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Personalised dosimetry based on molecular imaging is a field that has grown exponentially in the last decade due to the increasing success of Radioligand Therapy (RLT). Despite advances in imaging-based 3D dose estimation, the administered dose of a therapeutic radiopharmaceutical for RLT is often non-personalised, with standardised dose regimens administered every 4–6 weeks. Biodosimetry markers, such as chromosomal aberrations, could be used alongside image-based dosimetry as a tool for individualised dose estimation to further understand normal tissue toxicity and refine the administered dose. In this review we give an overview of biodosimetry markers that are used for blood dose estimation, followed by an overview of their current results when applied in RLT patients. Finally, an in-depth discussion will provide a perspective on the potential for the use of biodosimetry in the nuclear medicine clinic.


KEYWORDS
[177Lu]Lu-PSMA-RLT, [177Lu]Lu-DOTA-TATE/TOC, Iodine-131, dicentric chromosome assay (DCA), γH2AX foci assay, cytokinesis-block micronucleus assay (CBMN), gene transcript analysis, biodosimetry and nuclear medicine





1. Introduction

Recently, the number of patients treated with radioligand therapy (RLT) has increased drastically (1, 2). RLT has been recognized as an effective targeted approach to treat many types of malignancies, often at late stages when conventional therapy has proven ineffective. The common challenge with cytotoxic treatments using ionising radiation is to deliver the highest possible dose of radiation to the target to achieve tumour control, while minimising excessive normal tissue toxicity (3, 4). Imaging-based dosimetry allows the quantification of the absorbed dose (i.e., radiation energy deposited per unit mass) to a certain target (i.e., receptor expressing cancer) or organ, based on activity distributions from single photon emission computed tomography/computed tomography (SPECT/CT) and scintigraphy images (5). Imaging-based dosimetry as applied in RLT follows the principle of Medical Internal Radiation Dosimetry (MIRD), which provides a standardised framework and methodology for the calculation of the absorbed dose delivered by the radiopharmaceuticals to both the tumour and the organs at risk. However, the current practice in the nuclear medicine clinic today is to administer a fixed amount of radioactivity to the patient, expressed in Becquerel (Bq) or Curie (Ci) of radioactivity, instead of an absorbed dose as is the case in external beam radiation therapy (EBRT) (5).

Overall, the adoption of a MIRD-based personalised dosimetry approach during RLT would most likely result in higher therapy efficacy and a reduction of side effects. The incidences of the most common early and late-stage toxicities of concern in RLT are provided in Table 1. The ideal therapeutic-to-toxicity ratio may be achieved by adjusting the dosing of each patient to their unique pharmacokinetics and dosimetry. Even more ideal would be to consider the intrinsic radiosensitivity of the patient’s healthy or diseased tissue (18). An elegant application of this approach was reported during a phase II trial performed with [177Lu]Lu-DOTA-TATE. The radioactivity administered was adjusted according to the calculated radiation dose received by the kidneys through the application of MIRD (19). These patients received a maximal cumulative kidney dose of up to 27 ± 2 Gy, but more importantly, in patients without risk, this maximum dose could be increased to 40 ± 2 Gy. The patients selected for the higher dose group had no risk factors for haematological or renal toxicity, non-progressive disease, or good tolerance. These limits were based considering previous experiences with EBRT. The findings of this study clearly demonstrated that individualising treatment was important, as a considerable variety of amounts of radioactivity had to be administered to patients based on the MIRD calculations. Furthermore, the received radiation dose calculated to be delivered to the kidney was significantly different between patients and between the treatment cycles in each individual patient. The number of cycles that could be safely administered per patient was also subject to high intra-patient variability (Figure 1). This study confirmed the role MIRD could play in personalising the administered radiopharmaceutical activity. However, dosimetry-based personalised dosimetry needs further development since current data is based on dose-response relationships for tumour tissue and normal tissues extrapolated from EBRT and the linear-quadratic model (LQ) or the calculation of radiobiological effects (19). It is well established that the extrapolation of EBRT to RLT is not straightforward. In contrast to EBRT, RLT is characterised by an inherent heterogeneous and mixed radiation field, with protracted exposure times, and a considerably lower absorbed dose rate (20).


TABLE 1 Incidence of early and late-stage toxicities experienced with current RLT.
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FIGURE 1
The cumulative biologically effective dose (BED) per cycle of individual patients and the personalised number of cycles received (ranging from 3 to 8 cycles) per patient (C1-C8) (reprinted with permission from Sundlöv et al., 2017 ©Springer, 2017) (19).


An alternative radiobiology-based dosimetry method is biodosimetry, which allows an individual dose estimation based on biological endpoints that are altered by ionising radiation exposure, or so-called radiation biomarkers (21). MIRD converts the accumulated amount of radioactivity in different tissues to a predicted radiation dose, considering individual differences in pharmacokinetics. Biodosimetry could improve this strategy by also considering the intrinsic radiosensitivity of the patient. As noted by O’Neil and Cornelissen (22), radiobiology-based biomarkers could be used, alongside dosimetry, to further understand normal tissue toxicity to refine the as high as safely administrable (AHASA) thresholds for each RLT agent, as well as to determine the as low as reasonably achievable (ALARA) minimum dose thresholds that are necessary to achieve a satisfactory therapeutic outcome. A dose-response relationship could be established between the radiation dose and the radiobiological response for each tissue/individual patient (22).

Several radiation biomarkers have been studied up until now to assess the effects of therapeutic radionuclides (5). This review includes an overview of the different biodosimetry assays and a summary of their results in clinical studies correlating image-based dosimetry with biodosimetry. Finally, an in-depth discussion will give a perspective on the utility of biodosimetry markers in the nuclear medicine clinic.



2. Current clinical practice of RLT dosimetry and its shortcomings

In conventional EBRT, a clear dose-response relationship has been demonstrated for both tumour response and toxicity response (22). For RLT, a similar radiation dose-response relationship is expected, with the focus not on the administered activity (Bq) but rather on the absorbed dose, i.e., radiation energy deposited per unit mass of tissue (Gy) (2, 23). However, the relationship between administered activity and absorbed dose remains to be established. In conventional RLT dosimetry methods, the absorbed dose to tumour and healthy tissue is estimated based on activity distribution, evaluated at either pre- or post-treatment time points (24–26). This information, together with dose-response models, could be used to modulate the administered activity to either limit the toxicity to healthy tissue or maximise the dose to the tumour (24).

Image-based dosimetry in RLT follows the principle of MIRD (27). Here, a time-integrated activity coefficient (TIAC) is multiplied by a so-called S-value. The latter value is the absorbed dose per nuclear decay, which depends largely on the characteristics of the radionuclide and the anatomy of the patient. For multiple radionuclides and realistic patient phantoms, S-values for whole organs and spherical tumour volumes are tabulated and can be accessed via software tools, such as OLINDA, MIRDOSE, IDAC-DOSE and MIRDcalc (28). The TIAC requires integration of the activity distribution over time and thus sampling of the activity distribution at multiple time points. Quantitative nuclear scans can provide this activity distribution either before treatment with a diagnostic surrogate radionuclide or after treatment via co-emitted gamma-photons of the therapeutic radionuclide (29, 30).

An example of pre-treatment dosimetry is during therapy for benign thyroid disease with iodine-131. It is advised that an individualised amount of radioactivity be administered based on pre-treatment dosimetry calculations performed on radioiodine uptake measures (with diagnostic iodine-123) (31). Some recent studies retrospectively investigated gallium-68 diagnostic radiopharmaceuticals for pre-therapy treatment planning of lutetium-177 therapy, but this is not standard practice (32, 33). Pre-treatment dosimetry assumes that the diagnostic surrogate is chemically identical to the therapeutic one, that the uptake is linear with administered activity, and that the patient’s condition does not change over time (28). However, the final biokinetics of the therapeutic drug might be considerably different compared to the diagnostic surrogates, resulting in poor dose estimation (34). Post-treatment dosimetry overcomes this issue but requires the co-emission of gamma-photons suitable for imaging. However, not all therapeutic radionuclides have theranostic potential. The post-treatment dose estimations provide valid information for activity modulation in upcoming treatment cycles, but also for the establishment and further optimisation of robust dose-response relationships. As an example, [177Lu]Lu-PSMA-RLT dosimetry offers the possibility of post-treatment dosimetry. However, the current European Association of Nuclear Medicine (EANM) guidelines propose a “one-size-fits-all” routinely administered radioactivity of 7.4 GBq (every 6 weeks for four to six cycles) for [177Lu]Lu-PSMA-RLT and this approach is rarely followed (6, 35). The fixed dose of 7.4 GBq of [177Lu]Lu-PSMA-RLT or [177Lu]Lu-DOTA-TATE is based on the accumulation of single-institution trials and real-world clinical experiences and was not studied in prospective dose escalation studies. However, these fixed-doses were evaluated in the notable clinical trials (VISION and NETTER-1) as reasonably safe and effective in the majority of patients and are therefore widely implemented and accepted in nuclear medicine practices. This led to a “one size fits all approach” and unfortunately, this excludes the mandate of personalised medicine. However, it is well reported that a more personalised balance between administered radioactivity and toxicity provides better patient outcomes than fixed doses (36).

For solid organs or cancerous structures (e.g., kidney, liver, solid tumours), image-based dosimetry results in dose estimations with an error margin of about 10%–15% (28). However, for small metastases or diffused organs, such as the radiosensitive bone marrow, this image-based dosimetry is even less accurate. For bone marrow specifically, the activity in blood samples is measured and used to estimate bone marrow dose. Furthermore, image-based dosimetry results in whole organ-absorbed dose estimations but neglects suborganic and definitly subcellular dose heterogeneities, which becomes more important for radionuclides with a short emission range, such as alpha-particle and Auger electron emitting radionuclides (40).

An alternative approach for personalised dosimetry could be the use of micro-sized thermoluminescent dosimeters (TLD). This has been applied with some success to EBRT and brachytherapy, where the detectors are placed on the skin, in body activities or behind the patient (41–43). Since there is limited research being done on their applicability in RLT, it is assumed that TLDs will have to be implanted into the tumour tissue to have accurate measurements. Depending on the advancement in technology, the current state of the application would require a pre-therapy and post-therapy operation or application into the tumour. It is envisioned to only provide dosimetry coverage for one or two tumour sites per patient, as application to all micro-metastases as well as critical organs seems too invasive. Another shortcoming might be the small volume of recording of the TLD, which is limited by the range and location of implantation. This could have substantial implications for alpha-particle emitters and auger emitters due to their small penetration range. Since the TLD’s will receive radiation over a prolonged period of time due to the residence of the radiopharmaceutical in the tissue, this is in contrast with the short exposure of minutes with ERBT. The TLD must therefore be made physiologically acceptable so as to interact locally with the tissue, be broken down biologically, and still accurately provide measurements after being removed. This application is discussed in more depth by Yorke and co-workers (44).

One of the major shortcomings of dosimetry-based planning is the inconvenience for the patient and the constraints on the resources of the clinic. The contribution of this factor towards the inefficient implementation of MIRD-based adjustments to patient treatment should not be underestimated. Currently, a concerted effort is being made towards the introduction of single-time-point dosimetry (STPD) (Figure 2) in many institutions for application in [177Lu]Lu-SSTR2 and iodine-131 therapy. As the name suggests, in STPD, the activity distribution is only measured at a single time point, and assumptions are made for the pharmacokinetics at earlier and later times. The assumption of a mono-exponential decay combined with a population mean effective decay time resulted in acceptable dose errors (<30%) for [177Lu]Lu-DOTATATE and kidney dosimetry, while it was less promising for [177Lu]Lu-PSMA and bone marrow and tumour dosimetry (45–48). The population mean effective decay is obtained from known biokinetics from average population distribution data. In such a case, a pharmacokinetic model is created from the general population, into which individual scan data can be fed to predict the dose for the individual patient. It is important to note that there is still disagreement in the literature regarding the validity of this approach (28, 37–39). Nonetheless, multiple imaging methods require both advanced equipment and specialised staff for image processing and analysis, which are currently not widely available. Secondly, it is important to note that, as with MIRD in general, STPD still does not solve the problem associated with current data models being based on dose-response relationships for tumour tissue and normal tissues extrapolated from EBRT and the linear-quadratic model or the calculation of radiobiological effects.
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FIGURE 2
A schematic of the difference between multiple time point dosimetry and single time point dosimetry (created with Biorender.com).


The current clinical practice of RLT dosimetry is greatly varied across different treatment facilities and treatments. However, in general, the use of pre-treatment dosimetry is limited to patient screening and post-treatment dosimetry is used to gather retrospective information. To allow better dosimetry integration into routine clinical practice, more robust dose-response data are required. This necessitates the performance of multicentre clinical trials with a streamlined and standardised dosimetry approach. Furthermore, it is not enough that extrapolations are made from ERBT models. This necessitates multicentre clinical trials with a streamlined and standardised dosimetry approach.



3. Available biodosimetry options to support MIRD and blood dose estimations

Biodosimetry comprises the detection of biological alterations induced by exposure to ionising radiation, which are used to quantify and estimate the individual absorbed radiation dose (49). Deoxyribonucleic acid (DNA) is recognised as one of the principal targets for the biological effects of ionising radiation, particularly the induction of double-strand breaks (DSBs) and single-strand breaks (SSBs). While most radiation-induced lesions are repaired successfully by the cell’s DNA damage response pathways, DSBs are the most difficult lesions to accurately repair, and misrepair can lead to the formation of chromosome-type aberrations (20, 50). Insertions and translocations are classified as stable aberrations which persist over time, whereas dicentrics, rings, and acentric fragments are unstable aberrations that will disappear over time during cell division (22, 51).

In the context of RLT, biodosimetry could complement MIRD and allow the estimation of the absorbed radiation dose that has been delivered to the blood as a surrogate for the haematopoietic system of an individual patient during therapy (52, 53). The calculated biological dose is not a measure for the whole-body dose but represents the dose to the blood volume and vascular walls, which can then be used as a surrogate marker for the absorbed dose to the bone marrow, which is the most radiosensitive tissue in the body (53–55). In general, a dose limit of 2 Gy to the bone marrow is considered acceptable (54). Table 1 indicates that most therapies suffer from bone marrow suppression, which is often presented as an early-onset toxicity in RLT patients. Furthermore, for many RLTs, there are still large uncertainties on the prediction of long-term haematological toxicity, including myeloid dysplasia and acute myeloid leukaemia, for which there are no known bone marrow dose-response relationships (19, 52, 56–58). The large error margin in MIRD calculations (often exceeding 10%–15%) makes this a less than accurate solution for the prediction of bone marrow toxicity (28, 40). Hence, the potential of biodosimetry to predict bone marrow toxicity is worth investigating. The latter could allow adjustments to the prescribed treatment (e.g., dose, timing) on an individual patient-by-patient basis.

Another crucial proposed application for biodosimetry is the measurement of dose-dependent DSBs in the renal cortex as a biological indicator for long-term radiation effects on the kidney. As previously indicated (Table 1), nephrotoxicity is often a concern during RLT. However, it is possible that a correlation between DSBs in peripheral blood lymphocytes (PBLs) and renal cortex tissue can be established (59). This would allow the accurate prediction of long-term nephrotoxicity and could allow adjustments to subsequent treatment cycles. This investigation was reported in a preclinical model, and translation to the clinic might be too risky as sampling kidney tissue from patients is invasive. For this application, both the γ-H2AX foci and gene transcript analysis have been investigated preclinically (59, 60).

For cytogenetic biodosimetry purposes, the circulating PBLs of patients suspected to be radiation exposed are most commonly used for a range of quantitative assays, including the dicentric chromosome assay (DCA), cytokinesis-block micronucleus (CBMN) assay, and FISH (Fluorescence in situ hybridization) methods. In this regard, PBLs are the ideal candidates for biological dosimetry because they are obtained by minimally invasive methods and sufficient cell numbers are extracted from the peripheral blood of the patients (1 ml of blood can contain up to 3 × 106 lymphocytes in healthy individuals). Furthermore, T-lymphocytes are long-living circulating cells that can reach all body areas and can be considered “circulating dosimeters”. In addition, PBLs do not often undergo mitosis and retain the signs of radiation damage for longer periods of time. Also, there is a well-established, direct correlation of chromosomal aberrations with the amount of absorbed radiation dose (61, 62). The scoring of unstable chromosome-type aberrations in PBLs using the DCA remains the “gold standard” in biodosimetry due to its high specificity for irradiation exposure as well as the low background levels, making it one of the most reliable biological indicators of radiation exposure (63). Alternative cytogenetic assays have been commonly used over the past decades to assess absorbed radiation doses, including CBMN, premature chromosome condensation (PCC), and the scoring of fragments/rings (63).

More recently, the gamma-H2AX foci assay has been introduced in the biodosimetry landscape, owning to its high sensitivity (down to the mGy range) coupled with the added advantage that it does not require the induction of mitosis in PBLs, which reduces the assay turn-around time beyond the traditional cytogenetic assays (64). Another time- and high-throughput alternative biodosimetry assay that is growing in popularity is gene expression analysis (65). A brief discussion of these methods is presented here, along with pilot studies reported in the literature on their use in RLT.


3.1. Dicentric chromosome assay

During the repair of DSBs, misrepair of broken chromosomes and abnormal chromosome replication can lead to the formation of a dicentric chromosome (DC) characterised by the presence of two centromeres. As a consequence of the formation of a DC, an acentric fragment will appear (Figure 3) (66). When these cells progress through mitosis, chromosomal aberrations will be recognised by the cell as abnormal, leading in either cell death or gives rise to inherited mutations (20, 55). Owing to its precision and sensitivity down to 0.1 Gy, DC is a widely used biodosimetry method that is medically and legally recognised (67). Complex chromosome-type aberrations are useful biomarkers to distinguish low and high linear energy transfer (LET) radiation qualities, and their identification could provide an optional approach for estimating the doses from mixed exposures (68).


[image: Figure 3]
FIGURE 3
A schematic overview of the dicentric chromosome assay (DCA) (created with BioRender.com).


In the field of nuclear medicine, investigations on chromosome-type aberration analysis in PBLs remain limited to iodine-131-based therapies (Table 2) (69–75). Some applications have also been reported in locally administered radionuclide therapies such as synovectomy treatment (76, 77). However, it is not so clear if local therapies would benefit from routine biodosimetry, and hence, this is not extensively covered in this review.


TABLE 2 Overview of clinical studies performing biodosimetry in RLT patients using chromosomal aberration analysis.
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Results confirmed that the DCA allows cumulative dose estimations from all previous treatments and permits retrospective biological dosimetry for up to 2 years after therapeutic exposure to iodine-131 (70, 73). Correlations between DCA biodosimetry and image-based MIRD dose calculations have been shown (69, 71, 72, 74). However, M'Kacher et al. reported that biodosimetry estimated doses were 2–4 times higher than those obtained by the MIRD method (72). Similarly, Lloyd et al. also noted more chromosome aberrations compared to image-based estimates of the whole-body radiation doses in patients who had varying degrees of thyroid function. These differences in biological and image-based dosimetry might be due in part to the non-uniform irradiation of PBLs by local sources of activity in the thyroid and liver (75). Interestingly, another study showed a correlation between biodosimetry and the administered activity values as well as with iodine-131 total whole-body retention at 24 h post-administration (71).

Alternatively, Erselcan and co-workers applied the sister chromatid exchange (SCE) method to investigate acute and late chromosomal damage in the PBLs after [131I]NaI therapy. A significant difference in the number of SCEs was observed during the basal (before the start of treatment), acute (third day of therapy), and late (6 months) periods in patients treated with radioiodine (78). Another approach to quantifying the spectrum of chromosome-type aberrations is using 24-colour karyotyping and M-FISH. These assays provided initial estimates of the cumulative radiation dose received during a combination of intensity-modulated radiation therapy (IMRT) and radium-223 dichloride injections. Interestingly, blood samples exposed to this mixed radiation source were analysed to estimate the ratio of cells containing damage consistent with high-LET exposure and low-LET exposure. The assumption was made that all IMRT induced aberrations would be simple chromosomal exchanges and that those originating from radium-223 would be more complex. However, this method needs further investigation (68).



3.2. Biodosimetry using the cytokinesis block micronucleus assay

The CBMN assay has been proven to be a useful tool for triage biodosimetry in large-scale nuclear incidents due to its simplicity of scoring, which requires less technical expertise (Figure 4). The whole-body dose assessment using the CBMN assay was evaluated in thyroid cancer patients upon iodine-131 therapy; however, a wide variation in micronucleus (MN) counts was noted (Table 3) (65, 79–87). Gutiérrez et al. noted that the number of MN increased in a dose-dependent manner in patients treated with iodine-131 (86). A reasonable correlation between the MIRD whole-body absorbed dose and the CBMN method was found by Monsieurs et al. (R = 0.87), while this correlation was limited in the study of Ozdal et al. at low radioiodine doses (88, 79). Hence, the applicability of the CBMN could be limited to high therapeutic doses (79).


[image: Figure 4]
FIGURE 4
A schematic overview of the cytokinesis block micronucleus assay (created with BioRender.com).



TABLE 3 Overview of clinical studies performing biodosimetry in RLT patients using the CBMN.
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3.3. γ-H2AX/53BP1 foci assay

One of the earliest steps in the recognition of DNA DSB is the phosphorylation of the histone variant H2AX, which can be detected using fluorescently labelled antibodies (Figure 5). With small volumes of blood, a high sensitivity is achieved if applied within a few hours after exposure (as low as 10 mGy) (89, 90). The use of an automated microscopy platform to score the number of γ-H2AX foci per cell allows for a standardised analysis with a significant decrease in the turn-around time, as explained in our previous methodology paper (49). In addition to immunofluorescent staining of γ-H2AX, alternative DNA repair proteins can be used to evaluate co-localising fluorescent DNA repair proteins, which can improve the sensitivity of the assay, or to identify the involvement of different DNA DSB repair pathways. An alternative DNA repair protein that is commonly used in PBLs, is the p53 binding protein 1 (53BP1) (90–93). This is another important DNA DSB-responsive protein that promotes the repair of DNA DSB by nonhomologous end-joining while preventing homologous recombination (94, 95).


[image: Figure 5]
FIGURE 5
The detection of DNA DSBs via the γ-H2AX assay (illustrated with Biorender.com).


Studies have investigated radiation-induced DSBs during RLT by quantifying γ-H2AX foci or colocalizing γ-H2AX + 53BP1 foci (Table 4) (96). These include patients that received radioiodine therapy (97–99), 177Lu-labelled somatostatin-targeting peptide (DOTA-TATE/NOC) therapy (50, 96, 100), as well as [177Lu]Lu-PSMA (55). In general, an increase in the average number of radiation-induced foci was observed in the first hours after administration of the radiopharmaceutical, followed by a decrease due to DNA repair and a decreasing dose rate (55). Lassmann et al. concluded that γ-H2AX and 53BP1 foci are useful markers for detecting radiation exposure after RLT, even for absorbed doses to the blood below 20 mGy (97, 101). The potential of quantifying γ-H2AX in PBLs for predicting both individual subclinical haematotoxicity and tumour response to somatostatin receptor-targeted radioligand therapy was demonstrated by Derlin T et al. and Denoyer et al. where subclinical hematotoxicity was associated with γ-H2AX and 53BP1 foci formation (101, 102).


TABLE 4 Overview of clinical studies performing biodosimetry in RLT patients using the γH2AX assay.
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Interestingly, Schumann et al. used this method for the detection of α-particle-induced DNA damage upon [223Ra]RaCl2 therapy (blood samples up to 4 weeks post-therapy) and concluded that there is potential to discriminate α- from β-emitters based on damage geometry (100). However, Runge et al. could not detect α-particle tracks when 4 weeks lapsed after the administration of the therapy (103). In the recent prospective study of Widjaja et al., low baseline γ-H2AX and 53BP1 markers in PBLs tended to predict poor outcomes in metastatic castration-resistant prostate cancer (mCRPC) patients undergoing [177Lu]Lu-PSMA RLT (104).

In addition to a biodosimetry tool, the γH2AX foci assay can investigate the time- and dose-dependency of DNA DSBs induction and repair in PBLs of cancer patients during RLT to obtain data on the individual dose–response relationships in vivo (50, 55). This biodosimetry approach could be used as an in vivo marker to assess individual radiosensitivity and normal-tissue toxicity after extended PRRT of NETs (101, 105). In addition to immunodetection, O'Neill et al. concluded that imaging via [111In]In-anti-γH2AX-TAT SPECT was able to monitor DNA damage in CA20948 somatostatin receptor–positive tumour xenografts after [177Lu]Lu-DOTA-TATE therapy. [111In]In-anti-γH2AX-TAT SPECT seems to be a suitable biodosimeter to predict the effectiveness of this RLT and could measure the dose-response within each tumour within each patient (56, 96). The presence of γH2AX foci has also been shown to correlate with somatostatin receptor 2 expression in neuroendocrine tumours (ex vivo), as a surrogate for the [177Lu]Lu-DOTA-TATE activity that would be accumulating at certain areas of the tumours to offset its radiation dose (106).



3.4. Biodosimetry using gene transcript analysis

Investigating the modulation of a select suite of genes enables the establishment of a diagnostic model for a patient’s or exposed individual’s absorbed dose in comparison to imaging-based dose calculations (65). This leads to the application of a biomarker based on gene transcript analysis, which can be used for dose estimations present in the whole blood of patients receiving RLT. Molecular protein or gene expression radiation exposure markers have been applied for retrospective biodosimetry and the prediction of acute health effects in external exposure accidents. This method is user-friendly due to its acute applicability (1–3 days after irradiation) and scalability for high-throughput applications (Figure 6) (107).


[image: Figure 6]
FIGURE 6
Schematic of biodosimetry using gene transcript analysis (created with BioRender.com).


Microarray hybridization analysis provides an attractive avenue for the discovery of potentially informative radiation-exposure-sensitive gene expression profiles. Once validated, a set of biomarker genes could be developed into a simple and rapid assay on a sensitive quantitative real-time PCR multiplex platform (108). In 2017, Li et al. identified and validated 35 candidate radiation-responsive genes for human biodosimetry. These genes are involved in response to DNA damage, cell proliferation, cell cycle regulation, and DNA repair, with the top-enriched pathway being the well-studied p53 signalling pathway (109). Genes identified as promising biomarkers for biological dosimetry include for example, FDXR, DDB2, MDM2, ACTA2, ASCC3, BAX, AEN, BBC3, CDKN1A, CCNG1, GADD45, MDM2, and PCNA (110–113).

Edmonson et al. proposed a gene expression-based biodosimetry model using peripheral blood from neuroblastoma patients treated with 131I-labelled metaiodobenzylguanidine ([131I]MIBG) (Table 5). Three of the transcripts (CDKN1A, BAX and DDB2) explained over 98% of the variance in the modulation to gene expression over the 96 h post-therapy. Of major importance were the dose-dependent and time-dependent responses on gene expression, considering the exponentially decaying targeted radionuclide (65). There is currently an ongoing trial called GENEBIOLuNET, with the aim of exploring molecular biomarkers for [177Lu]Lu-DOTA-TATE NET therapy by studying gene transcript expression variations induced by this therapy (NCT03667092) (clinicaltrials.gov) (114).


TABLE 5 Overview of clinical studies exploring biodosimetry using gene transcript analysis.
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Similar to the other biodosimetry assays, several challenges related to the use of transcriptomics in radiation biodosimetry have recently been published, including individual variations in gene expression and potential confounding factors (112). However, the main difficulty lies in the highly dynamic and transient nature of the signal, hence the time span between exposure and measurement is pivotal for the correct dose prediction (115).




4. Discussion. Can biodosimetry be integrated into the clinic?

To realise the full potential of personalised theranostics, more advances are needed in the field of dosimetry for RLT. Image-based 3D dose MIRD calculations (planar or SPECT/CT) are not always available or incorporated to adjust the patient dose. In addition, bone marrow image-based dosimetry lacks accuracy, and its link to late-stage biological changes (such as kidney damage) is unknown (56, 116). In 2014, a meta-analysis showed a correlation between the delivered absorbed dose and the therapeutic response, indicating that dosimetry-based personalised treatments would improve prognosis and increase survival. However, the limited availability of published data on absorbed dose-effect relationships in RLT and the increasing role of radiobiological modelling in clinical data were also highlighted (117). As stated by Aerts et al., there is limited radiobiology data available from the nuclear medicine clinic. This is due to the inherent characteristics of RLT procedures (dose, dose rate and heterogeneous conditions treated) which make extrapolation from ERBT less useful. Incorporating biodosimetry-based investigations in clinical nuclear medicine trials, as shown in Figure 7, would increase RLT data availability. Although the integration of radiobiology assays into the clinic (e.g., microscopes or missing know-how), the associated cost, resources, and patient load (time per measurement) could hamper implementation, once the laboratory set-up is accomplished, the assays can be performed at a limited cost with results within a day to a few days (118).
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FIGURE 7
A proposed updated scheme incorporating biodosimetry-based investigations in radioligand therapy.


Biodosimetry-based dose estimations will not provide a direct measurement of the tumour or organ-absorbed dose or whole-body dose but refer to an absorbed blood dose. It is still to be determined what the ideal dose parameter is (blood dose, marrow dose or total body dose) for which biodosimetry assays should be investigated and applied (61). The homogeneity of the irradiation of PBLs is very dependent on the radiopharmaceutical, since most are very organ-specific, limiting a dose correlation with the dose in the organ or target tissue. In addition, individual variations need to be considered, such as heterogeneity in biokinetics between patients (61). However, there is potential for biodosimetry to provide a measurement of the radiation dose received by the total blood volume and vascular walls, which can be used as a surrogate marker for the absorbed dose to the bone marrow. Biodosimetry could be used to overcome the difficulties of image-based bone marrow dosimetry due to its complex geometry and the presence of tissue inhomogeneities (101, 102, 119). However, more research is needed on their potential to predict hematotoxicity, on how these biomarkers correlate with image-based dose estimations, and their ability to accurately reflect the patient's administered dose.

Biodosimetry methods could also be particularly informative when image-based dosimetry or MIRD is not applicable (e.g., alpha-emitting radionuclides like actinium-225) (120). In the field of targeted alpha radionuclide therapy (TAT) for instance, real-time dosimetry is still problematic. Issues concerning image-based dosimetry for TAT include uncertainties on the relative biological effectiveness (RBE) value (which varies around 5), sub-organ localization of activity, relocation of daughters, e.g., alpha-emitting daughters of actinium-225, and a low count rate for imaging (typical therapeutic activity is 100 uCi to a few mCi). Here, biodosimetry could play a crucial role in TAT dosimetry to establish the biological dose after the first fraction (121). Advances are also needed in precision dosimetry at the cell or even sub-cellular level for alpha-particle emitters (118).

Many studies have shown that the range of the published estimates of blood doses after administration of 3.7 GBq iodine-131 (0.15–0.85 Gy), based on standard dose coefficients from ICRP and on individual dose studies, overlaps well with the range of 0.27–0.73 Gy estimated by means of cytogenetic assays, such as DC, MN or FISH translocations (61, 71–74, 80, 87, 97, 122–124). However, this review shows that the current data on the application of radiation biomarkers for biodosimetry in RLT and their correlation with image-based dosimetry remains limited. The majority of studies report a significant increase in DC and MN after RLT therapy; however, a correlation with an individual (image-based) estimation of the internal radiation dose is often missing and the research groups only compare the administered activity, which might be misleading. Compared with external exposures, biodosimetry of internal exposures, as in RLT, is more complex. Irradiation of the body is spatially inhomogeneous with preferential uptake in specific organs and tissues, prolonged over large periods and variable over time (61). RLT is characterised by prolonged irradiation with a permanently decreasing dose rate after administration of the radionuclide due to the biological and physical half-life of the radionuclide. Therefore, the dose rate will affect the frequency of chromosome-type aberrations due to DNA damage repair taking place during irradiation. The latter makes it cumbersome to use existing DCA dose-response curves to perform dose estimations, which are usually generated with reference radiation qualities, such as 250 kVp x-rays or Cobalt-60 gamma-rays at normal EBRT dose rates. It is plausible that the gamma emissions of radionuclides could be comparable to EBRT, but the dosimetry of shorter-ranging alpha and beta irradiation is different. Even if in vitro dose effect curves with different radionuclides could be performed, the simulation of radionuclide incorporation is a challenge because of this declining dose rate (61). The importance of dose-rate effects was confirmed using cytogenetic biodosimetry upon radioiodine therapy. Dose estimates were about 1.7-fold higher than those disregarding the effect of exposure duration. Hence, in re-treated patients, a neglected dose-rate effect can result in an underestimation of the cumulative whole-body dose by a factor ranging from 2.6 to 6.8 (70). Absorbed dose rate-dependency of γ-H2AX foci was also confirmed upon [177Lu]Lu-PSMA therapy and radioiodine therapy (55, 97). A decrease in the number of γ-H2AX foci was observed at later time points, despite the increasing absorbed dose into the blood (55).

Although the DCA has been the gold standard method in biodosimetry for decades, it has disadvantages for introduction in the theranostics clinic. The DCA method is time-consuming, laborious, and requires well-trained personnel for scoring. To accelerate the DCA, automated systems have been developed (125–127); several studies have demonstrated the possibility of scoring a limited number of cells (20–50) (128, 129) and a simplification by applying telomere and centromere fluorescence in situ hybridization has been proposed (115, 130). Despite the existence of automated microscopy platforms for the quantification of chromosome-type aberrations, improvements to automated systems with software-driven dose estimation are needed for high-throughput analysis. Another downside of the DCA is that the assay is dependent on the stimulation of PBLs, which is often challenging in RLT patients, and it takes on average about 52 h to get a result once stimulation is successful (63). The foci assay and gene expression assays are faster since they do not depend on the stimulation of PBLs and can provide results within the first 24 h. In addition, some uncertainties remain a topic of debate, such as the effects of individual differences in radiosensitivity on biological dose-response curves and the influence of radiation dose rate on “Dicentric chromosome + centric rings” in nuclear medicine applications. This led to revisions of the IAEA Manual 2011 in 2022 (131).

For the CBMN assay, it must be kept in mind that other genotoxic stresses besides radiation also induce DNA fragmentation, which could appear as MN in the cytoplasm of the cell. MN are also gender-specific and influenced by age (5, 132). This is particularly challenging in combined treatment strategies in RLT patients. However, compared to the DCA, the CBMN assay is less complex and requires less technical expertise. It should, however, be noted that performing cytogenetic assays, such as the DCA and CBMN assays, can be hampered due to cell division inhibition caused by previous chemotherapy treatments and lymphocyte dilution due to blood transfusions given shortly after RLT (88). Hence, stimulating the PBLs for both the DCA and CBMN assays might be challenging. Stimulation is not an issue for the γ-H2AX and gene expression assays. Compared to cytogenetic techniques, the γ-H2AX assay does not allow for precise retrospective biodosimetry and long-term effects evaluation since the repair half-life of DNA DSBs is relatively fast and the number of radiation-induced DNA DSBs will often return to background values after 24 h in PBLs. However, recent results confirm that the γ-H2AX assay could be exploited in somatostatin receptor-targeted radionuclide therapy as a biomarker of PBL cytotoxicity and early treatment response. The authors highlight that long-term follow-up studies investigating whether elevated residual γ-H2AX values are associated with acute myelotoxicity and secondary blood malignancy may be worthwhile (101, 102).

Both the sensitivity and the time dependency of the different biodosimetry assays should be considered. The cytogenetic assays are less radiation-sensitive compared to the γ-H2AX assay. The DCA assay has a threshold for whole-body dose of 0.1–0.2 Gy based on analysis of 1,000 metaphase spreads (133). For the γ-H2AX assay, guidelines for radiation emergencies (external exposure) have documented a minimum detectable dose increasing from a few mGy for a sample taken within 1 h after the exposure to approximately 0.5 Gy for a lag time of 2 days between exposure and sampling (134). Repair kinetics will vary significantly among individuals, and in the case of RLT, the protracted exposure leads to cumulative damage over days after the injection of the radiopharmaceutical. The change in gene expression post-irradiation is also time-dependent. No consensus with regards to the lag time has been reached to date, with literature reporting lag times from 4 h up to 3 days post-treatment. In the study of Edmonson et al., at 96 h after (131I)MIBG treatment, the modulation in gene expression was still significant enough to discriminate between exposed and unexposed samples using a selected gene transcript panel. This study also confirmed a time-dependent response of the gene expression biodosimetry model, most likely directly related to the exponentially decaying but persistent radiation field acting on the PBLs. This is in contrast with EBRT, where, as the time lapse increases after radiation exposure, the expression of differentially expressed genes decreases. Interestingly, prior RLT treatment cycles were not a confounding factor (65).

This review focused on the potential of biomarkers for biodosimetry, excluding the potential of the biomarkers as a predictive tool to determine a patient’s radiosensitivity prior to the first cycle of RLT or to assess the DNA repair capacity of each patient. If the radiosensitivity of each patient could be determined with a biomarker, then the necessary injected dose could be refined for every cycle of TRT to avoid therapy-induced toxicity (22, 96).



5. Conclusion

Despite the availability of biodosimetry during the last decades, biodosimetry has not found its way to the nuclear medicine clinic yet. Its potential lies in complementing MIRD to allow more personalised RLT dose estimations, in particular in case of non-theranostic radionuclides, and as a marker for bone marrow toxicity. Recent results confirm that biodosimetry could be exploited in RLT as a biomarker of PBLs cytotoxicity and early treatment response. Long-term, large cohort follow-up studies are, however, needed to confirm the correlation between radiation biomarkers in PBLs and acute myelotoxicity and secondary blood malignancy (101, 102). Before biodosimetry can be implemented in the nuclear medicine clinic, continuous developments of high-throughput biodosimetry techniques and clinical trials confirming its potential are needed. In addition, this requires a stronger interaction between radiochemists, radiopharmacists, radiobiologists, medical physicists, and physicians, as stated by the EANM (118). The most time efficient biodosimetry methods with regard to their introduction into the nuclear medicine clinic are most probably the γ-H2AX assay with automatic scoring or the analysis of changes in gene expression levels and the development of a biodosimetry gene signature at this stage (115). Dosimetry assays based on omics technologies, such as transcriptomics, proteomics, and metabolomics, hold great potential for large-scale dose estimations (101).
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["7Lu]Lu-PSMA RLT Grade 3-4 hematotoxicity (<10%). None reported to date. (6)
Grade 3-4 xerostomia (<5%)—transient. @)
Grade 1-2 fatigue (34.7%)
[*°Ac]Ac-PSMA RLT Grade 3-4 hematotoxicity (33%). Delayed nephrotoxicity reported in case studies. (8)
23% of patients stop therapy due to xerostomia ©
(10)
Beta-emilter based Somatostatin | Severe (grades 3 and 4), reversible bone marrow toxicity <10%-13% | [**Y]Y-DOTA-TOC grade 4 and 5 kidney toxicity in 9.2% of | (11)
targeting PRRT* of cycles with [°Y]Y-DOTA-TOC, 2%-3% of cycles with patients. 12)
["’Lu]Lu-DOTA-TATE. These resolve in 8 weeks after therapy. Long-term renal toxicity of grade 3-4 is less than 2% with
["”Lu]Lu-DOTA-TATE.
Sporadic cases of myelodysplastic syndrome or acute
myelogenous leukaemia have been reported in 2-3% of
patients at a median of 2 years post-therapy.
Radium-223 dichloride Grade 3-4 thrombocytopenia and neutropenia (>10%) (13)
High dose radioiodine Transient decrease i leukocytes and platelets may occur 6-10 | Reduced salivary gland function (24,9% aftr 1 year), (14)
weeks post therapy. The incidence Recurrent (22.7%). Moderate decrease in 3)
activity. Radiation thyroiditis (10-20%) leukocytes (4%). (16)

Although uncommon, the development of other
malignancies has been described (<1%).
Fertiity issues are described, dose limit not yet established.

[B1)MIBG

‘Temporary myelosuppression lasting 4-6 weeks (<60%)

Rarely persistent haematological effects and induction of
leukaemia have been reported.

a7)

(PRRT) Peptide receptor

therapy: (MIBG)
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Thyroid cancer (1= 47) [*'1]Nal Pre- and 3 d after The relationship between the MIRD and MN methods is limited. MN whole- | (79)
body absorbed doses showed moderate correlation with administered activities
in low doses and had significantly different and fluctuating values as compared
to the MIRD method
Thyroid cancer (1 =25) ['1)Nal 3 d after Estimated blood dose after 3 d of exposure was 0.73 Gy (0.197 mGy/MBq). The | (80)
Bayesian method for analysing chromosomal damage seems useful when the
total count was close to or lower than the background level
Thyroid cancer (n=5) [*1]Nal Pre- and 1 month after | The average frequency of MN before and after increased by more than double | (81)
Thyroid cancer (1 =22) [**'1)Nal Pre- and 1 week after | Compared with the MN of all PBLs, the MN among specifically B cells may | (82)
more sensitively detect cytologic radiation damage
Thyroid cancer (n=11) [*'1]Nal Pre- and 1,6,24 mo Tnvestigated the induction and persistence of an adaptive response in PBLs | (83)
after
Neuroblastoma and carcinoid | [**'T]MIBG Pre- and 1 week after | ETBD using the MN assay was correlated with MIRD: important inter- (65)
tumours (n = 22°) individual variability in the total body dose, with the possibility of high dose
values, suggests the necessity of individual dosimetry
Thyroid cancer (1 =20) ["'1]Nal Pre- and 3-7 and 20~ | MTT is more reliable than the MN test for evaluating induced lymphocyte | (84)
40 d after damage
Thyrotoxicosis (n = 31) ["*'1]Nal Pre- and 1 week after | No relationship between administered doses and absorbed doses of irradiation | (85)
Thyroid cancer (= 8) on the basis of MN frequency in hyperthyroidism patients
Thyroid cancer (1 =39) ['1)Nal Pre- and 1 week, A twofold increase in the frequency of MN was seen 1 week after therapy. (86)
6 months and 1 year | Although this value decreased across time, the MN frequency obtained 1 year
after later remained higher than the value found before it
Thyroid cancer (1 = 25) [**'1)Nal 1 week after Relatively low frequency of MN induced and lack of significant effect on the | (87)
frequency of MN with cumulative **'T supported the contention that short-term
nonstochastic damage is minimal and reversible
Neuroblastoma (n = 18) [P'MIBG Pre- and 1 week after | MN assay only performed in 14/22 patients, PBL division inhibition caused by | (88)
Carcinoid tumour (1= 4) previous chemotherapy and dilution due to blood transfusion. MN increased
significantly, greater than [**']Nal or strontium-89 therapy, and lower than ERBT.
ETBD, equivalent total body dose; MIRD, medical intemal radiation dosimetry; MN, MIBG, MTT, tetrazolium  sals

3-(4,5-dimethylthiazol-

*Only evaluable in 14 due to cell division inhibition {due to chemo).

y1)-2,5-diphenyl tetrazolium bromide test, peripheral blood lymphocytes (PBLs)
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Neuroblastoma (n=1)

[*'T)MIBG

Before treatment and 7 days after cach cycle

Possible correlation between biodosimetry and
standard image-based dosimetry

Thyroid cancer (1 =24) [**'1)Nal Before treatment and after 3-4 days Elevated frequency of chromosomal aberrations (70)
observed in re-treated patients before ['*'1]-therapy
allows estimation of a cumulative dose received from
all previous treatments
Thyroid cancer (n=8) [*1MIBG Before treatment and after the last in vivo assay | Significant correlation with the administered activity 1)
‘measurement (when iodine was near the values and with 24 h ['*'iodine] whole-body
detection limit—83-102 days post- retention, but not with the activities measured at 24 h
administration) in the thyroid region
Thyroid cancer and neck [1)Nal Before treatment and 4 days affer each cycle | Both chromosomal painting and conventional 72)
relapse or lung metastases cytogenetics underestimate the camulative dose after
(n=18) repeated iodine-131 treatments
Thyroid cancer (1= 50) [*'1)Nal Chronic effects for up to 2 years Permit retrospective biological dosimetry for up to 2 73)
years, after therapeutic exposure to iodine-131
Thyroid cancer (1= 30) [*'1)Nal Before treatment and 4 days after Close agreement between the two methodologies 74)
Thyroid cancer (n=11) ["'1]Nal Before treatment and daily for 7 days post- Physical vs. cytogenetic estimates of the whole body (75)

treatment, followed by a sample on days 14
and 28.

radiation doses: good agreement in patients whose
thyroid glands had previously been ablated by
radioiodine. In patients who had varying degrees of
thyroid function: considerable differences
(eytogenetic value always higher).

24-colour karyotyping and M-FISH

mCRPC

[™RaJRaCl,
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