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Abstract

Human copper transporter 1 (CTR1) is overexpressed in a variety of cancers. This study aimed to 

evaluate the use of 64CuCI2 as a theranostic agent for PET and radionuclide therapy of malignant 

melanoma.

Methods—CTR1 expression levels were detected by Western blot analysis of a group of tumor 

cell lines. Two melanoma cell lines (B16F10 and A375M) that highly expressed CTR1 were then 

selected to study the uptake and efflux of 64CuCI2. Mice bearing B16F10 or A375M tumors (n = 4 

for each group) were subjected to 5 min of static whole-body PET scans at different time points 

after intravenous injection of 64CuCI2. Dynamic scans were also obtained for B16F10 tumor-

bearing mice. All mice were sacrificed at 72 h after injection of 64CuCI2, and biodistribution 

studies were performed. Mice bearing B16F10 or A375M tumors were further subjected 

to 64CuCI2 radionuclide therapy. Specifically, when the tumor size reached 0.5–0.8 cm in 

diameter, tumor-bearing mice were systemically administered 64CuCI2 (~74 MBq) or phosphate-

buffered saline, and tumor sizes were monitored over the treatment period.

Results—CTR1 was found to be overexpressed in the cancer cell lines tested at different levels, 

and high expression levels in melanoma cells and tissues were observed (melanotic B16F10 and 

amelanotic A375M). 64CuCI2 displayed high and specific uptake in B16F10 and A375M cells. In 

vivo 64CuCI2 PET imaging demonstrated that both B16F10 and A375M tumors were clearly 

visualized. Radionuclide treatment studies showed that the tumor growth in both the B16F10 and 

the A375M models under 64CuCI2 treatment were much slower than that of the control group.

Conclusion—Both melanotic and amelanotic melanomas (B16F10 and A375M) tested were 

found to overexpress CTR1. The tumors can be successfully visualized by 64CuCI2 PET and 

further treated by 64CuCI2, highlighting the high potential of using 64CuCI2 as a theranostic agent 

for the management of melanoma.
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Malignant melanoma has increased in incidence and has become a major health problem in 

Western countries. Beyond its strong tendency to metastasize to the lymph nodes, liver, 

lung, and brain, melanoma is resistant to most treatment regimens, such as chemotherapy 

and immunotherapy, making it one of the most lethal cancers (1,2). Recently, the emergence 

of novel small molecule-based BRAF inhibitors for the treatment of metastatic melanoma 

has shown great success in clinical studies. One of these BRAF inhibitors, vemurafenib 

(PLX4302), can specifically target BRAFV600B and improve the overall and progression-free 

survival in melanoma patients. It was approved by the Food and Drug Administration for the 

treatment of late-stage melanoma in 2011 (3–5). However, resistance to vemurafenib 

treatment occurs in melanoma patients, representing a significant clinical obstacle. 

Strategies for preventing vemurafenib resistance, such as altered dosing (intermittent 

treatment), have been explored in animal models (6). However, the efficacy of this strategy 

remains to be tested in patients. Early, accurate diagnoses and new effective therapies are 

still highly desired in malignant melanoma.

Noninvasive imaging techniques play an important role in the detection of melanoma 

metastasis, for both accurate staging and restaging of the melanoma after treatments. 

Scientists have developed a variety of PET probes for melanoma imaging (1). In 

particular, 18F-FDG PET has demonstrated a much higher sensitivity and specificity than 

those obtained by CT, ultrasound, and radiography; it can detect malignant melanomas 

earlier than the other conventional techniques (7,8). However, 18F-FDG also accumulates in 

many other tumor types, surgical wounds, and inflammation conditions, and thus it lacks 

high specificity for melanoma-specific imaging (9). Several promising and more specific 

imaging probes, such as melanocortin type 1 receptor (MC1R) or melanin-targeted probes, 

have been reported, generating great research interest (10–17). Nevertheless, so far the 

expression level of MC1R tested in most of the human melanoma cell lines has not been 

high and has varied significantly, possibly limiting the use of MC1R as a biomarker for 

melanoma targeting (18). Similarly, melanin presents only in melanotic melanomas and 

can’t serve as a valid target for amelanotic melanomas, which lack melanin production. To 

overcome the problems associated with the above probes, targeting agents against new 

melanoma biomarkers should be explored.

Copper is an essential micronutrient in mammals because it is a cofactor of many enzymes 

and is involved in biochemical processes, such as mitochondrial respiration, detoxification 

of free radicals, biosynthesis of neurotransmitters, formation of connective tissues and blood 

vessels, and reactive oxygen chemistry (19,20). Human copper transporter 1 (CTR1), a 190-

amino-acid protein of 28 kDa with 3 transmembrane domains, is the primary protein 

responsible for importing copper in mammals (21). Interestingly, copper metabolism is also 

essential for many cancers; indeed, CTR1 has been found to be overexpressed in a variety of 

cancer cells, including non-small cell lung cancer and liver cancer (22,23). The 

overexpression of CTR1 has also been found to be associated with a better cisplatin-based 
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chemotherapy response and more favorable treatment outcomes in lung cancer patients 

(24,25).

In this study, we first measured CTR1 expression in a group of tumor cell lines, including 

melanoma (B16F10, A375M, MDA-MB-435 (26)), lung cancer (H460), and ovarian cancer 

(SKOV3), and we found that melanoma cells express a high level of CTR1. Therefore, we 

hypothesized that CTR1 could serve as a novel target for malignant melanoma imaging and 

therapy. The copper radionuclide 64Cu is a cyclotron-produced radionuclide with an 

intermediate half-life (12.7 h) that decays by both β+ and β− emission, making it suitable for 

theranostic (both PET imaging and radionuclide therapy) approaches to cancer treatment 

(27,28). The substrate of CTR1, 64CuCl2, was then evaluated as an agent for PET imaging 

and radionuclide therapy of malignant melanoma in both melanotic murine B16F10 and 

amelanotic human A375M models.

MATERIALS AND METHODS

Reagents and Cell Culture

Details of the reagents and cell culture are provided in the supplemental materials (available 

at http://jnm.snmjournals.org).

In Vitro Studies

First, CTR1 expression in tumor cells (H460, 22B, SKOV-3, CT26, A375M, 4T1, U87MG, 

HT-29, 67NR, MDA-MB-435, B16F10, and PC-3) and tissues (B16F10 and A375M) was 

detected by Western blot assays. Then in vitro cell uptake and efflux studies of 64CuCl2 

were performed on B16F10 and A375M cells; nonradioactive CuCl2 was also used to block 

the uptake of 64CuCl2 (supplemental materials).

Small-Animal PET, Biodistribution Studies, and Radionuclide Therapy Study

Animal procedures were performed according to a protocol approved by the Stanford 

University Institutional Animal Care and Use Committee. B16F10 and A375M tumor 

models were prepared. Static scans were acquired at different times after injection for the 

mice bearing B16F10 or A375M tumors. Dynamic scans of B16F10 tumor–bearing mice 

were also obtained. Biodistribution studies were conducted after the 72-h PET imaging was 

finished.

Finally, mice bearing B16F10 or A375M tumors were subjected to 64CuCl2 treatment. The 

mice were randomly divided into treatment groups and control groups (Supplemental Table 

1). The weights of the mice and tumor size were measured. Hematoxylin and eosin (H&E) 

staining was also performed in paraformaldehyde-fixed liver and kidney sections at the end 

of the study (the detailed procedure is provided in the supplemental material).

Statistical Analysis

Statistical analysis was performed using the Student t test for unpaired data. A 95% 

confidence level was chosen to determine the significance between groups, with a P value 
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less than 0.05 being significantly different. The estimated survival distribution in the 

therapeutic study was calculated by the Kaplan–Meier time-to-sacrifice analysis.

RESULTS

Western Blot Analysis of CTR1 Expression

The expression of CTR1 in a group of cancer cell lines measured by Western blot is shown 

in Figures 1A and 1B. Interestingly, all tumor cells tested expressed a detectable level of 

CTR1. In particular, melanoma B16F10 and A375M cell lines were found to be among the 

cell lines that showed a high CTR1 expression. Moreover, high CTR1 expression in B16F10 

and A375M tumor tissues was also confirmed by Western blot analysis (Fig. 1C), and the 

relative band intensity in B16F10 and A375M to β-actin was 0.96 and 0.89, respectively.

Cell Uptake and Efflux

The cell uptake of 64CuCl2 in both B16F10 and A375M cells increased over time (Fig. 1D). 

The highest uptake of 64CuCl2 was achieved at 4 h, reaching 12.7% ± 0.26% in the B16F10 

cells and 4.6% ± 0.04% in the A375M cells, respectively. In the blocking groups 

(nonradioactive CuCl2 [20 nmol/mL] was used), the uptake of the probe in both B16F10 and 

A375M cells was much lower at each time point than their corresponding nonblocking 

groups (Fig. 1D) (P < 0.05), suggesting the targeted specificity of 64CuCl2. Next, a cellular 

efflux study was performed (Fig. 1E). 64CuCl2 was slowly cleared from both cell lines, with 

a higher cellular retention rate in A375M than in B16F10. Specifically, over a 0.5 h 

incubation period, 73.6% ± 0.6% of the activity presented in B16F10 cells, whereas only 

33.3% ± 4.4% of the activity remained over a 16 h period. In contrast, the activity remaining 

in the A375M cells was 86.9% ± 1.1% at 0.5 h and 61.6% ± 0.6% at 16 h, respectively.

Small-Animal PET Scans of Tumor-Bearing Mice and Biodistribution Studies

The representative coronal PET images of mice bearing B16F10 or A375M tumors at each 

time point are shown in Figure 2A, and the quantification analysis results of the PET images 

are displayed in Figures 2B and 2C. Both B16F10 and A375M tumors were clearly 

delineated, with excellent tumor-to-background contrast at all of the investigated time 

points, from 1 to 72 h. Meanwhile, moderate-to-high signals were observed in both the liver 

and the kidneys, suggesting that 64CuCl2 was cleared from both the hepatobiliary and the 

renal systems (Fig. 2A). Quantification analysis further revealed that 64CuCl2 showed 

similar B16F10 tumor uptake from 1 to 4 h (6.14 ± 0.67 percentage injected dose per gram 

[%ID/g] at 4 h), which slowly washed out and reached 3.90 ± 0.71 %ID/g at 72 h after 

injection. In contrast, the uptake in the A375M tumor slightly increased over time from 1 to 

24 h, with a peak value of 3.71 ± 0.32 %ID/g at 24 h. The accumulation then remained at 

similar levels until 72 h after injection (3.48 ± 0.34 %ID/g). These results are consistent with 

those of the cellular uptake and efflux study.

A 35-min dynamic small-animal PET scan for B16F10 models (n = 4) was also obtained to 

observe the uptake kinetics of 64CuCl2 in the tumor, liver, and kidney. As shown in Figure 

3, B16F10 tumor uptake gradually increased from 2.69 ± 0.20 %ID/g at 5 min after injection 

to 4.67 ± 0.25 %ID/g at the end of the 35-min dynamic scan. Moreover, 64CuCl2 exhibited 
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quite high uptake in both the liver and the kidneys, rapidly accumulating in the kidneys 

(21.01 ± 2.56 %ID/g) at 5 min and decreasing to 14.95 ± 1.75 %ID/g at 35 min after 

injection. In contrast, liver uptake reached 27.37 ± 1.94 %ID/g at 5 min after injection and 

gradually increased to 36.49 ± 2.83 %ID/g at the end of the 35-min dynamic scan.

The biodistribution results at 72 h after injection confirmed the PET quantification results 

(Table 1). The 64CuCl2 uptake for B16F10 and A375M were 4.14 ± 0.24 and 3.59 ± 0.36 

%ID/g, respectively. 64CuCl2 also showed rather high uptake in both the liver and the 

kidneys (>10 %ID/g). Moreover, good tumor-to-blood and tumor-to-muscle ratios were 

achieved for both models. For example, the tumor-to-muscle ratio of 64CuCl2 was 4.11 ± 

0.07 for B16F10 and 3.46 ± 1.25 for A375M, respectively.

Radionuclide Therapy

On the basis of the promising PET imaging results, the treatment efficacy of 64CuCl2 to 

melanoma B16F10 and A375M were further studied. The results of the Kaplan–Meier plot 

for the analysis of time-to-sacrifice for the 2 melanoma models with or without 64CuCl2 

treatment are shown in Figures 4A–4C. The results demonstrated that the therapeutic group 

showed significantly improved survival, compared with that of the control group of mice 

inoculated with either 1 or 2 million B16F10 cells (Figs. 4A and 4B). Moreover, the mean 

survival time of therapy group was 20.2 ± 1.2 or 12.7 ± 0.8 d for the mice inoculated with 1 

or 2 million cells, respectively, suggesting that the earlier treatment of tumor metastasis or 

relapse could achieve a better outcome. For A375M, the survival times of the therapy and 

control groups were 45.4 ± 5.8 and 20.7 ± 2.3 d, respectively. Kaplan–Meier survival curves 

revealed that the A375M mice treated with 64CuCl2 had a significantly higher survival rate 

than mice treated with phosphate-buffered saline (P < 0.05) (Fig. 4C). Some A375M tumors 

of mice were found to be necrotized after 64CuCl2 treatment (Fig. 4D).

Tumor growth curves and mouse weight variation curves for each mouse are shown in 

Supplemental Figures 1 and 2. For the B16F10 model, the tumors grew much faster for the 

group inoculated with 2 million cells (Supplemental Figures 1C and 1D) than for the 1-

million-cells group (Supplemental Figures 1A and 1B). In both groups, 64CuCl2 treatment 

did slightly slow down tumor growth (Supplemental Figures 1A and 1C) in comparison to 

the growth of the control group tumors (Supplemental Figures 1B and 1D). For A375M, the 

tumor growth rate was significantly slower for the treatment group than for the control 

group (Supplemental Figures 1E and 1F). In addition, 64CuCl2 treatment showed a 

pronounced efficacy, compared with the treatment of B16F10 groups. Moreover, no long-

term systemic toxicity was observed in the therapy groups for mice bearing B16F10 or 

A375M. As seen from Supplemental Figure 2, the weights of the mice in the therapy group 

were initially reduced but then went back to normal after several days. Further H&E staining 

analysis revealed no significant difference for the liver and the kidney between the therapy 

group and the control group (Fig. 5). These results suggested a minimal radiotoxicity 

for 64CuCl2, even though the tracer showed a relatively high uptake in those two organs.
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DISCUSSION

Many new imaging and therapeutic agents for melanoma are actively being researched. 

Although melanin- and MC1R-targeted agents show promising properties in some 

melanoma small-animal models, they also suffer from their poor ability to target melanomas 

with low expression of either MC1R or melanin. For example, the murine melanotic B16F10 

tumor shows a high expression of both MC1R and melanin, and high-quality images can be 

obtained by radiolabeled MC1R-targeted a-melanocyte–stimulating hormone peptides or 

melanin-targeted small molecules (10,11,14). On the contrary, human amelanotic A37M 

tumors show a low MC1R expression and lack of melanin; they also cannot be clearly 

imaged by MC1R- or melanin-targeted probes (10,11,14), suggesting the potential 

limitations of those probes for clinical translation.

In this study, regardless of MC1R expression levels or colors (melanin contents), Western 

blot analysis showed that, of the 3 melanoma cell lines tested (B16F10, A375M, and MDA-

MB-435), all had high CTR1 expression (Figs. 1A and 1B), and a variety of other tumor cell 

lines expressed different levels of CTR1 (from low to moderate). With the improving 

understanding of the role of CTR1 in tumor biology, 64CuCl2 has been reported as a novel 

and promising PET probe for the imaging of Wilson disease, prostate cancer, and hepatic 

carcinoma (29–32), although further studies are required to verify CTR1’s targeting 

specificity and sensitivity. We further tested the imaging quality and treatment efficacy 

of 64CuCl2 for melanoma. The dynamic 64CuCl2 PET scan of B16F10-bearing mice shows 

that 64CuCl2 accumulates into tumors rapidly. The successful detection of melanotic murine 

B16F10 and amelanotic human A375M xenografts in mice by 64CuCl2 PET (Fig. 2A) and 

biodistribution results indicate a high accumulation and retention of 64CuCl2 in tumors, 

demonstrating the advantages of targeting melanoma through CTR1. These results also 

suggest that 64CuCl2 PET may be useful for the detection of primary and metastatic 

melanomas in the whole body except the abdomen because of the excretion of most 64CuCl2 

from the liver to the intestinal tract through the bile ducts (32).

Considering the decay characteristics of 64Cu, a treatment study was thus initiated and tested 

in both B16F10 and A375M models. The results clearly show that both B16F10 and A375M 

tumors in the therapeutic group grow more slowly than those in the control groups (Fig. 4 

and Supplemental Fig. 1), suggesting that 64CuCl2 radiotherapy is an effective and 

alternative therapy for those CTR1 high-expressing tumors. More interestingly, the 

treatment efficacy in A375M is much more pronounced than that in B16F10 (Figs. 4A–4C). 

Because the B16F10 tumor grows more quickly than the A375M tumor, our results indicate 

that 64CuCl2 may have a better therapeutic efficacy on CTR1-expressing tumors with a 

lower degree of malignancy.

To the best of our knowledge, this is the first report of PET imaging and therapy for both 

mouse melanotic B16F10 and human amelanotic A375M melanomas by 64CuCl2 that has 

been undertaken in conjunction with a CTR1 analysis by Western blot. This new theranostic 

approach for melanoma may find broad applications. These results also suggest the potential 

theranostic use of 64CuCl2 for other CTR1-expressing tumors, such as lung cancer, breast 

cancer, and glioma.
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Traditionally, 64Cu has been widely used to label peptides, proteins, antibodies, 

nanoparticles, and other biologically relevant small molecules through a variety of 

bifunctional chelators, such as DOTA and 1,4,8,11-tetraazacyclotetradecane-N,N′,N″,N‴-

tetraacetic acid (10,33). However, these copper complexes have relatively low stability in 

vivo, transchelate to serum proteins (34,35), or display poor acid stability, rendering the 

copper prone to reduction and loss from the complex (36). These circumstances result in 

copper accumulations in some normal organs, such as the liver, though the accumulation 

levels and kinetics of 64CuCl2 and 64Cu-DOTA in liver are different (Supplemental Figure 

3). Therefore, to minimize the circumstances caused by free radioactive copper, novel 

copper chelators with high in vivo stability have recently been actively pursued (37). 

Compared with 64Cu-labeled complex, 64CuCl2 has unique advantages, such as it is easily 

available and clinically translatable; has simple radiochemistry, no complex radiolabeling 

process involved, high stability, no issue of degradation, and high bioactivity toward CTR1; 

and there is a possibility for both imaging and therapy.

One of our concerns in using 64CuCl2 as an PET imaging probe and tool for radionuclide 

therapy is the potential radiocytotoxicity of the high energy γ rays and β particles emitted 

by 64CuCl2 (38). An acute response was observed for those mice treated with 64CuCl2 (74 

MBq [~2 mCi] per mouse), and weight loss was observed among the mice during the first 2–

3 d after start of treatment. However, the weights of the mice recovered to normal levels 

after several days and retained normal growth patterns, similar to the control groups. 

Moreover, based on the H&E staining results of the liver and kidney for both treated and 

control mice, no observable long-term radiocytotoxicity was found (Fig. 5). Lastly, PET and 

biodistribution results also revealed that 64CuCl2 displayed high accumulation in the liver, 

intestine, and kidney, suggesting that 64CuCl2 is mainly metabolized through hepatobiliary, 

gastrointestinal, and kidney systems. These results are consistent with previous findings 

that 64Cu can bind with superoxide disumutase, which is distributed widely in the cytosol of 

eukaryotic cells and abundant in the liver and kidney (35). Overall, these results indicate that 

the therapeutic dose of 64CuCl2 used in this study does not have any obvious systemic 

toxicity.

An additional concern is that there are many copper radionuclides with a varying range of 

half-lives and positron energies (27). For instance, 62Cu is an attractive isotope because it 

can be easily obtained with a 62Zn/62Cu generator system, and the 9.74-min half-life of 62Cu 

makes it suitable for perfusion study and allows repetitive imaging at reasonably brief time 

intervals (39). Therefore, 62CuCl2 could also be explored to image tumors expressing CTR1 

to further reduce the radiation dose in living subjects. Moreover, 67Cu is another important 

copper radioisotope and considered as a promising radio-nuclide for therapy. It emits β− 

particles (0.57 MeV, 100%) and γ rays (0.092 MeV, 23%; 0.184 MeV, 40%) with a 2.6-d 

half-life, making it suitable for both radionuclide therapy and SPECT imaging (40). It would 

be highly important to study the use of 67CuCl2 for theranostics of CTR1-positive tumors in 

future studies.

Qin et al. Page 7

J Nucl Med. Author manuscript; available in PMC 2015 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



CONCLUSION

This study is the first report, to our knowledge, to use CTR1 as a target and 64CuCl2 as an 

agent for noninvasive PET imaging and radionuclide therapy of malignant melanomas. Both 

melanotic and amelanotic melanomas overexpressing of CTR1 can be successfully 

visualized by 64CuCl2 PET and then further treated by 64CuCl2, highlighting the promising 

high clinical translational ability of 64CuCl2 for melanoma management. Our results also 

suggest a potential strategy for theranostics for other CTR1-expressing tumors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. 
(A) Western blots of CTR1 in 12 cancer cell lines. (B) Quantitative analysis of Western blot 

results. (C) Western blots of CTR1 in B16F10 and A375M tumor tissues. (D) B16F10 and 

A375M’s cellular uptake of 64CuCl2 at 0.5, 1, 2, and 4 h time points and blocking studies 

(excess cold CuCl2 was added) at each time point. (E) Efflux of 64CuCl2 from A375M and 

B16F10 cells at 0.5, 1, 2, 4, and 16 h after 2 h incubation with 64CuCl2.
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FIGURE 2. 
(A) Decay-corrected whole-body coronal small-animal PET images of C57BL/6 mice 

bearing B16F10 murine melanoma tumors (upper) and athymic nude mice bearing A375M 

human melanoma (lower) from 5-min static scans at 1, 2, 4, 24, 48, and 72 h after 

intravenous injection of 64CuCl2. Tumors are indicated by arrows. (B and C) Small-animal 

PET quantification of tumors and major organs, including liver, kidney, and muscle, at 1, 2, 

4, 24, 48, and 72 h after intravenous injection of 64CuCl2 in B16F10 (B) and A375M (C) 

tumor–bearing mice, respectively (n = 4).
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FIGURE 3. 
Time–activity curves of tumor and major organs of C57BL/6 mice bearing B16F10 murine 

melanoma tumors from 35-min dynamic scans after intravenous injection of 64CuCl2 (3 

MBq [~80 μCi]/mouse, n = 4).
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FIGURE 4. 
(A–C) Kaplan–Meier plot of time-to-sacrifice for therapy group (dotted line) and control 

group (solid line). (A) Group of mice inoculated with 1 million B16F10 cells. (B) Group of 

mice inoculated with 2 million B16F10 cells. (C) Group of A375M tumor models. Time is 

expressed in days from therapy. (D) Representative images of A375M tumor necrosis 

after 64CuCl2 treatment (left, control mouse; right, treated mouse).
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FIGURE 5. 
H&E staining of livers and kidneys from therapy group and control group.
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TABLE 1

Biodistribution Results of 64CuCl2 in B16F10 and A375M Tumor-Bearing Mice (n = 4)

Organ B16F10 A375M

Blood   1.51 ± 0.19   1.94 ± 0.56

Heart   5.16 ± 0.73   8.85 ± 0.65

Lungs   6.64 ± 0.48 10.17 ± 1.58

Liver 14.06 ± 2.33 13.37 ± 1.32

Spleen   3.46 ± 0.42   4.59 ± 0.10

Pancreas   2.74 ± 0.36   3.48 ± 0.61

Stomach   3.92 ± 0.82   6.47 ± 0.86

Brain   0.88 ± 0.09   1.00 ± 0.07

Intestine   4.35 ± 0.99   6.82 ± 0.40

Kidneys 11.86 ± 0.56 10.34 ± 0.53

Skin   1.18 ± 0.51   1.95 ± 0.36

Muscle   1.03 ± 0.18   1.13 ± 0.36

Bone   1.66 ± 0.24   1.82 ± 0.24

Tumor   4.14 ± 0.24   3.59 ± 0.36

Uptake ratio

 Tumor to blood   2.79 ± 0.42   1.94 ± 0.44

 Tumor to lung   0.63 ± 0.07   0.36 ± 0.04

 Tumor to liver   0.30 ± 0.04   0.26 ± 0.04

 Tumor to muscle   4.11 ± 0.07   3.46 ± 1.25

Data are presented as percentage injected dose per gram (%ID/g) ± SD.
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