCA Onset

P01 Vi | 59 | M 05 23 0 yes 1 4 0 15
P01 V2 | 59 | M 05 31 0 yes 1 43 0 15
P02 vi | 48 | F 0.7 34 8 no 1 2 10 17
P02 v2 | 48 | F 0.4 14 5 no 1 2.3 10 17
P03 vi | 28 | F 0 56 5 no 1 03 03 2
P03 v2 | 28 | F 03 5.1 4 no 1 0.6 0.6 2
P04 vi | 4 | F 0.2 4.7 5 no 1 1 1 3
P04 V2 | 4 | F 0 5.1 4 no 2 13 1 3
P05 vi | s | F 04 25 7 no 1 2 7 7
P05 V2 | 55 | F 0.4 28 7 no 2 2.3 7.3 13
P07 vi | 66 | M 0.2 17 4 no 1 2 7 3
P07 V2 | 66 | M 2 10 3 no 2 2.3 7.3 3
P09 vi | 59 | F 0.9 29 7 no 1 03 4 5
P09 V2 | 59 | F 03 20 7 no 2 0.6 43 5
P10 Vi | 49 | ™ 0.7 25 6 no 1 03 05 2
P11 vi | 21 | F 03 12 7 no 1 5 13 15
P12 vi | 60 | F 05 8.7 9 no 1 0.3 0.3 1*
P13 vi | 4 | F 05 31 7 no 1 0.2 1 7
P14 vi | 36 | M 72 68 5 no 1 0.1 2 15
P15 vi | 4 | F 0.4 9.1 6 no 1 08 7 2
P16 vi | 59 | ™ 0 5.7 5 no 1 4 14 2
P17 Vi | 66 | M 0 15 0 yes 1 0.5 0 2
P18 vi | 57 | F 14 4.9 8 no 1 0.2 1 4
P19 vi | 32 | F 10 12 5 no 1 0.2 03 2%
P20 vi | 56 | M 0 36 0 yes 2 1 0 1
P21 vi | 61 | F 0 2.2 5 no 2 15 18 5
P22 vi | 47 | ™M 0 4.6 4 no 2 25 35 3
P23 vi | 4 | F 03 ? 8 no 2 0.8 2.4 6
P24 Vi 48 F 4.9 12 7 no 2 0.3 0.3 2%
P25 Vi 50 M 0.6 4.7 5 no 2 0.2 0.4 6~
P26 Vi | 36 F 0.1 0.7 4 no 2 0.3 0.3 i

lPatient 1D numbers are discontinuous between PO5 and P07. Visit = first or fifth Ca-DTPA chelation therapy session. Gd = gadolinium. Urine Gd
= 24-hour urine Gd content. Flare severity = the patient’s Flare rating 24 hours after the visit. Control = Gadolinium Storage Condition patient.
Batch refers to the first and the second Luminex Cytokine immunoassay. GBCA = Gadolinium Based Contrast Agent. Years Since GBCA =
number of years since receiving the most recently administered GBCA dose. Years Since Onset = number of years since GDD symptom onset. #
MRIs = number of GBCA MRIs the patient had received.
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*

= received only a macrocyclic GBCA.
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Table 2.
Cytokines with a significant difference between GDD patients and healthy Flu vaccine controls’
Differencein P-value,
P-value, MeansasPct | Recent Recent Recent
GDD vs. GDD GDD Control Control of Control onset vs. Onset Onset
Cytokine Control Mean SD Mean SD Range Control Mean SD
MIP1D 0.000001 2803.6 1467.3 1023.9 517.5 72.8 0.001497 3009.2 1853.7
SCD40L 0.000001 1547.0 1389.4 3539.1 1495.6 -29.3 0.000031 1644.5 1116.4
CTACK 0.000007 6287.9 1386.1 4636.5 1149.3 335 0.000001 6755.6 1046.3
TRAIL 0.001790 202.2 47.8 158.3 57.8 15.7 0.026655 197.1 50.1
GCSF 0.001936 230.2 66.2 180.0 49.8 255 0.107031 219.4 80.8
PAIL 0.004547 25576.6 4070.5 28709.6 4229.3 -15.8 0.051418 26026.1 4110.5
EGF 0.004884 257.4 368.0 511.9 291.5 -24.2 0.000006 211.2 119.9
GROA 0.009568 6612.9 5920.8 3289.8 2341.9 34.7 0.053633 7107.3 6629.4
EOTAXIN2 0.019041 3295.5 2926.4 1786.6 1453.4 22.2 0.172307 2844.0 2615.0
HGF 0.037928 28.8 10.9 345 9.6 -14.1 0.000149 259 4.7
IFNA2 0.042243 24.4 5.9 28.4 9.2 -10.6 0.154038 24.9 6.7
IL12P70 0.042394 25.7 6.6 31.6 14.8 -10.3 0.142343 26.8 7.5

1 . . . .
Columns include cytokine, the p-value for the comparison between GDD patients and controls,

the mean levels and standard deviations for both

GDD patients and controls, the difference in means between GDD patients and controls expressed as a percentage of the control range, the p-value
of a comparison of recent onset GDD patients (< 2years) to the controls, and the mean levels and standard deviations for the recent onset GDD
patients. P-values are from Student’s t-test.

2
Serum samples.
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Table 3.
Cytokines significantly different (p < 0.05) in GDD patients between pre- and post-CTl
Cytokine | GDD pre-CT GDD pre-CT GDD post-CT GDD post-CT Change, post - p-value, Direction
mean SD mean SD pre change

IL-4 711 1315 65.7 128.9 -5.4 0.0003 | down
ICAM-1 6678.0 2657.7 6408.4 2601.4 -269.6 0.0004 | down
IL-16 831.9 1426.6 779.6 1426.2 -52.2 0.0026 | down
SFAS 264.8 99.4 286.9 95.9 22.1 0.0043 | up
MCP3 196.2 414.7 191.0 414.3 -5.2 0.0049 | down
TPO 70.8 79.9 64.7 e -6.0 0.0051 | down
Resistin 9289.8 2993.5 8344.0 2190.1 -945.7 0.0078 | down
Eotaxin 3295.5 2926.4 2903.4 2607.2 -392.0 0.0128 | down
Leptin 1301.3 2008.3 1045.1 1676.7 -256.1 0.0163 | down
TSLP 95.0 134.4 88.5 129.6 -6.5 0.0170 | down
FGF2 25.4 7.3 23.6 8.0 -1.8 0.0225 | down
GROA 6612.9 5920.8 4633.5 5699.6 -1979.4 0.0240 | down
ENA78 1853.9 2484.9 1486.2 2429.2 -367.7 0.0254 | down
1L-33 54.9 75.9 51.4 73.7 -35 0.0258 | down
TGFA 51.9 39.7 452 32.8 -6.6 0.0300 | down
TNFB 192.8 415.0 183.2 402.0 -9.6 0.0308 | down
RANTES 9388.6 2718.1 8767.4 2543.8 -621.3 0.0330 | down
CTACK 6287.9 1386.1 5894.1 1340.5 -393.8 0.0358 | down
1L-20 80.1 35.6 77.2 31.9 -2.9 0.0372 | down
1L-22 36.0 30.0 34.7 29.0 -1.3 0.0405 | down
G-CSF 230.2 66.2 236.4 67.3 6.3 0.0456 | up
IL-1RA 84.0 150.8 80.8 146.8 -3.3 0.0459 | down

1 . .

Columns include cytokine, mean and SD for pre-CT levels, mean and SD for post-CT levels, Change, the p-value for the change between pre- and
post-CT. and the direction of this change (up or down). All data is for GDD patients. P-values are from the mixed-effects model. Representative
relationships are illustrated in Figure 3.
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