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Introduction: Thyroid disease is an important condition to understand in 
elasmobranchs, with goiters being predominant. To identify dysfunction, 
measuring serum thyroid hormone levels is a standard of practice for 
diagnosing disease in most species. Although these levels have been reported 
in elasmobranch literature, the testing methodology is varied and values are 
not clinically useful for most aquarium species. In a group of aquarium-housed 
elasmobranchs, thyroid hormone levels had been persistently low or not 
detectable in otherwise healthy animals as well as animals with thyroid disease. 
The concern for reliability of these results to diagnose thyroid disease, prompted 
a shift to serum iodine levels as a proxy to determine thyroid health.

Methods: This study assesses thyroid hormone and iodine levels as compared to 
thyroid disease stage in elasmobranchs with and without dietary supplementation, 
to determine the efficacy of using these serum values to guide clinical decisions.

Results: Serum thyroid hormone results were lower than the readable range 
of the standard curve in both sharks and rays; thus reported values are usually 
extrapolated. Including additional standards down to the limit of sensitivity 
improved detection, however increasing the sample volume tested was 
determined to be the most important factor for obtaining measurable results in 
low-value thyroid hormone samples. Serum iodine levels are reported in three 
groups of southern stingrays (Hypanus americanus). Other elasmobranch species 
maintained in aquaria with and without thyroid disease were used for biological 
comparisons. Non-goiter, diseased animals reliably had elevated levels (over 
baseline) of thyroid hormones and iodine; in goiter cases, hormones were not 
useful. Additionally, it was found that cobalt levels were also elevated in some 
disease states and correlated positively with serum iodine levels.

Conclusion: Current available thyroid testing may not provide clinically useful 
values unless methodology is adjusted, or disease is severe. Serum iodine may 
be a useful marker to investigate thyroid health. Further, while thyroid disease 
may be identifiable with thyroid hormones, it is not straightforward or substantial 
enough alone for diagnosis.

KEYWORDS

Total T3, Total T4, free T4, triiodothyronine (T3), tetraiodothyronine (thyroxine; T4), 
reproductive disease, ultrasound, thyroid disease

OPEN ACCESS

EDITED BY

Francesco Tiralongo,  
University of Catania, Italy

REVIEWED BY

Michael James Murray,  
Monterey Bay Aquarium, United States
Sean Michael Perry,  
Mississippi Aquarium, United States

*CORRESPONDENCE

Natalie D. Mylniczenko  
 natalie.mylniczenko@disney.com

†These authors have contributed equally to 
this work and share first authorship

RECEIVED 30 September 2024
ACCEPTED 08 January 2025
PUBLISHED 26 February 2025

CITATION

Wheaton CJ, Sullivan KE, Bassiouny E, 
Burns CM, Smukall MJ, Hendon JM and 
Mylniczenko ND (2025) Investigation of 
serum thyroid hormones, iodine and cobalt 
concentrations across common 
aquarium-housed elasmobranchs.
Front. Vet. Sci. 12:1504527.
doi: 10.3389/fvets.2025.1504527

COPYRIGHT

© 2025 Wheaton, Sullivan, Bassiouny, Burns, 
Smukall, Hendon and Mylniczenko. This is an 
open-access article distributed under the 
terms of the Creative Commons Attribution 
License (CC BY). The use, distribution or 
reproduction in other forums is permitted, 
provided the original author(s) and the 
copyright owner(s) are credited and that the 
original publication in this journal is cited, in 
accordance with accepted academic 
practice. No use, distribution or reproduction 
is permitted which does not comply with 
these terms.

TYPE Original Research
PUBLISHED 26 February 2025
DOI 10.3389/fvets.2025.1504527

https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fvets.2025.1504527&domain=pdf&date_stamp=2025-02-26
https://www.frontiersin.org/articles/10.3389/fvets.2025.1504527/full
https://www.frontiersin.org/articles/10.3389/fvets.2025.1504527/full
https://www.frontiersin.org/articles/10.3389/fvets.2025.1504527/full
https://www.frontiersin.org/articles/10.3389/fvets.2025.1504527/full
mailto:natalie.mylniczenko@disney.com
https://doi.org/10.3389/fvets.2025.1504527
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://doi.org/10.3389/fvets.2025.1504527


Wheaton et al. 10.3389/fvets.2025.1504527

Frontiers in Veterinary Science 02 frontiersin.org

1 Introduction

The thyroid gland plays a critical role for fish maturation, 
reproduction and osmoregulation (1–5). Due to reproductive diseases 
in elasmobranchs in aquaria (6), investigation into thyroid activity is 
important as it has been shown that thyroid and reproductive activity 
parallel each other (1, 4, 5, 7). However, results from the cohorts 
reported here (from send-out laboratory tests) routinely showed low 
or undetectable thyroid levels, where ‘normal’ values were expected 
(compared with other species ranges, particularly mammals) so it was 
of interest to determine if normal values were truly low 
in concentration.

Thyroid disease in elasmobranchs is most commonly associated 
with goiters (hyperplastic, diffuse colloid or multinodular goiter) but 
thyroiditis and thyroid carcinoma have also been reported (8, 9). Overall 
thyroid disease is poorly represented in the elasmobranch pathology 
literature and this is likely, in part, because the thyroid is frequently not 
included in the submitted set of tissues (10). Subclinical conditions in 
the thyroid seem plausible. Additionally, ultrasonographic examination 
by the authors during diagnostic examinations often showed abnormal 
thyroids (with multifocal cysts or mineralizations) that did not classify 
as classic hyperplastic or colloidal goiters (unpublished data).

In the absence of a reliable or validated testing method for thyroids, 
the use of serum iodine was investigated for elasmobranchs under 
human care (The Seas with Nemo and Friends®, Lake Buena Vista, 
Florida, United States) as it has been shown to be correlated with thyroid 
health in other animals (11–13). Iodine’s sole role in the vertebrate is in 
thyroid hormone synthesis (14, 15) and iodine levels are correlated with 
thyroid levels and ultimately thyroid disease (16–18), therefore it was 
expected that iodine values could translate into a meaningful test for 
elasmobranch thyroid health. Using iodine assays is useful because it 
does not require species-specific validation that is required with 
antibody focused assays, does not require sample treatment (like 
extraction) and there is no interference with sample components (19–
21). Initial values in southern stingrays (Hypanus americanus) showed 
some surprisingly high iodine values as compared to mammalian 
ranges (19–21) and to ranges from other elasmobranchs in the facility 
and in the wild (22, 23). These rays were in moderate stages of 
reproductive disease (22, 23). This suggested further investigation and 
once again revitalized the need to understand thyroid hormones in 
elasmobranchs, particularly in regard to iodine and how it related to 
abnormal thyroids as evaluated by high serum iodine and identification 
of abnormal thyroid glands on ultrasound or postmortem examination.

This paper investigates serum iodine values in two populations of 
‘thyroid-normal’ southern stingrays in natural sea water and compares 
it to validated thyroid hormone levels in an aquarium-housed 
population. Additionally, several elasmobranchs with goiters and 
other thyroid pathology were evaluated and compared to normal 
animals as a biological validation. Parallel to iodine testing, cobalt 
(through trace nutrient analysis) was additionally identified with 
levels above expectation, therefore, was included in this analysis.

2 Materials and methods

This is a retrospective study using banked samples and available 
ultrasound images through routine examinations or health assessments.

2.1 Animals

2.1.1 Study 1
Southern stingrays (SR) from three habitats (see 

Supplementary Table S1 for additional details): aquarium-housed 
(N = 38, closed system), lagoon-housed (N = 22, managed, semi-
wild), and wild (N = 11). For all stingrays, disk width was obtained 
ventrally by measuring the span between the tips of the widest 
portion of the pectoral fins. Housing, restraint, and sample 
collection is described elsewhere (6). For lagoon-housed animals, 
samples were collected prior to 2019 under a permit to conduct 
scientific research (No. MAF/LIA/22) from the Department of 
Fisheries of the Commonwealth of the Bahamas. Wild animals 
included 11 wild adult females from Bimini, Bahamas, collected 
under protocols from the Bimini Biological Field Station 
Foundation, and were released after sampling. Sampling was 
limited to the spring in both cohorts therefore seasonality could 
not be assessed.

2.1.2 Study 2
Eight aquarium-managed elasmobranch species were included in 

this cohort [brownbanded bamboo shark (BBBS); cownose ray (CNR); 
honeycomb ray (HCR); porcupine ray (PR); round ribbontail ray 
(RRR); spotted eagle ray (SER); southern stingray (SR); and 
whitespotted bamboo shark (WSBS); see Supplementary Table S1 for 
size, sex, scientific name, sample collection years and species N]. 
Banked samples were originally collected during routine examinations 
under anesthesia (with varied doses and protocols) and included 
ultrasound evaluations of the thyroid when possible.

Animals were considered to be  in normal health based on 
physical exam and in-house blood work ranges for complete blood 
count and serum chemistry. The only variation was an obvious 
thyroid abnormality as evaluated by ultrasound and subsequently 
categorized. Post-mortem sample: thyroid tissue and blood was 
opportunistically collected post-mortem from an SR (N = 1) caught 
in a longline survey through The University of Southern Mississippi, 
Ocean Springs, MS. Thyroid tissue (extracted for HPLC fractioning) 
and matching cardiac blood was used for initial thyroid assay (TT3, 
TT4, FT4) biological validations.

2.2 Nutrition

Aquarium-housed elasmobranchs were fed a variety of fish and 
shellfish (capelin, clam, shrimp, herring, and smelt) based on body 
weight. Animals were offered an elasmobranch micronutrient 
supplement (hereafter termed ‘supplement’) specifically made for 
Disney’s Animal Kingdom (Table 1) at the recommended dose [1 
tablet (1.5 g) per ½ lb. of fish; Mazuri Vita-Zu Shark/Ray tabs 5M1Y, 
Mazuri Exotic Animal Nutrition, St. Louis, MO]. This supplement was 
altered from the commercial product (5MD8-2011 analysis shown) 
during the course of this data collection at Disney’s request unrelated 
to this study at the time (Table 1). Supplements were hidden inside 
target-fed fish, but consumption was variable across species and 
individuals, and not always able to be  clearly tracked. SRs in the 
aquarium setting had vitamins withheld from 8/1/2015 to 9/28/2016 
as a response to elevated levels of iodine.
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Lagoon animals were housed in a netted lagoon pen in natural sea 
water (Castaway Cay, Bahamas). They were fed a daily diet consisting 
of shrimp with shells but no tails (20% total diet), squid without heads 
or pens (30% total diet), and an aquatic gel product fed as 50% of the 
total diet offered (Aquatic gel 57 W9, Mazuri Exotic Animal Nutrition, 
St Louis, MO).

Wild SR diets were unknown, but diet and stable isotope analysis 
has been described (24).

2.3 Thyroid hormone analysis: biological 
and chemical validations

2.3.1 Reagents
All reagents used were LC/MS or HPLC analytical grade quality. 

Purified hormones used for HPLC reference standards or for testing 
as potential cross reactants (Sigma Aldrich, St. Louis, MO, or Fisher 
Scientific, Hampton, NH) include: EtOH (Ethanol 200 proof, 
#459828), MeOH (Methanol, #A452-1), acetonitrile with 0.1% TFA 
[v/v, Trifluoroacetic Acid (v/v), Optima™ #6000063], T2 
(3,3′-Diiodo-L-thyronine, #719536), T3 (3,3′,5-Triiodo-L-thyronine, 
#T2877), T4 (L-Thyroxine, #T2376), Iodide (certified reference 
material #41271, 1,000 mg/L); and the following certified reference 
materials for thyroid standards [Cerilliant® 100 μg/mLin Methanol: 
T-073 T4, T-074 T3, and T-075 reverse T3 (rT3)].

2.3.2 Thyroid tissue extraction
Historically, thyroid hormone testing in SR serum samples had 

produced mostly low or near zero values. As a biological validation, 
thyroid tissue was retrieved from a wild-caught (bycatch) SR 
(Hendon) and stored frozen at -80C. Thyroid tissue was thawed, 
homogenized and 0.25 g was extracted with ice cold MeOH, 

centrifuged and the supernatant was passed through a syringe filter 
before HPLC fractionation (25–27).

2.3.3 High performance liquid chromatography
Reverse-phase HPLC was used to separate thyroid hormones of 

interest, fractioning samples for subsequent RIA evaluation of 
immunoreactivity within each fraction. HPLC methods followed 
Sweeting and Eales (28), also see (29, 30), and utilized a Dionex Ultimate 
3,000 set up (31) with the following changes for thyroid analyses. 
Solution A contained water with 0.1% TFA, and solution B contained 
acetonitrile with 0.1% TFA (v/v, #6000063). Following column 
equilibration in Solution A, 100 μL of the sample was injected into the 
column with a flow rate of 0.75 mL min-1. Hormones were collected at 
a linear gradient of 34 to 45% of solution B over 30 min followed by a 
pulse of 5 min ACN to clear residual lower polarity steroids. Elution 
peaks were determined following injection of concentrated Iodide, T2, 
and analytical reference standards (rT3, T3, T4, 100 μg/mL), monitored 
at 190, 220, 240 and 254 nm. Singly injected standards often eluted with 
earlier retention times (RT) than the pooled panel of standards, so the 
range or medians of RT are reported where appropriate. Fractions (fr) 
were collected every 60 s from 1 to 29 min into tubes, evaporated, and 
reconstituted in 1 mL of heat-inactivated, charcoal stripped FBS (fetal 
bovine serum albumin) as diluent for the RIA. Fractions were shipped 
frozen overnight along with the FBS diluent, Iodide, rT3 and T2 
standards to MSU VDL (Michigan State University, Veterinary 
Diagnostic Laboratory) for testing and cross-reactivity assessment in 
the thyroid RIA panel via the standard protocols, using 100 μL for TT3, 
200 μL for TT4, and 50 μL for FT4.

2.3.4 Blood samples
Thyroid Radioimmunoassay (RIAs): Optimizations for MSU VDL 

RIA thyroid panel (#20015).

TABLE 1 Analysis of percent dry matter, cobalt (ppm), and iodine (ppm) levels in a commercially available shark/ray micronutrient supplement tablet 
(assigned a letter supplement code based on batch analyzed) and aquatic gel, as well as average levels for commonly fed diet items in the aquarium 
setting, Atlantic capelin, Norwegian herring, cherrystone clams, lake smelt, white shrimp, and squid without heads or pens.

Supplement type Date of analysis Dry matter (%) Cobalt (ppm DM) Iodine  
(ppm DM)

Supplement code N 
(%)a

Shark/ray micronutrient 

supplement tablet (5M1Y; 

5MD8)b

5/5/2011b 86.8 151.4 191,819.9 “A” 10 (5.6)

10/3/2012 92.6 4.2 202,603.4 “B” 8 (4.5)

3/9/2015 93.1 3.8 133,658.3 “C” 32 (17.9)

8/10/2022 83.7 1.4 104,714.6 “D” 66 (36.9)

1/31/2023 98.6 0.3 51,043.8 “E” 4 (2.2)

various N/A N/A N/A “N” 34 (19.0)

Aquatic gel 57W9b 4/17/2016 91.4 3.5 2.12c “G” 25 (14.0)

Atlantic capelind various 18.5 0.004 1.2 N/A

Norwegian herringd various 30.4 0.01 0.1 N/A

Cherrystone clamd various 78.7 2.7 0.9 N/A

Lake smeltd various 19.2 0.03 0.1 N/A

White shrimpd various 21.3 0.4 2.3 N/A

Squid without heads or pend various 81.8 0.1 0.1 N/A

aNumber and (%) of total study samples for that micronutrient supplement product. Products are labeled as A, B, C, D, E, N, or G to identify the batch used based on date.
b2011 sample is 5MD8 and all others are 5M1Y tablets, except aquatic gel 57 W9; all products: Mazuri Exotic Animal Nutrition, St. Louis, MO analyzed at Dairy One Laboratories, Ithaca, NY.
cEstimate from manufacturer, product specifications accurate to 2016.
dAll analyses performed at Dairy One Laboratory within last 10 years of 2024; for average values; capelin, N = 26; clam, N = 3; shrimp, N = 4; herring, N = 40; lake smelt, N = 11; squid, N = 3.
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2.3.5 Preliminary data
Upon initial analysis, only a small percentage of the lagoon or 

wild animal samples were within the readable range of the standard 
curve when analyzed using standard protocols and sample volumes. 
As part of the MSU VDL standard protocol, low concentration 
samples are provided values following extrapolation from the lowest 
standard to zero. To improve detection accuracy, samples were rerun 
with increased serum volumes (where possible), using additional 
lower concentration standards down to the reported assay sensitivity 
limit to allow for interpolation of lower sample analyte 
concentrations (vs extrapolation). Where appropriate, the RIA 
analysis program was edited to increase decimal units to improve 
precision (reduce rounding). Banked SR blood samples from 
(previously determined) high TT3, TT4 sample values were pooled 
for tests of parallelism of resultant values when testing multiple 
sample volumes in the RIAs (TT3, TT4, see below for details). Curve 
fitting was used to interpolate thyroid values using the extended 
standards with and without the extended volumes to compare 
against extrapolated values.

2.3.6 Total triiodothyronine (TT3) by RIA
The TT3 assay was run using an in-house RIA. TT3 standards 

ranged from 0.4 nmol/L to 4.7 nmol/L. TT3 RIA sensitivity was 
reported as 0.76 μg/dL (or 0.049 nmol/L). Standard sample test 
volume used in the assay was 100 μL, run in duplicate. For serum 
samples with resultant values below the lowest provided standard 
(0.4 nmol/L) a value was estimated through standard extrapolation 
between 0.4 nmol/L and zero. For assay optimization of TT3 for 
use in elasmobranchs we tested and compared increased sample 
volume (100 and 200 μL), and included an additional three lower 
standards (0.20, 0.10, and 0.05 nmol/L) to compare values obtained 
by extrapolation vs. interpolation using the expanded 
standard curve.

2.3.7 Total thyroxine (TT4) by RIA
Total T4 (TT4) was measured using a commercially available 

radioimmunoassay kit (MP Biomedicals Diagnostics Division). Total 
T4 standards ranged 25.7 nmol/L to 257.0 nmol/L. Sensitivity was 
reported as 0.76 ug/dL (or 0.059 nmol/L TT4). Sample volume was 
25 μL, run in duplicate. For serum samples with resultant values below 
the lowest provided standard (25.7 nmol/L) a value was estimated 
through standard extrapolation between 25.7 nmol/L and zero. For 
assay optimization, an increased sample volume (100 and 200 μL) was 
used and 3 additional lower standards (12.9, 6.45, and 3.23 nmol/L) 
were added to compare extrapolated vs. interpolated results.

2.3.8 Free thyroxine (FT4) by equilibrium dialysis 
followed by T4 RIA

Free T4 (FT4) was assessed by equilibrium dialysis and was 
measured by a commercially available radioimmunoassay 
manufactured by Antech Diagnostics. T4 standards ranged 3.6 to 
126 pmol/L. Sensitivity was reported as 0.045 ng/dL (0.58 pmol/L). 
Sample test volumes were 50 μL, run in duplicate. For serum samples 
with resultant values below the lowest provided standard 
(3.6 pmol/L), the value was estimated through standard extrapolation 
between 25.7 nmol/L and zero. For assay optimization, the sample 
volume could not be increased due to equilibrium dialysis methods; 
however, the software was altered to provide two decimals, reducing 

rounding. Three additional lower standards (1.8, 0.9, and 
0.45 pmol/L) were included to compare extrapolated vs. 
interpolated results.

2.3.9 Thyroxine (T4) for TT4 chemiluminescent 
immunoassay

Total thyroxine (TT4) was measured with a commercially 
available solid-phase competitive chemiluminescent enzyme 
immunoassay (Total T4 Chemiluminescent Immunoassay, Immulite® 
2000XPi, Siemens Healthcare, Glyn Rhonwy, Llanberis, 
United  Kingdom). The TT4 CLIA assay protocol was run via an 
automated instrument. The instrument picks up the volume it 
requires for the test (100 μL), and therefore sample volume was 
unable to be modified for testing. A subset of 54 samples were run on 
the TT4 CLIA to be compared to the optimized TT4 RIA.

2.4 Iodine testing

Serum for total (the sum of inorganic and organic/protein-bound) 
and inorganic iodine was submitted to the MSU VDL for analysis as 
per Wahlen et al. (32).

2.5 Elemental analysis including cobalt

Serum was submitted to the MSU VDL for cobalt analysis as part 
of a trace mineral panel, using inductively coupled plasma-mass 
spectrometry (ICP-MS). Standards were from Inorganic Ventures. 
In-house serum pools were used as controls.

2.6 Ultrasound evaluation

Thyroid ultrasounds were reviewed by one author (Mylniczenko). 
The purpose of using this tool in this study was to identify animals 
that had grossly different thyroid appearance from known normal 
animals, suggesting disease as identified by experience from the 
authors and in comparison to other species. Images were identified 
retrospectively from exams which were conducted by multiple 
individuals; they were not always done with uniform technique and 
quality, thus acquisition of consistent measurement parameters was 
not possible. There are limited references on ultrasound evaluation of 
thyroid glands in elasmobranchs (33). The shape and size of the 
thyroid varies among species and can be difficult to identify (34). A 
normal thyroid has a symmetrical, homogenous appearance (35, 36) 
and in elasmobranchs they are smaller or equal in size to adjacent 
coracohyal and coracomandibular musculature (34, 37). Any variation 
from this uniformity was documented.

For a basic or ‘high level’ assessment of thyroid disease, the 
following criteria were used:

 (1) the thyroid was larger than the adjacent musculature.
 (2) multiple cysts were present.
 (3) there were scattered hyperechoic foci present.

Cysts and foci were not quantified, they were subjectively 
evaluated and listed as mild, moderate, and severe.
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2.7 Statistical analyses

All analyses were performed using R statistical Software v4.3.2 
(38) or SigmaPlot (v.14.0), or MedCalc software Ltd. v.23.0.9. All 
statistical tests were evaluated at an 𝛼< 0.05.

Quantitative measures (thyroid, cobalt, and iodine) were tested 
for normality using the Shapiro–Wilk normality test and visual 
inspection of the data normality using Q-Q plots (quantile-quantile 
plots) in the R ‘stats’ package (38). Since most of the data were left 
skewed and failed tests for normality even after standard 
transformations, comparisons between habitats and study cohorts 
were evaluated using non-parametric methods and corrections were 
applied for multiple post-hoc tests as appropriate. Log-transformation 
was employed on iodine measures during linear and ordinal regression 
model testing and evaluations. Single pairwise comparisons of serum 
thyroid, cobalt, or iodine measures evaluating differences between 
species and habitats used Mann–Whitney Rank Sum Tests. Study 
cohorts and habitat results were summarized as median (χ̃) and 
interquartile range [IQR; 25th and 75th percentile (%)], 
where appropriate.

2.7.1 Wild and lagoon-housed normal 
populations

The thyroid and iodine values from “normal” thyroid (as 
determined by ultrasound) wild and lagoon-housed SRs were 
compared using Kruskall-Wallis one way ANOVA on ranks, and 
Dunn’s Method for all (post hoc) pairwise comparisons. Comparisons 
between species, habitat, and supplement type were plotted using the 
web app “PlotsOfData.” Data are displayed with underlying 
distributions, ordered by medians with mean and 95% confidence 
intervals by bootstrapping [see (39)].

2.7.2 Correlation analyses of serum thyroid, 
cobalt and iodine measures (cohort 1 and 2)

All pairwise correlations from all thyroid scores between 
quantitative sample hormone data (iodine (inorganic), iodine (total), 
cobalt, TT3, TT4, FT4) were evaluated using Spearman’s rho statistic 
(⍴), rank-based correlation tests of all pairwise complete observations 
using the R packages ‘corrplot’ and ‘Hmisc’ to compute the p values of 
the correlations (38, 40–42). Variables for the correlogram were 
arranged in the angular order of the eigenvectors (AOE) which are 
ordered to match their corresponding eigenvalues, sorted in ascending 
order by magnitude (42). Significant correlations are reported as 
⍴(df) = [⍴ value], p = [p-value], where df = N-2.

2.7.3 Regression analysis of thyroid hormone, 
iodine, and cobalt measures and thyroid disease 
states (cohort 2)

Principal component analysis and factor analysis were initially 
used to explore relationships between thyroid iodine and cobalt 
measures within cohorts to identify important factors 
(supplementation and thyroid disease severity) and drive model 
selection (see Supplementary materials). For model selection, serum 
thyroid hormone, iodine, and cobalt data from aquarium-managed 
animals were first assessed for violations of model assumptions, 
multicollinearity, and VIF (variance inflation factor). VIF was also 
used to aid in model selection, and trim predictor variables. The 
associations of thyroid hormone, iodine, and cobalt measures with 

thyroid disease were first investigated using simple linear regression 
models, followed by ordinal regression (see Supplementary Table S3 
for additional details). For this analysis, ultrasound evaluations of the 
thyroid at the time of blood sample collection were transformed into 
an ordered-factor (normal, normal/large =1, goiter =2, mild =3, 
moderate =4, moderate–severe =5) for use in multivariable 
proportional odds logistic regression modeling. Ordinal regression 
model output provided coefficients given in units of ordered logits 
(ordered log odds). For a simpler interpretation, we  converted 
coefficient values into an odds ratio (OR; the inverse log of the 
estimated coefficients). Significant coefficients in the model are 
reported as OR and 95% confidence interval (CI).

In a second model, we were interested in the predictive effects of 
total iodine measures. For this analysis, total iodine data was 
transformed into a bivariate categorical variable (< or > 400 ng/mL) 
alongside thyroid hormone, inorganic iodine, and cobalt (reporting 
probability estimates of each thyroid disease level). Predictor effect 
plots of significant factors in the model (coefficients) were built using 
the ‘effects’ package in R (43, 44).

3 Results

3.1 Thyroid assay optimization and 
validation

3.1.1 TT3
Detection and accuracy in measurement of thyroid hormones was 

improved by increased sample volume and use of additional lower 
standards. Visual inspection confirmed parallelism of calculated 
values with normal and extended volumes (100 vs. 200 μL, sample 
TT3 values >1.0 nmol/L) and from normal standards and extended 
standards. In a subset of test samples (N = 16 SR from the wild 
cohort), only 33% of the samples (5 of 15) fell within the range of the 
standard curve using the standard protocol (100 μL sample volume), 
whereas, 81% (13 of 16 samples) were within the readable range of the 
standard curve with increased volume (200 μL) and extended 
standards. Sample TT3 values using 100 μL volume obtained by 
extrapolation (from the lowest standard to zero) were strongly 
correlated with result values obtained via interpolation using 200 μL 
sample volume and additional lower standards (r2 = 0.985).

3.1.2 TT4
TT4 detection was improved by increasing sample test volume 

from the standard 25 μL to 200 μL. No samples (0 of 16) were detected 
within the readable range of the standard curve using 25 μL sample 
volume (normal TT4 standards ranged 25.7 nmol/L to 257.0 nmol/L). 
Increasing sample volume to 200 μL (8x increase), and adding 
additional lower standards improved detection to 68.8% (11 of 16). 
Comparison of extrapolated vs. interpolated values for 200 μL sample 
volume showed a strong positive correlation (r2 = 0.99), indicating 
that the extrapolation was sufficient, but the extra sample volume was 
a critical improvement.

3.1.3 FT4
Serum volumes could not be increased at the dialysis step, so FT4 

optimization was only evaluated for improved detection based on 
extended standards. None of the samples (0 of 16) fell within the 
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readable range of the standard curve using the 50 μL sample volume 
and regular standards. Adding additional lower standards increased 
sample detection on the curve to 25% (4 of 16). Ten samples had 
reported values of 0 pmol/L. However, values determined by 
extrapolation were strongly correlated with interpolated values 
(r2 = 0.98).

Overall, strong, positive correlations for extrapolated vs. 
interpolated values in all three thyroid RIAs indicated that including 
extra standards could improve detection but were not necessary for 
improved accuracy for normal elasmobranch serum sample values at 
or near the sensitivity of these assays. However, higher sample volumes 
(TT3 and TT4) significantly improved detection of low 
thyroid concentrations.

3.1.4 CLIA vs. RIA (TT4)
Due to discontinuation of the RIA TT4 kit near the completion 

of this study, a small subset of samples (N = 54) with a range of 
serum TT4 RIA values (200 μL test volume), across multiple 
species, were tested in the new TT4 CLIA platform. A 100 μL test 
volume was used, which could not be increased due to limitations 
in assay methodology. Most of the CLIA values (44 of 54) were 
reported with zero values (vs. only 8 from RIA) resulting in both 
measures to have a non-normal distribution with positive skew 
(Shapiro–Wilk RIA TT4, W = 0.8016, p < 0.0001; CLIA TT4 
W = 0.2842, p < 0.0001). The non-zero values ranged from 0.014 to 
6.83 nmol/L for RIA vs. 0.193 to 15.2 nmol/L for the CLIA, 
However, serum TT4 CLIA values did not correlate with the TT4 
from RIA (adjusted r2 = −0.0148). Data were next checked for 
assumptions of normality of differences for Bland–Altman analysis 
(MedCalc). The difference in TT4 measurements (RIA-CLIA) 
revealed an overall positive bias with the optimized RIA TT4 
method reporting higher values than the CLIA (RIA-CLIA 
difference mean ± SD was 0.95 ± 2.93 nmol/L). However, since 
RIA-CLIA differences were not normally distributed (Shapiro–Wilk 
W = 0.7801, p < 0.001), further evaluation using Bland–Altman 
plots could not be conducted. Removal of the zero-reported values 
to re-analyze the data was not done since the size of the remaining 
dataset (N  = 10) would reduce statistical power and limit 
interpretation. Because of the poor correlation and repeatability 
between methods, no further testing or analysis of CLIA TT4 with 
respect to thyroid disease or the other measures were performed.

3.1.5 HPLC
Results from a HPLC chromatogram, including peak RT of the 

Cerilluant thyroid standards and iodide, and RIA immunoreactivity 
profile of the thyroid methanolic extract (see Figure 1) was used to 
characterize immuno-detectable TT3, TT4 and FT4 (see 
Supplementary Figure S1 for additional details). Two standards (I2 
and T2) partially co-eluted with the wavefront and had RTs as follows: 
iodide (I2) in a wide band at 1–1.83 RT, T2 (2.073–2.683 RT), whereas 
T3 and T4 separation was more distinct [T3 2.1 RT (single), 3.78–
4.033 RT (panel)], rT3 [3.9–4.1 (single), 4.28–4.55 RT (panel)], and 
T4 [4.18–4.44 (single), 5.6–6.09 RT (panel)]. Thyroid tissue extract 
produced a wide band of immunoreactivity starting at the wave front 
in fr1-2 and continuing through fr 3–4. The highest relative percent 
immunoreactivity in the TT3 assay was found in a wide band starting 
at the wave front in fr 1–2 and continued, in part, into fr 3. An 
unexpected and unidentified immunoreactivity peak was observed in 

fr 2–3 in TT4 and FT4 RIA. Cardiac blood collected from the wild 
animal at the time of thyroid tissue recovery had low concentrations 
of TT3, TT4 and FT4 (0.00 nmol/L, 1.13 nmol/L, and 0.00 pmol/L, 
respectively).

3.1.6 Assessment of thyroid ‘normals’ using the 
optimized thyroid RIAs, cobalt, and iodine

Wild, lagoon- and aquarium-housed thyroid-normal SR did not 
differ in TT3 (TT3 χ̃=0.59, 0.70 and 0.46 nmol/L, respectively) or TT4 
values (TT4 χ̃=0.38, 0.85 and 0.47 nmol/L, respectively), however FT4 
values were higher in the lagoon (FT4 Lag χ̃=1.43 pmol/L, IQR = 0.39, 
2.12) and aquarium-housed (FT4 Aquar χ̃=0.00 pmol/L, IQR = 0.00, 
1.90) SR compared to the wild SR (FT4 Wild χ̃=0.0 pmol/L, IQR = 0.0, 
0.0; H (2)=11.961; p = 0.003; see Figures 2A–C).

SR serum iodine (total, inorganic) and cobalt measures showed 
more variability. Wild SR had higher serum inorganic iodine relative 
to lagoon- and aquarium-housed SR (H (2)=28.054, p < 0.001), and 
higher total iodine (I (T) Wild χ̃=230.0 ng/mL, IQR = 188.0, 292.0, all 
values <400 ng/mL) than lagoon-housed SR (H (2)=29.765, p < 0.001). 
Lagoon- and aquarium-housed SR had elevated serum cobalt 
measures compared to wild SR (H (2)=8.342, p = 0.015). Cobalt values 
in the wild SR group (N = 11) ranged from 13.41 to 62.20 ng/mL, 
whereas lagoon- and aquarium-housed SR ranged from 58.98 to 
198.60 ng/mL (N = 25) and 113.50 to 375.40 ng/mL (N = 5), 
respectively (see Figures 2D–F). Four of the five aquarium-housed SR 
(all females) were 80 days post-removal of supplement “C” (3.8 ppm 
DM cobalt).

FIGURE 1

High performance liquid chromatography (HPLC) chromatogram 
including fraction (fr) number and retention time (RT) peaks from 
injection of methanolic iodide and thyroid standards (denoted by 
vertical arrows) or immunoreactivity results from fractions collected 
following injection of a methanolic extract of thyroid tissue 
(collected from H. americanus) run in commercially available RIAs 
(radioimmunoassay; TT3; total triiodothyronine, nmol/L, orange 
square); TT4 (total thyroxine, nmol/L, cyan circle; FT4; free thyroxine, 
pmol/L, dark teal circle). Reference standard RTs are depicted as 
vertical arrows shown in order from highest to lowest polarity: Iodide 
and T2 (dark brown), T3 (orange), rT3 (light orange), T4 (cyan). The 
solvent front is denoted by a vertical gray dashed line.
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3.2 Iodine and cobalt measures across all 
cohorts and thyroid disease states

Iodine values measured as high as 606,740 ng/mL [I (I); N = 151 
χ̃=48.0 ng/mL, IQR = 25.00, 130.00] for inorganic iodine, and 
493,529 ng/mL [I (T); N = 157, χ̃=150.0 ng/mL, IQR = 53.00, 495.00] 
for total iodine in WSBS with moderate to severe thyroid disease. 

Cobalt ranged from 4.24 to 2,818.91 ng/mL (N = 146, χ̃=112.33, 
IQR = 27.78, 316.17; see Figure  3). The highest iodine and cobalt 
values (>1,000 ng/mL) were observed in aquarium-housed animals in 
2015 through 2020 (N = 15), and primarily in WSBS species (12 of 15 
samples, N = 2 individuals, samples collected from 2013 to 2020). 
These high values were obtained when the WSBS were offered (and 
consumed) supplement “C” and “D” with approximately 100,000 ppm 

FIGURE 2

Serum (A) total triiodothyronine (TT3 nmol/L), (B) total thyroxine (TT4, nmol/L), (C) free thyroxine (FT4, pmol/L), (D) inorganic iodine (I; ng/ml), (E) total 
iodine (T; ng/ml), and (F) cobalt (ng/ml) in three populations of wild and housed southern stingrays Hypanus americanus with normal presentation of 
thyroids by ultrasound evaluation (Study 1). Data are displayed as individual sample dot-plots (jittered) with vertical cow-plots to visualize the data 
distribution for each measure by habitat [(Wild, lagoon (Lag), aquarium (Aquar)]. Medians for each habitat are indicated by the larger outlined circles, 
with the relative size of the circle indicating the N of that habitat (see key). Error bars represent the 95% confidence interval for the habitat. Letters 
inside the panels represent significant differences between the habitat (α < 0.05). Wild animals (N = 11) were unsupplemented. Lagoon animals (N = 22) 
received Aquatic Gel, and 1 of 5 Aquarium animals received supplement “C” (Table 1).
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DM iodine (see Table 1). Highest cobalt values were observed in 2017 
and 2018 when animals were offered supplement “D” (5M1Y; 5MD8) 
approximately 2 years after iodine content had been reduced by over 
33% from 202,603 ppm DM down to 133,658 ppm DM, and more 
than 5 years after cobalt had been reduced from 151.4 ppm DM 
(supplement “A”) down to 4.2 ppm DM (supplement “B”) and 3.8 ppm 
DM (supplement “C”; see Table 1). Only 29 of 53 samples with values 
<300 ng/mL cobalt were evaluated as thyroid-normal. The remaining 
samples included 5/53 goiter; 9/53 Normal (LG); 5/53 mild; 5/53 
moderate; and 8/53 moderate–severe. There was a mix of thyroid 
disease scores in the higher cobalt measures (>300 ng/mL), including 
7/27 evaluated as normal, 6/27 Normal (LG), 0/27 goiter, 9/27 mild, 
1/27 moderate, and 4/27 moderate–severe thyroid disease. The highest 
cobalt values observed (N = 13 > 700 ng/mL) primarily came from 
HCR, PR, and WSBS species. The lowest iodine and cobalt values were 
observed in wild and lagoon-housed SR (see Figures 2D–F), where all 
measured total iodine values were < 400 ng/mL, inorganic iodine 
values were < 50 ng/mL, and cobalt values were < 200 ng/mL. There 
was one exception in an aquarium-managed HCR with undetermined 
thyroid disease status, measuring a low of 14 ng/mL for both inorganic 
and total iodine.

3.3 Investigation of overall relationships 
between thyroids, iodines, and cobalt 
measures

Spearman’s rank correlations were computed to assess all 
available pairwise relationships between quantitative measures. 

Overall, there were strong, significant positive relationships 
between inorganic iodine and total iodine (⍴(149) = 0.85, 
p < 0.0001), total iodine and cobalt (⍴(131) = 0.54, p < 0.0001), TT4 
and FT4 (⍴(112) = 0.69, p < 0.0001). Significant but weaker 
relationships were also observed between TT3 and TT4 
(⍴(111) = 0.42, p < 0.0001), and TT3 and cobalt (⍴(45)=0.14, 
p < 0.0001; see Figure  4). All other correlations were of lower 
strengths of effect, but it was observed that in this correlation 
matrix, inorganic iodine had a weak, negative correlation with two 
of the thyroid measures (TT3 ⍴(46)= − 0.05, and FT4 ⍴(47)= − 0.14, 
see Figure 4, light red negative ellipses).

3.4 Ultrasound evaluation

3.4.1 Ultrasound evaluation and thyroid disease 
evaluation score

The most common findings (see Figure 5) were cysts of varying 
sizes and hyperechoic pinpoint foci, likely representing mineralization 
(48). Nodular disease with hypoechoic cystic (spongiform/
honeycomb) appearance was labeled as moderate disease based on 
size of the gland and the cyst.

Extent of thyroid disease was broad and evaluation was intended 
only to assess if there was any correlation with blood data and 
individuals with a history of reproductive disease (N = 4 SR; N = 2 
WSBS; N = 4 HCR). Histopathologic confirmation of thyroid disease 
was not typically possible in this dataset as biopsies were rarely taken 
and postmortem thyroid tissue was not always included in the 
sampling set. A summary of thyroid evaluation scores at the time of 
blood sampling are provided in Supplementary Table S2.

Samples collected from animals in natural sea water habitats (wild 
or lagoon-housed) were categorized as normal based on relative size 
and homogenous symmetrical appearance, whereas aquarium-housed 
animals provided a range of thyroid disease scores (see 
Supplementary Table S2). Thyroid, cobalt, and iodine measures 
differed across thyroid disease evaluation levels, with moderate and 
moderate/severe thyroid evaluations showing the highest total and 
inorganic iodine values, but lowest TT3 (see Table 2). Distributions of 
measured values of TT3, TT4, and FT4 shifted to higher ranges 
(increased variance; larger interquartile ranges) in supplemented 
animals (see Figures  6A–C). The pattern was consistent through 
disease states, with the notable exception of animals in the highest 
thyroid disease category (thyroid evaluation =5, moderate/severe), 
which did not show the same pattern of elevated TT3, TT4 or FT4 
(Figures 6A–C).

Several of the aquarium-housed individual animals (N = 38) in 
this study were monitored over several years. There was a progression 
of thyroid disease and an opportunity to see if it resolved. Four SER 
presenting with hyperplastic goiters resolved with management. One 
animal was provided supplementation (supplement “A,” Tables 1, 3) 
were given oral lugol’s iodine until the goiter resolved and were then 
put on the supplement. In all other cases, during the course of the 
study, progression from a normal thyroid evaluation to mild, moderate 
or moderate–severe was unidirectional.

Challenges with ultrasound evaluation in these cases included a 
lack of images from examinations, misinterpretation of anatomy, and 
inability of the ultrasonographer to obtain good quality images (depth, 
type of transducer, and optimal adjustments of settings).

FIGURE 3

Serum iodine [inorganic (I) or total (T) ng/ml] and cobalt (ng/ml) 
values plotted for study years 2010 to 2022 from both Study cohorts 
provided the supplementation described in Table 1. Two samples 
with extremely high iodine values >10,000 ng/mL are not shown 
(N = 2; inorganic iodine: 16,642 and 606,740 ng/mL; total iodine: 
17,257 and 493,529 ng/mL). This graph shows that use of 
supplementation appears to accumulate iodine and cobalt across 
time.
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3.4.2 Serum total iodine measures <400 
and > 400 ng/mL as a proxy for vitamin/mineral 
consumption

Since consumption of the supplement varied by species, 
individual, and time, and was not directly measured, serum total 
iodine measurements were used to identify animals with likely 
consistent consumption (animals that consumed their supplement 
had higher levels than those that did not). This placed their ranges well 
above values measured in the unsupplemented wild SR (evaluated as 
having normal thyroids). Using that information, we  parsed the 
dataset using a normal total iodine cutoff of 400 ng/mL and used the 
two groups (< or > 400 ng/mL total iodine) to compare the relative 
proportions of samples with or without cysts or abnormal ultrasound 
echogenicity, and overall thyroid evaluation (normal vs. abnormal, see 
Table  3A), as well as a comparison of the relative distribution of 
thyroid evaluation scores, and their thyroid, cobalt, and inorganic 
iodine values (see Table 3).

Considering all species and habitats, cysts and echogenicity were 
less likely to be observed in ultrasounds within the <400 ng/mL total 
iodine group (46% vs. 10%; and 50% vs. 11%, respectively), and a 
higher percent of observations were scored as normal in the overall 
thyroid evaluation (45% vs. 10%; see Table 3A). Samples from animals 
with serum total iodine >400 ng/mL (N = 62) had higher rates of 
observed cysts [18/62 (29%)] and echogenicity [14/62 (22.6%)] 
compared to the <400 group.

[24/117 (20.5%)] and [17/117 (14.5%), respectively; see Table 3A]. 
In the aquarium cohort, fewer thyroid ultrasound scans were evaluated 
as normal in the >400 total iodine group [12/47 (26%)], and a higher 

percentage of moderate to severe thyroid evaluation scores, were in 
the >400 total iodine group [13/18 (72%)]. While there were no 
significant differences in TT3, TT4, or FT4 between the <400 
and > 400 total iodine groups (see Table 3B), as expected, inorganic 
iodine and cobalt were also higher in the >400 group [Table 3B; I (I) 
<400I(T) χ̃=35.0, IQR = 21.0, 58.0, vs. I  (I) > 400I(T) χ̃=376.0, 
IQR = 129.0, 1,883.0; p < 0.001; and Cobalt <400I(T) χ̃=88.0, 
IQR = 23.0, 160, vs. Cobalt >400I(T) χ̃=388.0, IQR = 129.0, 365.0; 
p < 0.001].

3.5 Thyroid, iodine and cobalt measures as 
predictors of thyroid disease in the 
aquarium-housed SR

Ordinal regression models were determined to be the best fit to 
evaluate the ability of serum inorganic iodine, total iodine (or total 
iodine <400 or > 400 ng/mL), cobalt, TT3, TT4, and FT4 to predict 
thyroid disease evaluation scores in the aquarium cohort. In the first 
model, iodine values were log-transformed, and total iodine and 
cobalt were removed due to high VIF, collinearity and best fit. For 
Model 1 the factors determined to best predict thyroid disease severity 
(Y) was Y ~ log inorganic iodine + TT3 + TT4 + FT4 (Nagelkerke 
R2 = 0.98; see Supplementary Table S3). Holding all other predictors 
constant, samples with 1 unit higher value of log inorganic iodine were 
2.7 times more likely to be evaluated in a higher thyroid evaluation 
score (OR = 2.738, 95% CI = 1.280, 6.833).

Serum TT3 had a more complex association with iodine and 
thyroid disease score. Serum TT3 values were elevated in many of the 
samples from supplemented animals with the exception of the highest 
severity of thyroid disease (see Figure 6A). This negative relationship 
can also be  seen in Figure  7B predictor effects plot as a negative 
association of TT3 with thyroid disease such that the highest 
probability of moderate–severe disease was associated with the lowest 
TT3 values. Holding all other predictor values constant, with every 
one nmol/L increase in TT3 we would expect a 1.125 decrease in the 
cumulative probability of thyroid disease evaluation level (log odds 
scale). Calculating for the OR (OR = 0.325, 95% CI = 0.091, 0.944) the 
reciprocal (inverse of the odds ratio = 3.077) can be  more easily 
interpreted. In this model, where increased inorganic iodine was 
correlated with increasing disease severity, there was also a 3.1 times 
higher odds to be evaluated into a higher thyroid disease category for 
every 1 nmol/L decrease observed in serum TT3. The cumulative 
probabilities for each change in thyroid evaluation score are visualized 
as predictor effects plots in Figures  7A,B (log inorganic iodine, 
and TT3).

For Model 2 we  were specifically interested in the predictive 
ability of serum total iodine measures <400 or > 400 ng/mL as 
categorical variables. Using a final model of Y ~ total iodine 
>400 + TT3 + TT4 + FT4, samples with total iodine >400 ng/mL were 
3.6 times more likely to be evaluated as a higher thyroid disease score 
(OR = 3.591, 95% CI = 1.280, 6.833, p = 0.012). Serum TT3 was not 
significant in this more generalized model (p = 0.104), but had similar 
trends as in Model 1, with lower TT3 values occurring in the highest 
disease categories. The differences between the highest thyroid disease 
evaluations for mild/moderate (p < 0.01) and moderate/moderate–
severe (p < 0.001) can be  readily distinguished between the <400 
and > 400 ng/mL total iodine categories (Figure 7C). In the <400 ng/

FIGURE 4

Correlation matrix of serum inorganic iodine [I (I)], total iodine [I (T)], 
cobalt (Co) and thyroid hormone values [total triiodothyronine (TT3); 
total thyroxine (TT4); free thyroxine (FT4)] using Spearman’s 
correlation method with all pairwise complete observations. Color 
intensity is proportional to the correlation coefficients. Direction of 
the ellipses indicates positive or negative relationships. On the right 
side of the correlogram, the legend color relates to the Spearman 
correlation coefficient values, with blue indicating positive and red 
indicating negative correlations. The correlation matrix was 
reordered according to the correlation coefficient using the angular 
order of the eigenvectors (AOE) method. Black stars (*) within 
ellipses indicate significant correlations with α < 0.01.
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A i) ii)

B i)     ii)                                        iii)

C i)     ii)                                        

D i)     ii)         

FIGURE 5

Ultrasound evaluations. (A: i) Normal bamboo shark (Chiloscyllium punctatum) thyroid ultrasound in transverse; arrow scaled to 1 cm. (ii) Abnormal 
bamboo shark (Chiloscyllium plagiosum) thyroid ultrasound in transverse; arrow scaled to 1 cm. Complex multinodular cystic appearance with 
hyperechoic foci. (B: i) Normal honeycomb stingray (Himantura uarnak) thyroid ultrasound in transverse; arrow scaled to 1 cm. (ii) Abnormal 
honeycomb stingray (H. uarnak) thyroid ultrasound in transverse; arrow scaled to 1 cm. Note the large cyst present and the overall enlarged size of the 
thyroid. (iii) Abnormal honeycomb stingray (H. uarnak) thyroid ultrasound in sagittal; arrow scaled to 1 cm. Note multiple small cystic structures present 

(Continued)
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mL total iodine category, the probability of a normal thyroid 
evaluation was 61% (vs. 31% for >400), and only 19% probability of 
scoring a 4 or 5 (moderate to moderate–severe) in the <400 ng/mL 
total iodine (vs. 45% probability for >400).

4 Discussion

Thyroid disease is a common concern with elasmobranchs, with 
hyperplastic or diffuse colloidal (“classic”) goiter being the foremost 
diagnosis. If identified early, morbidity and possible mortality can 
be prevented. The etiology is frequently linked to iodine, usually as a 
deficiency originating in low iodine consumption. This occurs because 
it is unavailable to the animal either from low availability in food or 
water, ozone treatments of the water, other goitrogenic causes (high 
nitrates), or a mix of the three (49–53). Diagnosis is made by an 
obvious enlargement under the jaw. Short of that observation, few 
studies have shown other methods for diagnosis. Thyroid hormone 
values have been assessed and reported to be low, when compared to 
other vertebrates, for both T3 and T4 in goitered sharks (37, 54). As 
such, thyroid hormone assessment seemed a reasonable test in 
managed care animals. Interestingly, in the aquarium-managed cohort 
of animals presented here, the RIA-derived values using standard 
methodology and sample volumes routinely registered as low or 
unreadable, even in apparently healthy sharks and rays. There was 
only one commercial lab with an RIA thyroid assay panel at the time 
of testing (primarily for canine and feline), prompting a closer 

investigation of the methodology, assay sensitivity, and testing for 
validation in elasmobranch species.

4.1 Is the current methodology for blood 
thyroid hormone assessment appropriate 
for elasmobranchs?

Commercial laboratory analysis of blood thyroid hormone results 
consistently showed values in elasmobranchs were markedly below 
those routinely measured in other non-wildlife, terrestrial vertebrate 
species at MSU VDL (e.g., Felis catus or Canis familiaris). This was 
especially unusual given that clinical cases of thyroid disease (not 
goiter) still resulted in near undetectable blood thyroid hormone 
levels. Working with the laboratory (Bousianny), extant RIA 
methodology was reviewed. First, a direct measurement for known 
thyroid hormone was necessary. As a biological validation, HPLC 
performed on homogenized and extracted thyroid tissue showed high 
concentrations of immunoreactive TT3, TT4 and FT4 (Figure 1), 
while values from a matched cardiac blood sample were low. These 
results suggest that thyroid hormones are indeed highly conserved in 
elasmobranchs (55), and exhibited expected cross reactivity with 
established commercial RIA antisera. Secondly, serum was evaluated 
from a subset of ‘thyroid-normal’ SR and compared to thyroid 
abnormal SR. Normal values were uniformly quite low, most at or near 
zero, and in fact, below the readable range of the kit standard curve. 
Increased sample volume (2x for TT3 and 8x for TT4) and additional 

throughout the thyroid and larger size compared to adjoining musculature. (C: i) Normal southern stingray (Hypanus americanus) thyroid ultrasound in 
transverse; arrow scaled to 1 cm. (ii) Abnormal southern stingray (H. americanus) thyroid ultrasound in transverse; arrow scaled to 1 cm. Note the 
complex cystic nodule with smaller cysts in the parenchyma and the size of the thyroid compared to the ventral musculature. (D: i) Normal ocellated 
eagle ray (Aetobatus ocellatus) thyroid ultrasound in transverse; arrow scaled to 1 cm. (ii) Abnormal ocellated eagle ray (Aetobatus ocellatus) thyroid 
ultrasound in transverse; arrow scaled to 1 cm. Note the hyperplasia (goiter).

FIGURE 5 (Continued)

TABLE 2 Comparisons of SR thyroid, iodine, and cobalt medians and interquartile range (IQR) across thyroid disease evaluation scores (number) for 
each study elasmobranch cohort (natural sea water or aquarium habitat).

Habitat Thyroid ultrasound evaluation

Natural sea water Aquarium

Measurementa

median (IQRb)
Normal 

(1) (Wild)
Normal (1) 
(Lagoon)

Normal 
(1)

Normal/ 
Large (1)

Goiter 
(2)

Mild (3) Moderate 
(4)

Moderate/ 
Severe (5)

TT3 (nmol/L) 0.59 

(0.16, 1.27)

0.70 

(0.36, 1.18)

0.46 

(0.25, 0.95)

0.75 

(0.30, 2.34)

0.21

 (0.00, 0.57)

0.76 

(0.48, 1.09)

0.29 

(0.06, 1.34)

0.25 

(0.12, 0.44)

TT4 (nmol/L) 0.38 

(0.00, 1.49)

0.85 

(0.41, 2.98)

0.47 

(0.00, 2.23)

1.66 

(0.24, 4.43)

0.00 

(0.00, 0.94)

3.31 

(1.940, 7.07)

2.12 

(0.29, 4.34)

0.52 

(0.11, 1.62)

FT4 (pmol/L) 0.00 

(0.00, 0.00)

1.43 

(0.39, 2.12)

0.00 

(0.00, 1.90)

2.09 

(0.23, 2.69)

0.00 

(0.00, 1.03)

0.97 

(0.47, 14.14)

0.96 

(0.00, 4.51)

0.00 

(0.00, 1.62)

Inorganic iodine (ng/ml) 41 

(35, 44)

21 

(14, 27)

54 

(33, 137)

83 

(17, 164)

96 

(25, 120)

90 

(40, 161)

54 

(41, 98)

1,306 

(38, 4,307)

Total iodine (ng/ml) 230 

(188, 292)

46 

(40, 56)

99 

(55, 267)

323 

(42, 698)

224 

(58, 283)

258 

(54, 960)

112 

(86, 216)

1,532 

(247, 3,723)

Cobalt (ng/ml) 27.78 

(16.23, 57.44)

95.03 

(80.87, 135.75)

94.64 

(12.10, 247.26)

114.10 

(25.90, 1284.06)

10.11  

(7.78, 37.07)

423.68 

(144.31,740.92)

195.64 

(30.36, 254.75)

177.27 

(93.01, 306.18)

aTotal triiodothyronine (TT3; nmol/L); Total tetraiodothyronine (TT4; nmol/L); Free thyroxine (FT4; pmol/L). Sample Ns are provided in Supplementary Table S2.
bInterquartile range (IQR) reported here as: (25th, 75th percentile).
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standards (down to the assay lower limit of sensitivity) allowed for 
improved sample measurement (Tables 2, 3). While both T3 and T4 
are found in the thyroid itself, presumably large amounts are not 
routinely released into circulation resulting in relatively low levels 
which may not correlate with hypothyroidism.

RIA is generally considered the “gold standard” for thyroid 
hormone assays. Developed decades before the more current EIAs 
and CLIAs, RIAs generally had the advantage of improved 
discrimination and greater sensitivity and could easily be adapted 
“in-house” to meet the needs of species-specific lower ranges by 
adjusting working dilutions of the radio-labled tracer or antisera titer 
(56, 57). In contrast, current commercial labs typically follow a 
standardized RIA kit protocol using unextracted serum that had been 
optimized for species with higher thyroid hormone ranges (e.g., 
canine, feline (21)). Previously published data as well as older research 
were focused on RIA and likely varied methodology. Many labs may 

switch to non-RIA assays because of ease and safety (no need for 
radiation) but since they are often validated for targeted species, they 
might not be sufficiently sensitive to work well on elasmobranchs. 
Direct comparison of this study to previously published elasmobranch 
values is not a simple task. Current commercial labs and assays 
cannot easily perform historical sample processing or match assay 
methods (49, 51, 56–61). A further question was which of these 
values have biologic relevance. Thyroid hormone physiology is 
reviewed elsewhere (62) but salient content notes that in many species 
T3 is the biologically active form with T4 being a prohormone that 
requires conversion (62). Additionally T3 may be  produced 
peripherally in multiple organs, like the liver (in dogfish (Squalus 
acanthias)) and possibly the kidney. Overall, the literature continues 
to be data-poor for thyroid function in elasmobranchs. What exists 
is challenging to interpret due to a variety of sample processing and 
assay methodology, and a potential confound of increased TT3 and 

FIGURE 6

Study 2 serum TT3 (nmol/L), TT4 (nmol/L), FT4 (pmol/L; panels A–C), inorganic iodine (ng/ml), total iodine (ng/ml) and cobalt (ng/ml; panels D–F) 
values in unsupplemented (blue, N = 20) and micronutrient supplemented elasmobranchs (orange, N = 82) with total iodine dose ~100,000 ppm DM 
(Iodine 100 K), and cobalt dose 3.8 or 1.4 ppm DM (Supplements “C” and “D,” Table 1.) Serum inorganic, total iodine and cobalt shown here with y-axis 
in log-scale. Thyroid evaluations obtained by ultrasound during the time of the blood sample collection provided a range of thyroid disease from 
1 = normal, or normal/large, 2 = goiter, 3 = mild, 4 = moderate, and 5 = moderate/severe. Data are displayed as individual sample dot-plots (jittered) 
with vertical cow-plots to visualize the data distribution for each measure. Medians for each group are indicated by the larger outlined circles, with the 
relative size of the circle indicating the N of that group.
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TT4  in supplemented animals that may also vary in rates 
of consumption.

Testing methods for TT4 were changed during the timeframe of 
this research from RIA to CLIA due to assay kit availability. To 
examine the usefulness of this new test in comparison to the validated 
RIA, comparisons were conducted on the same samples, where 
available (N = 54). No correlation was found between the two 
methods (r2 = −0.015). Additionally, CLIA values did not repeat well 
with the same samples when resubmitted. It is unclear why the repeat 
samples were not consistent but antisera differences or interference 
factors within the sample matrix are suspected (6, 63, 64).

These findings overall suggest that only TT4 and TT3 of the 
current RIA assay have potential value with the assay modifications 
as described. Using the assay ‘as is’, TT4 and TT3 (without increased 
sample volume) low values near zero may not mean hypothyroidism, 
and values that are readable (e.g., elevated TT4 and FT4), may 
indicate a problem. When disease progressed to a severe category, 
TT3 concentrations dropped to near baseline. TT4 CLIA results 
were questionable, and further research should be  conducted to 
validate it.

4.2 Is serum iodine a good proxy for 
thyroid health?

Considering that iodide deficiency is the most likely cause of 
thyroid enlargement and at the time when this study was initiated, with 
near zero thyroid hormone results in nearly all samples, serum iodine 
seemed a plausible tool to explore for deficiency and as a proxy 
potentially for goiters. There are well established connections between 
acute iodide loads and thyroid inhibition known as the Wolff-Chaikoff 
effect (65). Total iodine (including unbound and protein-bound forms) 
and inorganic iodine (unbound only) were run on serum to establish 
some baselines and also to see if there were changes related to disease. 
Wild SRs (considered normal) were compared to semi-wild lagoon-
housed SR (natural sea water but nutritionally managed) and closed 
system aquarium-housed SR, that was overrepresented with 
reproductive disease. In general, serum iodine levels of <20 ng/mL are 
abnormally low and 20–40 ng/mL questionably low, while 40–400 ng/
mL seems to be a range consistent with a healthy animal. The wild SR 
stood out with iodine values in the 300 ng/mL range and this is likely 
because of a diet rich in natural iodine [crustaceans, seaweed, etc. (66, 

TABLE 3 (A) Ultrasound evaluation of elasmobranch thyroid gland architecture including presence or absence of cysts and hyperechogenic foci, used 
to provide an overall measure of overall thyroid normality score during the time of blood sampling in all habitats.

Total iodine group (ng/ml) Overall p-valuea,e

< 400 >400

(A) Ultrasound evaluation N(%)

Cysts <0.001

Not observed 83 (46%) 18 (10%) 101 (56%)

Undeterminedb 10 (5.6%) 26 (15%) 36 (20%)

Observed 24 (13%) 18 (10%) 42 (23%)

Echogenicity <0.001

Not observed 89 (50%) 19 (11%) 108 (60%)

Undeterminedb 11 (6.1%) 29 (16%) 40 (22%)

Observed 17 (9.5%) 14 (7.8%) 31 (17%)

Overall <0.001

Abnormal 29 (16%) 27 (15%) 56 (31%)

Normal 80 (45%) 18 (10%) 98 (55%)

Undetermined 8 (4.5%) 17 (9.5%) 25 (14%)

Total, N (%) 117 (65%) 62 (35%) 179 (100%)

(B) Measurementc median (IQR)d

TT3 (nmol/L) 0.59 (0.29, 1.11) 0.31 (0.16, 0.91) 0.55 (0.22, 1.02) 0.089

TT4 (nmol/L) 0.85 (0.10, 2.56) 0.56 (0.01, 2.46) 0.80 (0.04, 2.49) 0.5

FT4 (pmol/L) 0.86 (0.00, 2.02) 0.00 (0.00, 1.32) 0.62 (0.00, 1.86) 0.2

Inorganic iodine (ng/ml) 35.0 (21.0, 58.0) 376.0 (129.0, 1883.0) 48.0 (25.0, 128.0) <0.001

Total iodine (ng/ml) 79.0 (48.0, 185.0) 962.0 (626.0, 2087.0) 150.0 (53.0, 492.0) N/A

Cobalt (ng/ml) 88.0 (23.0, 160.0) 388.0 (129.0, 865.0) 112.0 (28.0, 312.0) <0.001

Ultrasound scores were compared by grouping blood samples into <400 and > 400 ng/mL total iodine, where 400 ng/mL was used as the upper cutoff value in normal, wild SRs. Pearson’s 
chi-squared test was used to determine differences between the expected and observed frequencies in observations between the two total iodine level groups. (B) Thyroid, iodine and cobalt 
median and interquartile range (IQR) for the <400 and > 400 ng/mL total iodine groups outlined in A.
aPearson’s Chi-squared test.
bUndetermined or unknown due to absence of ultrasound or quality sufficient to evaluate.
cTotal triiodothyronine (TT3; nmol/L); Total tetraiodothyronine (TT4; nmol/L); Free thyroxine (FT4; pmol/L).
dInterquartile range (IQR) reported here as: (25th, 75th percentile).
eWilcoxon rank sum test.
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67)]. Conversely, lagoon-housed SR did not have access to high 
volumes of natural foods and were fed a managed diet while living in 
natural sea water. Their diet however differed from aquarium-housed 
SR in that they did not receive a supplement and only a gel diet offered 
with low levels of iodine and cobalt.

High iodine values (>400 ng/mL) were frequently identified and 
associated with a negative health status and abnormal thyroid 
appearance. In practice, the authors recommend any serum values 
above 200 ng/mL prompt an evaluation of the animal and its history, 
thyroid appearance, and any comorbidities. A possible outcome might 
be a reduction of supplement in a mg/kg of fish or a reduction of 
frequency per week. Extant supplements that a majority of aquaria use 
have a moderate amount of iodide in their formulations although this 
has decreased over the last several years. Others have suggested that 
the typical level of iodide offered to elasmobranchs is more than 
required to balance a deficient diet (37, 68).

Serum total and inorganic iodine values in wild SR ranged from 
177 to 307 ng/mL, and 32 to 48 ng/mL (respectively). In the lagoon-
housed SR, values were lower than expected. These animals were 
exposed to natural iodide in natural sea water and minor amounts in 
the diet, but they were not supplemented. Neither of these groups had 
any thyroid abnormalities identified on physical exam or ultrasound. 
In the overall dataset including aquarium held animals, there were 
some very high values of iodine (Figure 2). Levels of supplement 
correlated with serum levels: if there were higher levels of dietary 
iodine, this tended to correlate with greater serum iodine levels. 
Animals that reliably accepted and consumed supplements were 
documented with elevated iodine levels compared to individuals that 
did not (pers experience Mylniczenko). One cohort had reproductive 
disease and abnormally high levels of iodine (>2000 ng/mL, 
unpublished) (22). Those individuals had all supplementation 
removed (oral and water sources) for more than a year to observe 
serum levels of iodine over time as well as thyroid size and shape. 
Iodine levels dropped but took several weeks to months, suggesting 
accumulation and slow excretion rate (69), yet the thyroid never 

enlarged although showed abnormal architecture. This prompted a 
smaller investigation in healthy animals given one dose of supplement 
(70) that showed iodine peaked at 24 h and declined over 72 h. This 
suggests that repeated dosing at an interval less than 72 h may result 
in accumulation, helping at least in part to explain higher levels 
of iodine.

This finding highlighted that accumulated iodine levels take a long 
period of time to reduce and even with seemingly low levels, not all 
species develop goiters. In contrast, eagle rays not receiving 
supplements developed a goiter by 6 months post birth. Similarly, 
bamboo sharks developed goiters 2 months after removal of 
supplements (52). The water systems they were in were ozonated, 
making iodide absorption and use from water improbable (50). This 
is likely due to the assumption that any iodide that comes in contact 
with ozonated water, potentially even within the digestive tract, would 
react to become biologically unavailable in the form of iodate (50, 71).

It is tempting to recommend normal ranges or exact cut-offs for 
low serum iodine to facilitate diagnosis of goiters. However, lagoon-
housed SR had both low serum values and low dietary iodine, with 
only the natural sea water providing biologically available iodine and 
they did not develop goiters. Iodine can be both absorbed and excreted 
through renal clearance at a variable rate dependent on species and 
the presence of other nutrients such as chloride, so the ocean’s 
bioavailable iodide may be processed differently than in an aquarium 
setting with faster clearance (12, 72, 73). In the few animals with 
confirmed goiters, those individuals were not on any supplements 
prior to diagnosis (pups under observation). Once a goiter was 
identified, either by gross appearance or ultrasound, supplementation 
was started and the goiter was resolved.

Hyperiodinism, as shown here, has not really been considered a 
problem of elasmobranchs. It has been suggested that ‘excess’ waterborne 
iodide did not change serum T3 and T4 (RIA) concentrations in white 
tip reef sharks relative to TT3 and TT4 (EIA) when compared to ranges 
reported in wild-caught Atlantic stingrays (H. sabina) (49, 57, 58) and 
trout (74). This direct comparison is challenged by the variability in 

FIGURE 7

Predictor effects plots with cumulative probability estimates for increasing severity in elasmobranch thyroid evaluation disease (scores 1 through 5; 
normal through moderate/severe) for predictor variables in ordinal regression Model 1: (A) log inorganic iodine (ng/ml); (B) TT3 (nmol/L); and for 
Model 2: (C) Total iodine <400 and > 400 ng/mL. Rug plots on the x-axes represent the marginal distribution of the numeric predictors (panels A,B). 
Data from aquarium-managed Study 2 cohort only.
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delivery method, sample processing, antisera, assay methodology and 
sensitivity (free vs. total T3 or T4: RIA vs. EIA). The authors suggested 
no negative consequence from high iodide and concluded that they are 
insensitive to excess iodide. This is contrary to literature across species 
which does suggest iodine in excess can cause problems. Excess iodine 
can lead to thyroid dysfunction resulting in either hyperthyroidism as 
well as hypothyroidism (65, 75), thyroiditis, and goiter development 
(76). In some mammals, iodide can cause toxicity resulting in mortality 
of young animals, prolonged parturition, and other signs (75, 77). In 
birds, excessive iodine can cause reduced egg production by directly 
inhibiting ovulation (78, 79). Additionally, at least in fish, the 
‘insensitivity’ to iodide was tested in short term high exposure, vs. 
chronic exposure. In the data presented here, iodine is shown to correlate 
with consumption, length of time on supplements, and disease state 
(reproductive disease and abnormal thyroid tissue findings). Some of the 
levels identified in this paper suggest that iodine may be stored in the 
body outside of the thyroid gland, allowing for later release, as has been 
documented in other species (80, 81). Iodine may vary in non-thyroid 
storage sites across species. It accumulates in bile (80) as well as ova (82) 
and in some of the animals reported here, follicular iodine was 
interpreted as high (~9,000–10,000 ng/mL compared to same day serum 
of >8,000 ng/mL; unpublished) in animals with reproductive disease 
(characterized by follicular stasis or retention). Normal comparisons are 
still necessary. In a recent paper on iodinated contrast in catshark 
(Scyliorhinus torazame) computed tomography scans, iodine was seen 
to accumulate in the gallbladder peaking at day 6 and ovary showing 
high values at day 260 post administration (83). This storage capacity 
may help explain some of the high values seen in the current study. It is 
unclear in males if there is a different level of accumulation as abnormal 
animals in this study were predominantly female (females comprised 
81.7% of individuals & 87.2% of study samples; see 
Supplementary Table S1). Iodide, in excess, has been labeled as an 
endocrine disruptor with the thyroid as the main target (84). 
Additionally, excess iodine has been linked with hyperthyroidism and 
arrested ovulation which fits with several of the cases here (85). Clearly 
this is an area of much needed research for this particular disease 
process (6).

Serum iodine in normal thyroid SR showed a lot of variability 
with the wild group having higher inorganic iodine relative to the 
lagoon- and aquarium-housed SR conspecifics. This is likely because 
of access to iodine rich prey and plant material. In this study, there 
were not many true goiters to derive any ranges in order to offer 
diagnostic values for identifying risk of goiter. In fact, the lagoon-
housed SR, which were in similar habitats to wild SR (natural sea 
water environment) had moderately lower iodine values and also 
showed no evidence of goiter formation evidenced by ultrasonography. 
These animals do not have access to the diversity of prey species as 
they are managed in an enclosed lagoon and are fed a prepared diet of 
shrimp, squid and gel that has a minor amount of iodine present. It is 
possible that the clearance rate of iodine in the lagoon population is 
high, but access to biologically available water iodide offers a 
physiologically appropriate level to prevent goiters.

This current data supports the need to provide supplementation 
to prevent classic colloidal goiters in elasmobranchs. It also highlights 
the need to reevaluate the current levels and frequency of 
recommended supplementation as the physiologic levels of some key 
elements are elevated over what seems required. While species specific 
data would be  ideal for iodine and trace mineral panels, it seems 

unlikely that the proposed ranges vary significantly from species to 
species. Additionally, given the association with both thyroid 
pathology and reproductive disease in many species further 
investigation is truly warranted.

Iodine may serve as an indicator for thyroid health, but only for 
elevated thyroid hormones (‘hyperthyroidism’). Iodine levels in 
managed animals over 400 ng/mL (the upper limit of what wild 
animals showed) indicate an abnormal status. We recommend levels 
above 200 ng/mL prompt a recheck and comparison to thyroid 
ultrasound, often resulting in a reduction of supplement dose and/or 
increased interval in between dosing. Perhaps mature females require 
different levels of supplement. The data here suggests that 
hypothyroidism cannot be  conclusively connected to low thyroid 
levels or low iodine, without corresponding clinical information (overt 
swelling or ultrasound). Further attention should be considered for 
long term effects in aquarium populations.

4.3 What is the role of cobalt in 
elasmobranchs?

Serum cobalt was markedly elevated in aquarium-housed 
animals compared to wild and lagoon-housed SR counterparts; and 
higher when total iodine was greater than 400 ng/mL. Comparable 
studies note values of 1.3–2.6 ng/mL in wild sand tiger sharks 
(Carcharias taurus) (86) and 24.9–180.7 ng/mL in aquarium smooth 
dogfish (Mustelus canis) (87). In the current dataset values ranged 
from 4.2–2,818.9 ng/mL with the highest belonging to 
aquarium animals.

Cobalt is known to be stored in the thyroid (88, 89) and in excess 
has been reported as both causing hypothyroidism (with histologic 
changes in the thyroid) and having adverse reproductive effects 
(testicular atrophy and alteration of ovarian function) (90, 91). Cobalt 
serves as a goitrogen with excessive intake in humans, inhibiting 
normal iodine uptake by the thyroid, which in turn creates excess 
iodine, inhibiting thyroid activity (37, 92). Cobalt functions as a 
systemic radical when unbound by albumin, by generating reactive 
oxygen species involved with lipid peroxidation (93). In the 
elasmobranch that does not have albumin, there is potentially 
increased exposure to the ‘radical’ form (45, 93). We found a range of 
thyroid disease scores associated with the <300 and > 300 ng/mL 
cobalt values, including normal thyroid with high serum cobalt. Mild, 
moderate, and severe thyroid evaluations were almost two times more 
frequent when cobalt was >300 ng/mL. Chickens will alter deposition 
of iodine in yolk in response to feeding of cobalt supplementation 
(46), supporting cobalt’s potential role in reproductive disease.

Cobalt is primarily used in the folate cycle in vitamin B12, with 
excess excreted in mammals. Orally, it has low toxicity, with 100-fold 
margin of safety from minimum requirements for feeding domestic 
species (47). Cobalt can bind iodine in systems of high iodine 
saturation (94, 95). Pharmacological use of cobalt impacts race horses, 
due to its chemical interaction with iodine, inhibiting the thyroid (96). 
Excess cobalt intake is documented to alter thyroid metabolism, and 
impact goiter development despite iodine sufficient diets in 
humans (97).

Cobalt was correlated with total iodine and TT3, and moderately 
so, with inorganic iodine, TT4 and FT4 (Figure  4), though not 
statistically significant. Elevated cobalt levels, as with iodine, appear 
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to negatively impact the health of elasmobranchs. Theoretically, 
abnormally elevated levels of either or both iodine and/or cobalt 
appear to result in thyroid dysfunction. This in turn would result in a 
slow progression of ovarian dysfunction culminating in reproductive 
disease. With a higher incidence of both iodine and cobalt in animals 
with reproductive disease and thyroid pathology, further investigation 
should be explored.

4.4 Ultrasound is a good method to assess 
thyroid disease

Ultrasound is a powerful tool to evaluate an organ like the 
thyroid where it can provide antemortem data on thyroid size and 
appearance. Subtle lesions can be seen as well as an enlarging gland 
prior to seeing outward signs of a ventral swelling. Here, ultrasound 
was used to tease out differences of thyroid disease, as traditional 
goiter was seen in only a few cases, while other thyroid pathology was 
seen in many cases. This allowed for some broad categorization to 
help understand some of the dynamics of thyroid hormone, iodine 
and cobalt. An in-depth study on ultrasound size, echogenic 
character and descriptions of lesions would be ideal but not feasible 
in this study. Still, it is clear that ultrasonographic changes to the 
thyroid correlated with disease.

The degree of disease was only generally categorized. Further 
research and characterization may be  worthwhile. Hormone and 
iodine levels were correlated with subjective evaluation of disease. 
Causality is difficult, but (as evidenced in the range of values observed 
in the aquarium-housed animals with normal thyroid) it is suspected 
that high levels of iodine preceded thyroid pathology, and high values 
for an extended period of time would likely be a factor. However, given 
the location and appearance of the thyroid, successful ultrasonography 
can be  challenging. Additionally, a high resolution transducer is 
recommended as lesions (cysts and subtle nodules) can easily 
be missed if the correct technique and transducer are not used.

What is unknown, is what degree of percent damage must occur 
to the thyroid tissue before functionality is altered. This is true in other 
species where it has been stated that “there is no simple correlation 
between morphologic lesions and resultant clinical manifestations. A 
multinodular goiter, for example, in one instance may be associated 
with normal thyroid function, in another with hyperfunction, and yet 
another with hypofunction” (98). Overall, ultrasound proved to 
be either a good adjunct to characterization of severity of disease or 
an indicator of disease.

4.5 Relationships of disease, thyroid 
hormone, iodine and cobalt

In the normal shark or ray, thyroid hormone values are low 
(TT3 < 3 nmol/L, TT4 < 5 nmol/L, and FT4 < 5 pmol/L; Figure 3). If 
animals were over supplemented or over consume (as indicated by 
elevated iodine and cobalt levels), all three thyroid parameters will 
be  elevated. Paradoxically, in the most severe disease cases, TT3 
dropped while TT4 and FT4 stayed elevated, which speculatively 
implies loss of functionality.

When looking at all the data together, high values in TT3, TT4, 
and FT4 positively correlated with degree of morphologic disease 

(either in size or thyroid lesions) and iodine with a proportional 
increase in cobalt until the disease became severe and then TT3 and 
FT4 dropped. The inorganic iodine and TT3 levels, when high, could 
‘predict’ or specifically, be  able to distinguish the moderate and 
moderate–severe disease categories. In the normal animals, uniformly, 
the iodines were low <300 with low TT4 and a TT3 of 1–3 nmol/L. An 
important factor is that the amounts of iodine and cobalt in the 
supplement decreased (by internal request), over several years. 
Concomitant to that is a general decrease in serum iodine and cobalt 
in the aquarium population. Serum cobalt was elevated when serum 
iodine was elevated, and over a short period of time, cobalt was 
proportionately higher than iodines when the supplement was initially 
lowered in iodine. Cobalt may take longer to reduce in the body than 
the iodine in this circumstance. Iodine and cobalt were also highest 
with females with reproductive disease, it is presumed this is due to 
iodine and cobalt accumulation in the ova (46, 80, 82). Low cobalt 
levels were found in animals with traditional goiters and in natural sea 
water habitats.

Goiters are a well known symptom of thyroid disease in 
elasmobranchs. Here it is shown that thyroid disease can present not 
only in enlargement of the gland, but also with lesions similar to that 
described in humans (8, 9). Thyroid disease was closely associated 
with reproductive disease in the aquarium study population. High 
iodine and cobalt levels were also associated with reproductive 
disease. Anecdotally, in the SR in this study, elevated reproductive 
steroid hormones concomitantly dropped when iodine levels also 
decreased (unpublished data). Additionally, it is worth noting that 
not all elasmobranchs get goiters and there are potentially species-
specific susceptibilities (37).

Some changes are reversible. In the cases of classical goiters (e.g., 
eagle rays, Aetobatus spp.,), iodine supplementation indeed reversed 
the enlargement of the thyroid. In others, mineralizations and large 
cysts were not resolved over time, likely indicating permanent tissue 
alteration. Ultrasound would provide an excellent data set if collected 
over time by a uniform sonographer with high resolution 
linear transducers.

Limitations of this data set include a limited number of animals 
within species and disease categories and an inability to monitor and 
qualify consumption of supplementation directly in all cases. 
Additionally, there was a lack of a robust series of abnormal biological 
controls in terms of classic goiter to establish some low ranges of 
iodine. A future direction can include validation of TT4 CLIA 
especially at the test’s lower detection limits. Additionally, further 
research can be considered into the interplay of iodine, cobalt and 
thyroid hormone in elasmobranchs.

5 Conclusion

 1 Current available assays for thyroid hormone in elasmobranchs 
are not appropriate to diagnose hypothyroidism, but may 
be helpful for hyperthyroidism. CLIA testing for TT4 did not 
correlate with previous RIA values.

 2 Thyroid ultrasound was an excellent method to evaluate the 
size of the thyroid and identify lesions within the tissue using 
linear transducers.

 3 Thyroid disease in elasmobranchs extends beyond classic goiter 
development, but needs better characterization.
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 4 Iodine is a promising test for indicating a problem with the 
thyroid gland.

 5 Iodine accumulates over time in elasmobranchs with 
overconsumption; interaction with high dietary cobalt may 
influence accumulation.

 6 Animals with reproductive disease also had concurrent high 
levels of iodine and they are overrepresented in this dataset.

 7 Iodine serum levels should be assessed routinely in elasmobranchs.
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