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Abstract

Background—Increasing recognition that transthyretin cardiac amyloidosis (ATTR-CA) is much
more common than previously appreciated, and the emergence of novel disease-modifying
therapeutic agents, have led to a paradigm shift in which ATTR-CA screening is considered in
high-risk populations, such as patients with heart failure with preserved ejection fraction (HFpEF)
or aortic stenosis. Radiation risk from 99MTc-pyrophosphate (**MTc-PYP) scintigraphy, a test with
very high sensitivity and specificity for ATTR-CA, have not been previously determined.

Methods and Results—Radiation doses to individual organs from 2°™Tc-PYP were estimated
using models developed by the Medical Internal Radiation Dose Committee and the International
Commission on Radiological Protection. Excess future cancer risks were estimated from organ
doses, using risk-projection models developed by the National Academies and extended by the
National Cancer Institute. Excess future risks were estimated for men and women aged 40 to 80
and compared to total (excess plus baseline) future risks. All-organ excess cancer risks (90%
uncertainty intervals) ranged from 5.88 (2.45,11.4) to 12.2 (4.11,26.0) cases per 100,000 patients
undergoing 99MTc-PYP testing, were similar for men and women, and decreased with increasing
age at testing. Cancer risks were highest to the urinary bladder, and bladder risk varied nearly
twofold depending on which model was used. Excess 99MTc-PYP-related cancers constituted <1%
of total future cancers to the critical organs.

Conclusion—Very low cancer risks associated with °MTc-PYP testing suggest a favorable
benefit-risk profile for °MTc-PYP as a screening test for ATTR-CA in high-risk populations, such
as such as patients with HFpEF or aortic stenosis.
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Introduction

Amyloidosis is a disease of protein deposition caused by misfolding of a precursor protein.
This results in the formation of insoluble amyloid fibrils, which are deposited extracellularly
in tissues, distorting tissue architecture and leading to organ dysfunction. While numerous
proteins can misfold and cause amyloidosis, the vast majority of cases with cardiac
dysfunction are caused by deposition of light chain (AL) or transthyretin (TTR) protein.

Imaging plays an important role in the diagnosis of cardiac amyloidosis(1) as well as in
differentiating between AL and TTR-associated (ATTR) amyloidosis.(2) Initial reports of
99MTc-PYP scintigraphy for diagnosis of ATTR cardiac amyloidosis (ATTR-CA) date back
to the 1980s and were in large part conflicting with variable sensitivity because they were
performed in mixed populations before standardization of amyloid subtyping.(3-8)
Contemporary studies have employed modern amyloid subtyping and have demonstrated
that bone scintigraphy(9), and in particular(10) *™Tc pyrophosphate (**™Tc-PYP)
scintigraphy(4), have outstanding diagnostic performance for ATTR-CA. An international
multicenter study of 1,217 patients with suspected cardiac amyloidosis demonstrated a
sensitivity of >99%, specificity of 86%, and positive predictive value of 100% with respect
to the histopathologic reference standard.(9) The consequent repurposing of %™Tc-PYP and
bisphosphonate radiotracers for accurate noninvasive detection of ATTR-CA has led to the
recognition that ATTR-CA is not so rare and that its prevalence among high-risk elderly
patients is not insignificant. Therefore, the utility of 9MTc-PYP scanning is expanding from
a confirmatory diagnostic test to a screening test for ATTR-CA.

Accordingly, a paradigm shift in which populations “at risk” for cardiac amyloidosis are
actively screened has recently been proposed.(11) With the development of several classes of
novel disease-modifying therapeutics to arrest amyloidosis progression(12), including TTR
stabilizers, silencers of TTR gene expression(13,14), and degraders of amyloid fibrils,
preclinical identification of ATTR is both possible and potentially clinically important.
Nevertheless, 99mTc-PYP has not yet been established as a screening tool since to date
there is no outcomes data with this approach.

At-risk elderly adults include those with HFpEF(15) or aortic stenosis(16), among other
groups, which could involve millions of individuals potentially subject to %™Tc-PYP
scanning. As such, concern regarding the safety of screening tests is a critical issue, since to
recommend a screening test potential benefit should significantly outweigh potential harm.
(17) For ¥MTc-PYP scintigraphy, the primary safety concern relates to risk from ionizing
radiation. To date, there have been no efforts to quantify this risk. In this paper, we use risk
projection models developed in the National Academies’ Biological Effects of lonizing
Radiation (BEIR) VII report(18), as extended in the National Cancer Institute’s Radiation
Risk Assessment Tool (RadRAT)(19), to estimate cancer risk from 99MTc-PYP scintigraphy,
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and consider the effect of patient age, gender, comorbid conditions, and 9°™Tc-PYP
dosimetry and protocol.

Methods
99MTc-PYP Organ Dosimetry

Dose coefficients(20) characterizing the organ absorbed dose of radiation per unit of
administered activity (e.g., mGy/mCi), were determined primarily from a model for 99™Tc-
PYP developed by the Medical Internal Radiation Dose (MIRD) Committee of the Society
of Nuclear Medicine and Molecular Imaging.(21) These dose coefficients are used as well in
one vendor’s (Pharmalucence, Bedford, MA) package insert for °™Tc-PYP.(22)
Secondarily, we compared these dose coefficients to those specified by the International
Commission on Radiological Protection (ICRP) for 9MTc-PYP-labelled phosphates and
phosphonates.(23) Organ doses were estimated from dose coefficients, assuming a ™Tc-
PYP protocol with an administered activity of 10 mCi.(24) Dose coefficients for effective
dose or effective dose equivalent, while not used in cancer risk modeling, were also
determined from these sources.

Cancer Risk Estimation

Organ doses determined as above were used to estimate lifetime radiation-attributable cancer
risks, based on the methods developed by the Committee to Assess Health Risks from
Exposure to Low Levels of lonizing Radiation of the National Academies in its BEIR VII
report.(18) Since there are no cohorts of patients who underwent 9MTc-PYP scanning for
whom long-term cancer rates are available, risk estimation necessitates the use of a risk
projection model based on radiation exposure from other scenarios. The most widely used
such model is BEIR VII, which uses a combination of excess relative risk and excess
absolute risk models to estimate the absolute differences in cancer probabilities for exposed
individuals in comparison to unexposed individuals. This model is based largely but not
exclusively on data from Japanese atomic bomb survivors and controls from the same
milieu. While BEIR V11 estimates risks of 11 types of cancer and a remainder grouping,
RadRAT adds 7 additional cancers, to include all cancers for which there were at least 100
incident cases identified in the Life Span Study cohort of over 105,000 individuals with a
wide range of radiation exposures.(25) RadRAT also has small differences in its
computational approach compared with BEIR VI, including propagating uncertainties using
a Monte Carlo approach.(19)

We applied RadRAT to estimate three types of cancer risk predicted to occur in patients over
their lifetime after %MTc-PYP administration: excess future risk from 9MTc-PYP, baseline
future risk, and the percentage of risk from 99MTc-PYP (excess divided by excess plus
baseline). We estimated these risks for all organs with dose coefficients provided in the
MIRD model, which constitute the critical organs in terms of radiation exposure: bladder,
kidney, red bone marrow, and female ovary, as well as total risk. While absorbed dose to
bone surfaces is somewhat higher than for other organs, bone cancer risk was not estimated
because bone cancer is not included among the 18 types of cancer modeled; this is due to
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few bone cancer cases identified in the Life Span Study, suggesting a low risk of radiation-
attributable bone cancer. Testicular cancer risk is similarly not modeled in RadRAT.

We estimated risks using RadRAT for each combination of patient gender, and age of 40, 50,
60, 70, and 80 years; it is uncommon to perform 9%MTc-PYP testing to diagnose ATTR-CA
in younger individuals. Estimates assumed life tables for the general US population, with
baseline cancer incidence rates based on Surveillance Epidemiology and End Results
(SEER) data for the years 2000 to 2005. Associated 90% uncertainty ranges were
determined using Monte Carlo simulations with Latin hypercube sampling, with a
simulation sample size of 5000, taking into account statistical uncertainties in risk
parameters as well as subjective uncertainties in several assumptions.(19)

Where there was a meaningful difference between MIRD and ICRP dose coefficients, cancer
risks were re-calculated using ICRP dose coefficients.

Dose coefficients

Dose coefficients for bladder, kidney, red marrow, and ovary were 8.87, 2.4, 2.33, and 1.4
mGy/10 mCi, respectively, using the MIRD models, and 17.39, 2.66, 2.18, and 1.33,
respectively, using ICRP models. Effective dose coefficient using the ICRP model was 1.81
mSv/10 mCi. While an effective dose coefficient is not provided in the MIRD model (21) or
package insert (22), a related older quantity, the effective dose equivalent, is reported in the
package insert, at 2.2 mSv/10 mCi.

Cancer risks

Predicted cancer risks to men and women are summarized in Tables 1 and 2, respectively.
The highest excess 99MTc-PYP-related risk of cancer was that to the urinary bladder, with a
risk (90% uncertainty range) of 9.45 (2.48, 22.6) per 100,000 men scanned and 8.98 (2.61,
20.5) per 100,000 women scanned, at age 40. These risks roughly halved by age 80. 9MTc-
PYP-related excess risks of leukemia were on the order of 1 to 2 cases per 100,000 persons
scanned, with some age and gender dependence, and excess risks of other types of cancer
were a small fraction of bladder risks. The percentage of future bladder cancer risk from
99MTC-PYP scanning was 0.74% in 40 year old women and 0.25% in 40 year old men; this
decreased slightly with age. Thus, even if a 40 year old woman undergoing %™Tc-PYP
scanning develops bladder cancer at some point later in life, subsequent to receiving %MTc-
PYP, the estimated probability that it is related to the scan is <1%. Overall, the lifetime risk
of any cancer occurring attributable to %MTc-PYP scanning was 12.2 (4.11, 26.0) per
100,000 in men and 11.5 (4.17, 23.6) per 100,000 in women scanned at age 40, and
approximately half that in those scanned at age 80.

Differences between MIRD and ICRP Models

The only organ for which there was a meaningful (almost 2-fold) difference in dose
coefficient between the MIRD and ICRP models was the urinary bladder. Excess 9°MTc-
PYP-attributable cancers (Table 3) were roughly doubled using the ICRP model, increasing
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this risk to 18.8 (5.10, 44.0) per 100,000 in 40 year old men and 17.9 (5.39, 40.0) per
100,000 in 40 year old women.

Discussion

Using contemporary risk projection modeling, we found very low estimated excess future
risks of cancer attributable to 9°MTc-PYP scintigraphy. All-organ risks ranged from 6 to 12
cases per 100,000 patients exposed, depending on patient age and gender, and the upper
limits of 90% uncertainty ranges, reflecting uncertainties in both risk parameters and model
assumptions, fell between 11 and 26 cases per 100,000. Thus, in a very worst-case scenario,
cancer risk associated with 9MTc-PYP scanning would be 1 in 4000 individuals.

With the emergence of novel treatments directed at ATTR-CA, these risks would seem to be
far offset by potential benefits of screening and subsequent treatment in populations with
high prevalence of undiagnosed TTR amyloidosis. Several disease-modifying therapies for
ATTR-CA are under active clinical investigation and comprise candidates in three new TTR-
targeted drug classes: stabilizers, silencers, and amyloid fibril degraders and reabsorbers.(12)
Tafamidis, for example, is a TTR stabilizer approved by the European Medicines Agency for
the treatment of mutated ATTR causing neuropathy(26), and has now been tested in a phase
3 human clinical trial for patients with ATTR-CA with results expected by mid-2018.
Another drug, patisiran, a small interfering RNA delivered to hepatocytes in formulations of
lipid nanoparticles has demonstrated knockdown of 77/ gene expression by triggering
enzymatic degradation of targeted messenger RNA.(13,27) A phase 3 randomized controlled
trial in 225 patients with ATTRm polyneuropathy (APOLLO Study) showed that patisiran
significantly improved the neuropathic primary endpoint at 18 months compared with
placebo.(28) Although results of studies assessing the effect of patisiran in patients with
ATTR-CA are expected soon, exploratory analyses from APOLLO also showed a
significantly favorable effect of patisiran with respect to cardiac biomarker and
echocardiographic endpoints at 18 months compared with placebo.

Thus, while no agents are currently FDA approved for ATTR-CA, it is clear that a new era in
the treatment of this disease is rapidly approaching and that it will be imperative to identify
patients at risk for ATTR-CA.(29) Several such populations have been suggested by recent
data. For example, undiagnosed ATTR-CA has been described in at least 8% of black
patients hospitalized with heart failure(30), in 13% of patients aged at least 60 with left
ventricular hypertrophy and heart failure with preserved ejection fraction(15), and in 16% of
patients with aortic stenosis undergoing transcatheter aortic valve replacement.(16)
Moreover, the prevalence of ATTR-CA has been noted to be markedly increased in
populations of patients with lumbar spinal stenosis(31), with ruptured biceps tendon(32),
and with hip or knee arthroplasty.(33)

The primary limitation inherent to our findings is the numerous assumptions incorporated
into the risk projection models we used. These include model selection (a weighted average
of excess absolute risk and excess relative risk models), transfer of risk estimates from the
Japanese to the US population, and the choice of a factor used to adjust epidemiological data
for radiation dose and dose rate. These factors are reflected in the 90% uncertainty intervals
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reported. The BEIR VII and RadRAT models both assume a linear no-threshold relationship
between organ radiation dose and risk of cancer to that organ. This implies that risk
increases linearly with dose, and that there is no dose threshold below which there is zero
risk. While most expert consensus reports from national and international organizations—
including the BEIR VI report of the US National Academies(18)—have determined this
LNT relationship to best fit the available epidemiological data for purposes of radiological
protection, it remains a matter of some debate.(34) Another limitation of our findings is that
the MIRD dosimetry we used to estimate organ doses from 99MTc-PYP is based on data
from only 15 patients (21), and the representation of various demographic groups among
these patients is unclear.

One notable limitation in modeling is our assumption that individuals undergoing %MTc-
PYP testing here have life expectancies comparable to those of the general US population.
At-risk elderly populations undergoing %MTc-PYP screening for ATTR-CA, e.g., patients
with HFpEF or AS have decreased life expectancy compared to the general population. In
such populations, our models would overestimate excess 9MTc-PYP-related cancer risk,
since patients have fewer years of life in which to develop an excess cancer While methods
exist for adjustment of radiation-attributable cancer risk based on known life tables for a
specific population(35), insufficient data are available to accurately determine these life
tables for such at-risk populations. Nevertheless, the strongly favorable benefit-risk profile
of 99MTc-PYP testing suggested by our data would only be enhanced in settings in which
patients have decreased life expectancy.

A notable group of patients for whom these risk estimates are overestimates are those
determined by 9°™Tc-PYP testing to have ATTR-CA. Recent data suggest a median life
expectancy of just 25 to 41 months for patients diagnosed with ATTR-CA(12,36), and the
vast majority of radiation-attributable cancers occur after a latency period of at least 5 to 10
years(18), suggesting that patients with positive tests are unlikely to live long enough to
develop an excess 9°™MTc-PYP-related cancer. Thus, post hoc excess cancer risk for patients
testing positive is virtually zero.

The only organ for which we noted a meaningful difference between MIRD and ICRP dose
coefficients, and consequently in excess cancer risks, was the bladder. Estimated excess
bladder cancer risks were nearly twice as high using the ICRP models, although still modest
at between 3 and 18 cases per 100,000 patients tested. Two factors may account for this.
Firstly, the MIRD dosimetry model used is specific to 9MTc-PYP, whereas the ICRP model
is for 99MT¢ phosphates and phosphonates in general. In fact, the original MIRD paper(21)
included models for four 9MTc phosphates and phosphonates—9°MTc methylene
diphosphonate, 2°™T¢ hydroxymethylene diphosphonate, 9¥MTc hydroxyethylidene
diphosphonate, and 99MTc-PYP—and doses to the bladder are indeed about a third lower for
99mMTc-pYP and hydroxymethylene diphosphonate than for the other agents. Secondly, the
MIRD models assume an initial bladder void at 2 hours and subsequent voids at intervals of
4.8 hours, whereas ICRP models assume a voiding period of 3.5 hours. This difference in
dosimetry underscores the potential importance of hydrating patients and encouraging early
micturition after ™Tc-PYP testing, to minimize bladder cancer risk. This recommendation
holds for all 9¥MTc-based radiopharmaceuticals used in cardiac imaging.(20) Of course,
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prudence should be exercised in hydration, to ensure that patients with heart failure do not
become fluid overloaded.

Our risk estimates are based on a contemporary protocol for ©°™MTc-PYP imaging using 10
mCi of administered activity. A protocol with 10 mCi of 2°™T¢-PYP, 750,000 scintigraphic
counts, one hour delay between injection and imaging, and 256x256 matrix has been found
to provide excellent image quality, low extracardiac activity, and minimize study time and
radiation dose, and thus is suggested for clinical use.(24) Several other protocols have been
suggested, with administered activities ranging from 10 to 25 mCi.(24,37) For example,
several laboratories perform 2—3 hour imaging for 9MTc-PYP (38) or other bone
scintigraphic agents, and use doses of about 20 mCi. Since the RadRAT models, based on a
comprehensive review of the radiation epidemiology literature found in the National
Academies’ BEIR VII report, assume a linear no-threshold relationship between radiation
dose and risk, increasing administered activity to 20 mCi would multiply the risks here 2-
fold, to 12 to 24 cases per 100,000, while increasing activity to 25 mCi would multiply risks
2.5-fold, to 15 to 31 cases per 100,000. While this represents only a modest increase in
absolute risk, utilization of this optimized 10 mCi protocol provides another opportunity to
minimize the low radiation risk from 9°MTc-PYP testing.

In Europe, rather than performing 9°™Tc-PYP testing for ATTR cardiac amyloidosis, a
different bone imaging agent is commonly used, viz. 99MTc-3,3-diphosphono-1,2-
propanodicarboxylic acid (DPD)(39), which is not approved for use in the United States. We
had sought to perform risk estimation for 9MTc-DPD as well, however we discovered that
no specific biokinetic or dosimetric data is available for this radiopharmaceutical from
MIRD, ICRP, or any other source.(40) Its European package insert(41) uses ICRP dosimetry
for 99MTc-labeled phosphates/phosphonates in general, and remarkably does not have
99mMTc-DPD-specific dosimetry.

In all cases, we observed that the proportion of expected cancers in patients undergoing
99MTc-PYP testing, which could be attributed to testing, was less than 1%. Thus, were a
patient who underwent 99MTc-PYP testing to later develop a malignancy in one of the
critical organs, the patient could be reassured that it is highly unlikely that this cancer is
related to their previous testing. Given the low radiation effective dose associated with
99MTC-PYP testing of 2 mSv, which is less than the annual background radiation dose to the
US population from natural sources, recommendations from an NIH-NHBLI/NCI-sponsored
symposium suggest that informed consent for this testing need not require a detailed
discussion of radiation risk or written consent.(42)

New Knowledge Gained

99MTC-pYP scintigraphy is associated with a very low estimated risk of radiation-attributable
cancer, supporting its use in diagnostic and screening approaches for transthyretin-associated
cardiac amyloidosis. With the active current development of several novel disease-modifying
therapeutics to arrest amyloidosis progression, additional studies can quantitatively compare
benefits of screening specific high-risk populations with radiation-associated risks.
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Conclusion

Recognition that cardiac amyloidosis is markedly more prevalent than previously
appreciated has expanded the utility of ©°™Tc-PYP scintigraphy beyond diagnostic
confirmation towards a much greater potential use in screening. Using risk projection
models, we found a very low risk of radiation-attributable cancer from 99™Tc-PYP, with all-
cancer excess future risks of 6 to 12 cases per 100,000 persons tested in the general
population. Risks would be lower in populations with decreased life expectancy, such as
patients with HFpEF or aortic stenosis. With the advent of emerging disease-modifying
therapeutics for ATTR-CA, 99MTc-PYP testing is likely to offer a highly favorable benefit-
risk balance in screening populations at high risk for cardiac amyloidosis.
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Abbreviations

ATTR-CA transthyretin cardiac amyloidosis

HFpEF heart failure with preserved ejection fraction
9®MTC.pYP 99MT¢-pyrophosphate

AL light chain

TTR transthyretin

BEIR Biological Effects of lonizing Radiation

RadRAT Radiation Risk Assessment Tool

MIRD Medical Internal Radiation Dose

ICRP International Commission on Radiological Protection
SEER Surveillance Epidemiology and End Results

References

1. Donnelly JP, Hanna M. Cardiac amyloidosis: An update on diagnosis and treatment. Cleveland Clin
J Med. 2017; 84:12-26.

2. Bokhari S, Castano A, Pozniakoff T, Deslisle S, Latif F, Maurer MS. (99m)Tc-pyrophosphate
scintigraphy for differentiating light-chain cardiac amyloidosis from the transthyretin-related
familial and senile cardiac amyloidoses. Circ Cardiovasc Imaging. 2013; 6:195-201. [PubMed:
23400849]

3. Kula RW, Engel WK, Line BR. Scanning for soft-tissue amyloid. Lancet. 1977; 1:92-3. [PubMed:
63730]

J Nucl Cardiol. Author manuscript; available in PMC 2021 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Einstein et al.

10

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Page 9

. Wizenberg TA, Muz J, Sohn YH, Samlowski W, Weissler AM. Value of positive myocardial

technetium-99m-pyrophosphate scintigraphy in the noninvasive diagnosis of cardiac amyloidosis.
Am Heart J. 1982; 103:468-73. [PubMed: 6278906]

. Falk RH, Lee VW, Rubinow A, Hood WB Jr, Cohen AS. Sensitivity of technetium-99m-

pyrophosphate scintigraphy in diagnosing cardiac amyloidosis. Am J Cardiol. 1983; 51:826-30.
[PubMed: 6299087]

. Eriksson P, Backman C, Bjerle P, Eriksson A, Holm S, Olofsson BO. Non-invasive assessment of

the presence and severity of cardiac amyloidosis. A study in familial amyloidosis with
polyneuropathy by cross sectional echocardiography and technetium-99m pyrophosphate
scintigraphy. Br Heart J. 1984; 52:321-6. [PubMed: 6087862]

. Karp K, Naslund U, Backman C, Eriksson P. Technetium-99m pyrophosphate single-photon

emission computed tomography of the heart in familial amyloid polyneuropathy. Int J Cardiol.
1987; 14:365-9. [PubMed: 3030945]

. Gertz MA, Brown ML, Hauser MF, Kyle RA. Utility of technetium Tc 99m pyrophosphate bone

scanning in cardiac amyloidosis. Arch Intern Med. 1987; 147:1039-44. [PubMed: 3036031]

. Gillmore JD, Maurer MS, Falk RH, et al. Nonbiopsy Diagnosis of Cardiac Transthyretin

Amyloidosis. Circulation. 2016; 133:2404-12. [PubMed: 27143678]

. Yang JC, Fox J, Chen C, Yu AF. Cardiac ATTR amyloid nuclear imaging-not all bone scintigraphy
radionuclide tracers are created equal. J Nucl Cardiol. 2018

Maurer MS, Ruberg FL, Weinsaft JW. More Than Meets the Eye: Time for a New Imaging
Paradigm to Test for Cardiac Amyloidosis. Journal Cardiac Fail. 2018; 24:87-9.

Castano A, Drachman BM, Judge D, Maurer MS. Natural history and therapy of TTR-cardiac
amyloidosis: emerging disease-modifying therapies from organ transplantation to stabilizer and
silencer drugs. Heart Fail Rev. 2015; 20:163-78. [PubMed: 25408161]

Coelho T, Adams D, Silva A, et al. Safety and Efficacy of RNAi Therapy for Transthyretin
Amyloidosis. New England Journal of Medicine. 2013; 369:819-829. [PubMed: 23984729]

[Accessed April 2, 2018] Alnylam Completes Submission of New Drug Application to U.S Food
and Drug Administration (FDA) for Patisiran for the Treatment of Hereditary ATTR (hATTR)
Amyloidosis. Dec 12, 2017. https://www.drugs.com/nda/patisiran_171116.html

Gonzalez-Lopez E, Gallego-Delgado M, Guzzo-Merello G, et al. Wild-type transthyretin
amyloidosis as a cause of heart failure with preserved ejection fraction. Eur Heart J. 2015;
36:2585-94. [PubMed: 26224076]

Castano A, Narotsky DL, Hamid N, et al. Unveiling transthyretin cardiac amyloidosis and its
predictors among elderly patients with severe aortic stenosis undergoing transcatheter aortic valve
replacement. Eur Heart J. 2017; 38:2879-2887. [PubMed: 29019612]

U.S. Preventive Services Task Force Procedure Manual. Rockville, MD: U.S. Preventive Services
Task Force; 2015.

Committee to Assess Health Risks from Exposure to Low Levels of lonizing Radiation, Nuclear
Radiation Studies Board, Division on Earth Life Studies, National Research Council of the
National Academies. Health Risks From Exposure to Low Levels of lonizing Radiation: BEIR VII
Phase 2. Washington: The National Academies Press; 2006.

Berrington de Gonzalez A, lulian Apostoaei A, Veiga LH, et al. RadRAT: a radiation risk
assessment tool for lifetime cancer risk projection. J Radiol Prot. 2012; 32:205-22. [PubMed:
22810503]

Einstein AJ, Moser KW, Thompson RC, Cerqueira MD, Henzlova MJ. Radiation dose to patients
from cardiac diagnostic imaging. Circulation. 2007; 116:1290-1305. [PubMed: 17846343]
Weber DA, Makler PT Jr, Watson EE, Coffey JL, Thomas SR, London J. Radiation absorbed dose
from technetium-99m-Ilabeled bone imaging agents. Task Group of the Medical Internal Radiation
Dose Committee, The Society of Nuclear Medicine. J Nucl Med. 1989; 30:1117-22. [PubMed:
2544697]

[Accessed April 2, 2018] Kit for the Preparation of Technetium Tc99m Pyrophosphate Injection
For Diagnostic Use, Rx Only. Mar, 2008. http://www.pharmalucence.com/images/
Pyrophosphatelnsert.pdf

J Nucl Cardiol. Author manuscript; available in PMC 2021 February 01.


https://www.drugs.com/nda/patisiran_171116.html
http://www.pharmalucence.com/images/PyrophosphateInsert.pdf
http://www.pharmalucence.com/images/PyrophosphateInsert.pdf

1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Einstein et al.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Page 10

Mattsson S, Johansson L, Leide Svegborn S, et al. Radiation dose to patients from
radiopharmaceuticals: a compendium of current information related to frequently used substances.
ICRP Publication 128. Ann ICRP. 2015; 44:7-321.

Bokhari S, Morgenstern R, Weinberg R, et al. Standardization of (99m)Technetium pyrophosphate
imaging methodology to diagnose TTR cardiac amyloidosis. J Nucl Cardiol. 2018; 25:181-190.
[PubMed: 27580616]

Preston DL, Ron E, Tokuoka S, et al. Solid cancer incidence in atomic bomb survivors: 1958—
1998. Radiat Res. 2007; 168:1-64. [PubMed: 17722996]

Coelho T, Maia LF, Martins da Silva A, et al. Tafamidis for transthyretin familial amyloid
polyneuropathy: a randomized, controlled trial. Neurology. 2012; 79:785-92. [PubMed:
22843282]

Love KT, Mahon KP, Levins CG, et al. Lipid-like materials for low-dose, in vivo gene silencing.
Proc Natl Acad Sci U S A. 2010; 107:1864-9. [PubMed: 20080679]

Adams D, Suhr OB, Dyck PJ, et al. Trial design and rationale for APOLLO, a Phase 3, placebo-
controlled study of patisiran in patients with hereditary ATTR amyloidosis with polyneuropathy.
BMC Neurology. 2017; 17:181. [PubMed: 28893208]

Hawkins PN, Ando Y, Dispenzeri A, Gonzalez-Duarte A, Adams D, Suhr OB. Evolving landscape
in the management of transthyretin amyloidosis. Ann Med. 2015; 47:625-38. [PubMed:
26611723]

Dungu JN, Papadopoulou SA, Wykes K, et al. Afro-Caribbean Heart Failure in the United
Kingdom: Cause, Outcomes, and ATTR V122| Cardiac Amyloidosis. Circulation: Heart Fail.
2016:9.

Westermark P, Westermark GT, Suhr OB, Berg S. Transthyretin-derived amyloidosis: probably a
common cause of lumbar spinal stenosis. Upsala J Med Sci. 2014; 119:223-8. [PubMed:
24620715]

Geller HI, Singh A, Alexander KM, Mirto TM, Falk RH. Association between ruptured distal
biceps tendon and wild-type transthyretin cardiac amyloidosis. JAMA. 2017; 318:962-963.
[PubMed: 28898370]

Rubin J, Alvarez J, Teruya S, et al. Hip and knee arthroplasty are common among patients with
transthyretin cardiac amyloidosis, occurring years before cardiac amyloid diagnosis: can we
identify affected patients earlier? Amyloid. 2017; 24:226-230. [PubMed: 28906148]

Einstein AJ, Henzlova MJ, Rajagopalan S. Estimating risk of cancer associated with radiation
exposure from 64-slice computed tomography coronary angiography. JAMA. 2007; 298:317-23.
[PubMed: 17635892]

Brenner DJ, Shuryak I, Einstein AJ. Impact of reduced patient life expectancy on potential cancer
risks from radiologic imaging. Radiology. 2011; 261:193-8. [PubMed: 21771956]

Ruberg FL, Maurer MS, Judge DP, et al. Prospective evaluation of the morbidity and mortality of
wild-type and V1221 mutant transthyretin amyloid cardiomyopathy: the Transthyretin Amyloidosis
Cardiac Study (TRACS). Am Heart J. 2012; 164:222-228e1. [PubMed: 22877808]

Dorbala, S; Bokhari, S; Miller, E; Bullock-Palmer, R; Soman, P; Thompson, R. [Accessed April 2,
2018] ASNC practice points: 99m-technetium-pyrophosphate imaging for transthyretin cardiac
amyloidosis. 2016. https://www.asnc.org/Files/Practice%20Resources/Practice%20Points/ ASNC
%20Practice%20Point-99mTechnetiumPyrophosphatelmaging2016.pdf

Sperry BW, Vranian MN, Tower-Rader A, et al. Regional variation in technetium pyrophosphate
uptake in transthyretin cardiac amyloidosis and impact on mortality. JACC Cardiovasc Imaging.
2018; 11:234-42. [PubMed: 28917675]

Perugini E, Guidalotti PL, Salvi F, et al. Noninvasive etiologic diagnosis of cardiac amyloidosis
using 99mTc-3,3-diphosphono-1,2-propanodicarboxylic acid scintigraphy. J Am Coll Cardiol.
2005; 46:1076-84. [PubMed: 16168294]

Mattsson, S. SV: DPD Dosimetry. Personal Communications: Email to Andrew J. Einstein. Feb 13,
2018

[Accessed April 2, 2018] Summary of Product Characterists for Teceos, kit for
radiopharmaceutical preparaton. Jan, 2017. https://curiumpharma.com/wp-content/uploads/
2017/04/T1900nJ.pdf

J Nucl Cardiol. Author manuscript; available in PMC 2021 February 01.


https://www.asnc.org/Files/Practice%20Resources/Practice%20Points/ASNC%20Practice%20Point-99mTechnetiumPyrophosphateImaging2016.pdf
https://www.asnc.org/Files/Practice%20Resources/Practice%20Points/ASNC%20Practice%20Point-99mTechnetiumPyrophosphateImaging2016.pdf
https://curiumpharma.com/wp-content/uploads/2017/04/T1900nJ.pdf
https://curiumpharma.com/wp-content/uploads/2017/04/T1900nJ.pdf

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Einstein et al.

Page 11

42. Einstein AJ, Berman DS, Min JK, et al. Patient-centered imaging: shared decision making for
cardiac imaging procedures with exposure to ionizing radiation. J Am Coll Cardiol. 2014;
63:1480-9. [PubMed: 24530677]

J Nucl Cardiol. Author manuscript; available in PMC 2021 February 01.



Page 12

Einstein et al.

%810 %620 %E0'0 %020 dAd9 Luggs WOYISIY %
(oe6e'evL€) 9€8E (SvS'€09) v2s (92L'229) T0L (0992'0952) 0192 Ysiy ainmind auljaseq
(6'€1'6€2) 289 (6'92T°0) 25 T (55'0'68T0°0) 96T'0 (8TTYST)TT'S dAd-9Lwge WO SIY BININS $S80XT g
%810 %0€0 %E00 %120 dAd-9 Lugg WOYISIY %
(5785'8.25) 96€S (TT2'659) 589 (022T'0STT) 08TT (065€'0LYE) 0ESE Ys1y a1mnd suijeseq
(6'02'TTE) €6'6 (02'5'6%2°0) 60C (TT'1'8€€0°0) T8E0 SLTY12) L dAd-9Luge WO ISIY BININS $S80XT
%6T°0 %620 %100 %EZ0 dAd-9 Lugg WOLISIY %
(8v€9'1209) 6029 (682'0€L) 6SL (0T9T'0€ST) 05T (ov6€°0T8E) 088€E S1y amn4 auljsseq
(L¥2'vSe) 9TT (L¥'S'201°0) LT (TL'1'2¥0°0) €250 (6'02'Ti'2) 188 dAd-9Lwgg WO iSIY 34NN $S99XT 9
%6T°0 %920 %100 %rZ0 dAd-3Lugs WOYISIY %
(8099'1T€9) 859 (528'292) €61 (008T'0T2T) 09LT (086€'0Y8E) 0T6E sy 84min suljeseq
(09z'sge) et (€8'7'295°0) L0 (eT'2'T7500) 5020 (rzz'eve) 6€6 dAd-OLugs WO ASIY 81NN $590XT (g
%6T°0 %520 %00 %520 dAd-9Lugs WOH IS %
(2299'91€9) 899 (058'€82) 918 (0981'09.T) 0T8T (0z6€'0LL€) OV8E Ys1y aimind auljeseq
(oge'tTv) Cer (Er'v'089°0) T0°C (ce'z'18500) TLLO (9cz'sre) a6 dAd-9Lugs WO {SIY 2IMIN4 $S90XT op
feloL elWone foupiy bppe|g 1y joadAL  abvy

SesaU LB Jed Ul abuey Ajuteleoun 9606 UM LS I 104 (000°00T Ul Ssoueyp) soued Buldoprad Jo sty @ningd

‘uoneasIuIWpe d Ad-0Lwgg 40 8W 8y} Wwoly ButuuiBfag sysii swineyl| Jussaidal sysi a1mny ‘sajqel Buimoj|oy
8U} pUe SIY} U] "SXSLI 38U 8GNOP PINOYS BUO 8SOP 1DW OZ 40§ :9SOP IDQW QT SBWNSSY “UBIAl ul Buibew | ayeydsoydosAd 9.1 ygg WO SYSIY J90ueD

T alqeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

J Nucl Cardiol. Author manuscript; available in PMC 2021 February 01.



Page 13

Einstein et al.

%620 %E0'0 %EE0 %E00 %09°0 dAd-0Lugs WOUISIH %
(LL02'5v6T) TT0C (95'209) 6TS (69¢'TVE) GS€ (91¥'98¢) TOV (26L'912) L€ Ys1y ainmind auljeseq
(r1T'sye) 88'S (18€°0'92€00) 8YT0  (€€€V600) 8TT  (22€0'6TTO0) YET'O (rz6'6ST)cry  dAd-OLuwgs WOMISIY 8IMNS SS80X3 (g
%620 %E0'0 %EE'0 %v0'0 %v9'0 dAd-0Luigs WOH IS %
(260€'206¢) TOOE (998'908) 1€8 (e6v'sSY) vLv (20£'799) ¥89 (0v01'586) 0TOT sy ainmind auljaseq
(T21'81°€) 198 (529'0'5650°0) €52°0 (9T'+'08T°0) 95T (€£9'0'8220°0) 8¥2'0 (EVT'2T2) SS9  dAd-OLlugs WO XSIY 8NN $S80XT (2
%820 %ED'0 %0€0 %00 %69°0 dAd-9 Lugg WOYISIY %
(9€8¢'965€) ¥TL€ (0STT'080T) OTTT (295'T26) €75 (T26'298) 168 (002T'0€TT) 09TT Ys1y a1mnd suijeseq
(0T2'e9°€) 0T (T68'0'7280°0) 29€°0 (90'1'€82°0) ¥9'T (9e6'0'2€€0°0) ¥SE'0 (T'81'5'2) 90'8 dAd-9Lwgg WO SIY 3ININS $S8XT (9
%LZ0 %ED'0 %LZ0 %00 %20 dAd-9 Lugg WOYISIY %
(evev'eL6e) LOTY (0seT'082T) OTET (T19'095) 58S (0g01'296) 000T (ovet'0LTT) OTCT Ys1y 8aming auljsseq
(0ez'see) €TT (FT'T'CTT°0) 8SY°0 (rL'€'26€70) 09T (ST'1'8010°0) OEY'0 (6'61'652) 928  dAd-ILugs WO Sy 8NN $S80XT (g
%LZ0 %00 %920 %500 %bL0 dAd-9 Lugg WOLISIY %
(6TVY'TETY) vy (0SPT'0LET) OTHT (T79'985) €19 (080T'0T0T) 0¥0T (0sz1'0LTT) 0T2T 3s1Y ainn suljeseq
(oeLTv)STT (0e'T'22T0) 2250 (8r'e'e8r’0) LST (LeT'6v700) €LV0 (502'792)86'8  dAd-9Lugs WO MISIY 1NN $S30XT
el Areno elWeYNe ] faupry Joppe|g aby

SISAU1UB e Ul 8fuey Aluferieoun 9606 YHm UBWOM 104 (000°00T Uissoueyd) eoued Buidopraq 4o dsid 8inind

"$S11 858U} 3]qNOP PINOYS 8UO 8SOP IDW O 104 13S0 IQW 0T SBWNSSY "UBWOM Ul Buibew ayeydsoydolhd 01 g WO SHSIY J80URD

¢ dlqeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

J Nucl Cardiol. Author manuscript; available in PMC 2021 February 01.



Page 14

J Nucl Cardiol. Author manuscript; available in PMC 2021 February 01.

Einstein et al.

%610 %090 %ET0 %020 dAd-9 Lugg WOYISIY %
(sLL'veT) voe (rz'6'6S'T) 2’y (Tr'8'sv6°0) T5'€ (8TTYST) TT'S dAd-0Luge WO XSIY 2innd ss30X3 g
%80 %90 %SZ0 %TZ0 dAd-3Lugs WOHISIY %
(T'8T'%1°€) 29'8 (e'vT'21°2) 55'9 (z’02'vLC) 66'8 (SLTY12) L' dAd-9Lwge WO SIY 8IMN4 $S80X3 (2
%YT'T %690 %LED %EZ0 dAd-9Lugg WOUISIY %
(6'82'1SY) v'ET (T81'05°2) 90°8 (Tee'LTY) S1T (6'02'1v°2) 288 dAd-OLuge WO XSIY 2IMIN $530X3 09
%SE'T %ZL0 %S0 %rZ0 dAd-3Lugs WOHISIY %
(9'9€'61°9) 59T (6'6T'65°2) 928 (TTV'16'%) L'LT (7'2e'6v'2) 6€°6 dAd-9Lwgs WOILSIY 8IMIN4 $S80X3 g
%97'T %bL0 %610 %S0 dAd Lugg WOYISIY %
(oov'ees) 62T (502'197¢) 86°8 (ovv'1g) 88T (9ze'sye) sv'6 dAd-OLuwge WO XSIY aIMng Ss80x3  of
82T d¥OI iesu | abesoed/ad | IN 82T dyD1 Hiesu | abesoed/ad | IN ys1d joadAL &by
USWIOAN U N

SesaUIUe Jed Ul abuey Alureleoun 9606 UM (000'00T Ulseoueyo) eoued Jeppe|g Buidoprag Jo sty a.ningd

"SY{S1I 8S8Y1 8]qNOP PINOYS 8UO 8SOP 1DW Qg 10} ‘8S0P IQW QT S8WNSSY "82T UoNeIland (dyD1) Uonasiold
[22160]01pEY UO UOISSILUWIOD [eUOIBUIBIU| WOy AllBwISop seyeuoydsoyd pue sereydsoyd 9 L ygg Bulsn parewnse su 01 pasedwod ‘ussu| abexoed
pue damIWWoD (AX1IA) 850 uoelpey [eulsiu] [edIP3IAl Woiy Answisop oi1oads-areydsoydolAd 91 66 BUISN palewnss 1aoued Jappe|g 40 sysiy

€ 9lqeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript



	Abstract
	Introduction
	Methods
	99mTc-PYP Organ Dosimetry
	Cancer Risk Estimation

	Results
	Dose coefficients
	Cancer risks
	Differences between MIRD and ICRP Models

	Discussion
	New Knowledge Gained
	Conclusion
	References
	Table 1
	Table 2
	Table 3

