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Abstract 

Purpose PET image quality is influenced by the patient size according to the current guideline. The purpose was to propose an 

optimized dose regimen to yield a constant image quality independent of patient size to meet the clinical needs. 

Methods A first patient cohort of 78 consecutives for oncological patients (59.7±13.7 years) who underwent a total-body PET/CT 

scan were retrospectively enrolled to develop the regimen. The patients were equally distributed in four BMI groups according to 

WHO criteria. The liver SNR (Signal noise ratio, SNRL) was obtained through manually drawing ROIs and normalized (SNRnorm) 

by the injected activity and acquisition time. And fits of SNRnorm against different patient-dependent parameters were performed to 

determine the best correlating parameter and fit method. A qualitative assessment on image quality was performed using a 5-point 

Likert scale to determine the acceptable threshold of SNRL. And thus, an optimized regimen was proposed and validated by a second 

patient cohort with prospectively enrolled 38 oncological patients.  

Results The linear fit showed SNRnorm was the strongest correlation (R2 = 0.69) with the BMI than other patient-dependent 

parameters. The qualitative assessment revealed a SNRL of 14.0 as a threshold to achieve a sufficient image quality. The optimized 

dose regimen was determined as a quadratic relation with BMI: Injected activity = 39.2 MBq/(-0.03*BMI+1.49)2. In the validation 

study, the SNRL no longer decreased with the increase of BMI. There was no significant difference of the image quality, the SNRL, 

between different BMI groups (p > 0.05). In addition, the injected activity was reduced by 75.6±2.9 %, 72.1±4.0 %, 67.1±4.4 % and 

64.8±3.5 % compared to the first cohort for the four BMI groups, respectively. 

Conclusion The study recommended a quadratic relation between the 18F-FDG injected activity and the patient’s BMI and propose 

a regimen for total-body PET imaging. In the regimen, the image quality can maintain in a constant level independent of patient size 

and meet the clinical requirement even with a reduced injected activity.  
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F-18-fluorodeoxyglucose Positron emission tomography/Computed Tomography (18F-FDG PET/CT) is being widely used in tumor 

diagnosis, staging, restaging, and response evaluation. Meanwhile, this hybrid imaging modality has shown the potential value in 

prognosis prediction, image-guided biopsy, providing both anatomic and functional information for clinical management [1-5]. The 

total-body PET/CT, with an increased geometric overage to encompass the entire body, can dramatically improve the PET sensitivity 

by a factor of about 40 over existing PET scanners for imaging the entire body. This predicted gain in sensitivity has various 

implications, such as to improve the image quality to reconstruct images at higher resolution and allow detection of smaller or lower-

contrast structures. In addition, it can be used to reduce the injected activity, or to reduce PET acquisition duration while maintaining 

the image quality [6].  

Previously, our team has conducted a series of research focusing on image quality. Zhang et. al [7] found that oncological patients 

with the injected activity of 4.4 MBq/kg could acquire sufficient and acceptable subjective image quality for an acquisition time of 

30 s and 60 s. To explore whether the low-dose activity could obtain an acceptable image quality, the 18F-FDG activity of 0.58 

MBq/kg was injected into a subject weighing 43.5 kg (total dose: 25 MBq, 15.7% of the conventional dose (161 MBq) 50 min after 

injection with an acquisition time of 10 min. This generated a feasible image for diagnosis [8]. Furthermore, our previous results 

showed that total-body PET/CT with half-dose (1.85 MBq/kg) 18F-FDG of 2 min acquisition, could achieve an equivalent image 

quality to that of whole-body PET/CT with full-dose (3.7 MBq/kg) in lung cancer [9]. Recently, Liu et.al reported that dynamic PET 

imaging of ultra-low-dose (0.37MBq/kg) injected activity achieved relevant kinetic metrics of 18F-FDG and comparable image 

contrast with full-dose imaging [10].  

However, these studies have all adopted a weight-based injected activity as recommended in the EANM Guideline [11]. It is well-

known that a weight-based dose regimen had several deficiencies for a stable and reliable PET image, especially in obese patients 

with a significantly high amount of body fat resulting in low FDG accumulation [12]. Based on the above-mentioned studies, the 

purpose of this study was to further investigate the influence of patient-dependent parameters on image quality and propose a 

personalized and a more universal dose regimen to yield a more constant image quality. 

Materials and Methods 

Patients 

The study included two cohorts who underwent a total-body PET/CT examination in our department. The first patient cohort, 

consisting of 78 consecutive patients who underwent a total-body PET/CT examination referred for oncological diagnosis and/or 

staging from September 2019 to July 2020, was studied to explore a new dose regimen based on different patient-dependent 

parameters. They were randomly selected from the database in our department. Patients with severe fatty liver, cirrhosis and multiple 

metastasis were excluded. The included 78 patients were equally distributed in each body mass index (BMI) group according to the 

criteria of the World Health Organization [13], with 20 patients in the underweight group, 19 patients in the normal-weight group, 

19 patients in the overweight group and 20 patients in the obese group. Subsequently, the second patient cohort consisting of 38 

patients with known or suspected malignancy were prospectively enrolled to validate the proposed dose regimen, including 7 

patients, 10 patients, 11 patients and 10 patients for each BMI group, respectively. Exclusion criteria for the second patient cohort 



are those with diabetes, or younger than 18 years old. In both cohorts, patient demographic characteristics were extracted from the 

database, including sex, age, weight (BM), and height (H). BMI (kg/m2) was calculated by dividing the body mass (kg) by the square 

of height (m). Considering human body composition, lean body weight (LBW, kg), fat mass (FM, kg) were also investigated as 

patient-dependent parameters in the study. LBM for male and female as well as FM was calculated as follows (Eqs. 1-3, respectively) 

[14].  𝐿𝐵𝑊𝑚𝑎𝑙𝑒 = 28.27 × H + 0.359 × BM − 0.032 × age − 21.83   Eq. 1 𝐿𝐵𝑊𝑓𝑒𝑚𝑎𝑙𝑒 = 26.12 × H + 0.253 × BM − 0.022 × age − 19.58   Eq. 2 FM = BM − LBW            Eq. 3 

In Eq. 1 and 2, LBW is the lean body mass in kilograms, H is the height in meters, BM is the body weight in kilograms, and age is 

in years. In Eq. 3, FM is the fat mass in kilograms, BM is the body weight in kilograms, and LBW is the lean body mass in kilograms. 

The use of patients’ information included in this study according to the standard procedures were in accordance with the institutional 

ethical standards. Informed consent was waived to the patients in the first cohort waived due to the retrospective nature and all 

patients in the second cohort signed an informed consent prior to the PET/CT scan. 

PET/CT examination 

All patients were instructed to fast and avoid strenuous exercise at least 6 h prior to the 18F-FDG injection, and blood glucose level 

was measured and recorded. In the study on the first patient cohort, a bolus injection of 18F-FDG (3.7 MBq/kg) was intravenously 

administered. And in the subsequent study of the second patient cohort, the injection was strictly following the proposed dose 

regimen. All mages were acquired on a total-body PET/CT scanner (uEXPLORER, United Imaging Healthcare, Shanghai, China). 

CT was performed before PET for attenuation correction and anatomical localization with a dose modulation technique. 

Subsequently, a total-body PET imaging was performed using a list-mode PET acquisition with a 5 min duration with arms down 

positioning.   

The acquisition time was segmented into 30s, 45s, 60s, and 120s from the 300s list-mode raw data, referred as G30, G45, G60, 

G120, and G300. All the PET images were reconstructed using a 3D ordered-subset expectation maximization algorithm (3D-OSEM) 

with the following parameters: 3 iterations, 20 subsets, a matrix of 192×192, slice thickness of 1.443 mm, time of flight (TOF) and 

point spread function modeling (PSF). A Gaussian filter with a Full Width Half Maximum of 3 mm was applied to the reconstructed 

images.  

Image analysis 

In PET studies, the signal-to-noise ratio (SNR) in the liver (SNRL) was used as a measure of image quality as it is the organ with a 

relatively homogeneous uptake of FDG in the human body. It is well-known that various factors, such as the patient weight, injected 

activity and acquisition time, can impact the SNRL。 

For a given situation on a PET scanner, SNR in PET images is dominated by the Poisson statistics inherent in radionuclide decay 

detection and is proportional to the square root of the detected events. In the first-order approximation we expect that [7]. SNR ≈ k√𝑆 × 𝐴 ∙ 𝑡            Eq. 4 



Where k is a constant, S is the effective sensitivity of the scanner, A is the injected activity (MBq) and t is the acquisition time per 

bed position (min). Here, the dose-time product (DTP (MBq·min)) is the product of the injected activity (MBq) and the acquisition 

time per bed position (min). If the SNR in the liver is normalized by the square root of the DTP, it can be assumed to be independent 

of the injected activity and the acquisition time (Eq. 5) [16]. Therefore, SNRnorm can be regarded as a function of various patient-

dependent parameters and investigated in the study. 𝑆𝑁𝑅𝑛𝑜𝑟𝑚 = 𝑆𝑁𝑅𝐿√𝐷𝑇𝑃            Eq. 5 

In the first part of the study, the slice with the largest cross section in the liver on the CT transverse slice was determined. In the 

corresponding PET slice and two adjacent slices, a circular region of interest (ROI) with a diameter of 2.0±0.1 cm was manually 

drawn in a lesion-free and homogenous region of the right liver lobe with care to avoid large blood vessels and partial volume effects 

(supplementary Figure 1). The ROIs were identical in all three slices. Liver SUVmean and its standard deviation (SD) were measured 

and recorded, and determined as the average values of three ROIs. The SNRL was obtained by dividing the SUVmean by the SD (Eq. 

6) [15]. SNR𝐿 = 𝑆𝑈𝑉𝑚𝑒𝑎𝑛𝑆𝐷              Eq. 6 

Both linear and exponential fits were performed with the SNRnorm and patient-dependent parameters, and the highest coefficient of 

determination (R2) was used to determine the best-correlated parameter. In addition, the relation between the SNRnorm and the 

patient-dependent parameters, referred as SNRfit were obtained from the fit function (Eq. 7). 𝑆𝑁𝑅𝑛𝑜𝑟𝑚 ≈ 𝑆𝑁𝑅𝑓𝑖𝑡 = 𝑎(𝑝 + 𝑏)𝑐         Eq. 7 

Where p indicated the best-correlated parameter, a, b and c were constants derived from the fit function. 

In order to determine the acceptable SNRL threshold (SNRacc), a qualitative analysis on image quality was performed. The image 

quality was qualitatively evaluated by two experienced nuclear medicine physicians on a dedicated workstation (uWI, United 

Imaging Healthcare, Shanghai, China). Both readers were blinded to the patient’s history, injected activity and the acquisition time. 

Image was scored based on a 5-points Likert scale to assess the overall image quality (1=non-diagnostic image quality; 2=poor 

image quality; 3=moderate image quality; 4=good image quality; 5=excellent image quality), as shown in Fig. 3. The score of 3 was 

equivalent to the image quality to meet the clinical need in our department and served as the reference to determine the acceptable 

SNRL threshold (SNRacc). The SNRacc was obtained by calculating the mean of SNRL from all the images scored with 3 points. 

Finally, the dose regimen was determined as follows (Eq. 8).  

Injected activity = (𝑆𝑁𝑅𝑎𝑐𝑐 𝑆𝑁𝑅𝑓𝑖𝑡⁄ )2𝑡          Eq. 8 

Where t indicated the acquisition duration, and SNRfit was the function obtained from the fit function. 

Subsequently, the proposed dose regimen for was validated with a newly enrolled patient cohort. In the validation, the patient was 

injected with the 18F-FDG strictly following the proposed regimen. And image quality was assessed qualitatively using the same 

criteria by the same nuclear medicine physicians. A subsequent quantitative analysis was performed to compare the liver SNRL, 

SUVmean and SD between the two cohorts. In order to assess the lesion contrast, a lesion with the maximum uptake was selected to 



calculate the target-to-background ratio (TBR). A volume of interest (VOI) was manually drawn on each selected lesion and SUVmax 

was obtained. The lesion TBR can be calculated by dividing its SUVmax by the SUVL.  TBR = 𝑙𝑒𝑠𝑖𝑜𝑛𝑆𝑈𝑉𝑚𝑎𝑥𝑆𝑈𝑉𝐿             Eq. 9 

Statistical analysis 

All statistical analysis was performed using IBM SPSS Statistics Version 26 (IBM Inc., Chicago, IL, USA) and Prism 8 (GraphPad 

Software Inc., San Diego, California, USA). Data were described as mean ± SD. Differences in quantitative variables were assessed 

by analysis of variance (ANOVA) with post hoc Bonferroni adjustment for pairwise comparison. Independent t test was performed 

to compare the quantitative variables from the two cohorts. Categorical variables were compared using the Chi-square test. Cohen’s 

kappa analysis was performed to evaluate the inter-reader agreement. Results were considered statistically different if p is less than 

0.05.  

 

Results 

Patient characteristics 

The demographic characteristics of the two patient cohorts were listed in Table 1. In the first patient cohort to develop the dose 

regimen, a total number of 78 oncological patients (Male: 51/Female: 27) with an average age of 59.7±13.7 years (range: 19-81 

years), were retrospectively studied. The location of the primary tumor of the enrolled patients included 4 patients in the head and 

neck, 19 in the chest, 54 in the abdomen and pelvic cavity, and 1 in the retroperitoneum. In the second patient cohort to validate the 

proposed dose regimen, 38 patients (Male: 29/Female: 9) with an average age of 61.3±14.1 years were enrolled, including 1 patient 

with primary tumor located in the head and neck, 12 in the chest, and 25 in the abdomen and pelvic cavity. The blood glucose level 

for all the enrolled patients was under 6.1 mmol/L with an uptake time of 74.9±21.0 min (range: 45.0-121.0 min) and 77.3±16.1 

min (range: 46.0-120.0 min) for the two cohorts, respectively. And there were no significant differences in gender, age, BM, weight, 

BMI, LBM, FM, BSA, blood glucose level and uptake time between the two patient cohorts (all p > 0.05).  

The development of the dose regimen  

The SNRL increased along with the increase of acquisition duration with a significant difference to that in G300 (as shown Fig. 1). 

Moreover, SNRL differed between BMI groups, as illustrated in Table 2. The SNRL decreased along with the increase of the BMI 

groups for all the acquisition, as observed in the clinical practice. As expected, the SNRL of the obese group was significantly lower 

than any other groups (all p < 0.05). The SNRL in the obese group with a 5-min acquisition was comparable to that in the normal 

weight group with a 2-min acquisition (18.2±3.4 vs. 18.1± 4.2, p = 0.37). 

The SNRnorm, the normalized SNRL, was fitted with the different patient-dependent parameters using a linear and non-linear method, 

as illustrated in Fig. 2. It was found that the SNRnorm best fitted with BMI with a linear fit function, with the highest coefficient (R2 

= 0.69) and slightly lower coefficient in a non-linear fit with BMI (R2 = 0.68). Therefore, BMI was determined as the best-correlated 

parameter, with a linear fit function (Eq. 10). 



𝑆𝑁𝑅𝑛𝑜𝑟𝑚 = −0.03 ∗ 𝐵𝑀𝐼 + 1.49         Eq. 10 

The overall image quality of G30, G45, G60 and G120 were scored with 2.09±0.29, 2.47±0.50, 2.97±0.48 and 3.82±0.38, 

respectively, as presented in Table 3. The inter-reader agreement of overall image quality showed a substantial result with a kappa 

value of 0.93, 0.99, 0.95 and 0.94 for each acquisition duration, respectively. A SNRacc value of 14.0 was obtained by calculating 

the average of the SNRL of all the images with a score of 3 points. Therefore, for a given acquisition duration of 5 minutes, the new 

dose regimen can be determined as (Eq. 11):  Injected Activity(MBq) = 39.2(−0.03∗𝐵𝑀𝐼+1.49)2       Eq. 11 

Validation of the proposed regimen 

The new dose regimen was validated with the second patient cohort consisted of 38 oncological patients both qualitatively and 

quantitatively. In the qualitative analysis, there was no significant difference between BMI groups (as shown in Fig. 4), indicating 

a constant visual image quality. Comparing with that in the first patient cohort, the image quality of the patients with a BMI no less 

than 25 was improved, as illustrated in Figure 5 showing a scan of patients with a BMI of 25 and 30, respectively.  

In the quantitative analysis, there were no significant differences in liver SUVmean between the patient cohorts (p > 0.05, as shown 

in Table 4), indicating a consistent quantification. The SNRL of the all the enrolled patients was plotted as the BMI, as shown in Fig. 

6a. The SNRL in the validation cohort showed no tendency of decrease with BMI, indicating a stable image quality independent of 

patient size. In addition, there was no significant difference of the SNRL between different BMI groups, as shown in Fig. 6b. With 

regards to the selected lesions, the lesion SUVmax and TBR showed no significant difference between the patient cohorts (both p > 

0.05, as shown in Table 4).  

In addition, the injected activity of the two patient cohorts was investigated, as illustrated in Fig. 7. The injection activity was 

236.8±59.2 MBq (range, 136.9-403.3 MBq), and 79.0±23.1 MBq (range, 40.6-123.0 MBq) for the two cohorts with significant 

difference (p < 0.0001). The average injected activity in the first patient cohort were 177.0±15.7 MBq, 204.8±21.9 MBq, 255.7±26.6 

MBq and 315.3±44.3 MBq for the four BMI groups, respectively. However, the average injected activity of the validation cohort 

was reduced to 43.2±2.5 MBq, 68.0±8.3 MBq, 84.0±7.2 MBq and 107.2±8.3 MBq for four BMI groups, respectively. Therefore, 

the overall average activity was reduced by 69.2±5.4 %. In addition, the injected activity was reduced by 75.6±2.9 %, 72.1±4.0 %, 

67.1±4.4 % and 64.8±3.5 % of developing datasets for the four BMI groups with a slight difference.  

Discussion 

The current European Association of Nuclear Medicine (EANM) and the Society of Nuclear Medicine and Molecular Imaging 

(SNMMI) guidelines recommended a linear weight-based regimen for 18F-FDG PET examinations [11, 17]. A quadric relationship 

between the 18F-FDG administered activity, PET acquisition time and patient weight was also described in the guideline [11]. 

However, when a weight-based regimen is applied, the SNRL for the patient weight over 75 kg will be decreased, indicating a 

degraded image quality due to excessive attenuation and scatter. And thus, an experienced technician is required to modify the 

acquisition scheme in the clinical scenario for specific situations, which inevitably complicates the operations. Previous studies 



utilized a higher 18F-FDG activity per kilogram for patients with a body mass over 90 kg to compensate for attenuation, while SNRL 

still decreased with body mass in the overweight group [15]. In previous studies, SNRL of 9.6 and 10.0 could yield a good image 

quality [15, 18]. Tan et al. reported that the SNRL of 11.7 in the half-dose total-body group with a two-min duration was higher than 

the SNRL of 8.3 in full-dose whole-body group. However, in this study, the subjective assessment of image quality found that a 

SNRL of 14.0 could obtain a sufficient image quality. A reason for the higher SNRL in this study may be bias from different raters.  

It has been known that the patient-dependent parameters can influence the PET image quality, which is the initial motivation of this 

study. The fits of SNRnorm with different parameters showed that both the quadric and linear fitting with BMI had the highest R2 

(0.68 and 0.69, respectively). Other parameters, such as the body mass, height, body mass per height, lean body mass, fat mass and 

body surface area showed a lower value of R2 than the parameters discussed in previous studies [15, 16]. Based on the results, a 

linear fit with BMI was selected. The findings were inconsistent with previous studies which suggested a quadratic dose regimen of 

body mass. This may be due to the difference of the subjects selected in the study. The body mass of the first patient cohorts ranged 

from 34 to 110 kg and the number of enrolled patients for each BMI group was larger than the previous study. Moreover, the 

population body shape varies with races, which might also induce a bias to the results. 

A quadratic relation between the BMI and injected 18F-FDG activities was determined in this study, which contributes to more 

constant image quality not affected by BMI. Although this regimen is less convenient than a linear relation in clinical practice, it 

can be easily overcome by an automatic calculator or a look-up table. Obviously, the benefit of the new regimen exceeds the 

difficulties introduced. In the proposed regimen, the injected activity was with a 69.2±5.4 % reduction compared with that in the 

weight-based regimen (3.7 MBq/kg). In addition, the injected activity was reduced by 75.6±2.9 %, 72.1±4.0 %, 67.1±4.4 % and 

64.8±3.5 % for the underweight, normal weight, overweight and obese patient group, respectively. Additionally, the injected activity 

of normal weight group (68.0±8.3 MBq) according to the proposed regimen in our study was lower than the half-dose (119.5±18.8 

MBq) study for lung cancer [9]. It is due to the high sensitivity of the total-body PET scanner which is about 40-fold of that for a 

conventional PET scanner [11]. This helps to provide the regimen with a reduced injected activity while maintaining the image 

quality feasible for clinical practice. Obviously, the proposed regimen had limited application in patients due to the methodology. 

The patients with a BMI ≥35 were not enrolled in the study, even the patients referred a PET/CT scan in our site, were scarce. And 

thus, extrapolation was simply used to develop the regimen. Due to the mathematical nature of the quadric expression, the injected 

activity was dramatically increased for patients with. And thus, an upper limit should be determined. Here, we simply investigated 

the SNRL against BMI in a linear relationship: SNRL = -0.5*BMI + 33.1. Since the acceptable of the SNRL should be more than 

14.0 to meet the need of image quality, the upper limit of BMI was determined as 38.2 kg/m2. And thus, the proposed regimen may 

be not feasible for the patient with a BMI larger than the upper limit. 

In this study, SNR measured in the liver was selected as a measure to assess the image quality since the liver has a relatively 

homogeneous uptake of 18F-FDG. However, SNR could be influenced by several physiological factors, such as blood glucose levels, 

uptake time, plasma clearance, drinking water status, etc. Blood glucose levels affects liver uptake of the activity as reported in 

other studies [19]. To avoid interference, the glucose level was controlled within a normal range (3.9-6.1 mmol/L) for both cohorts. 



Further study should be performed with a consideration on the glucose level in a wider range. Additionally, plasma clearance can 

be influenced by water consumption before the scan and the distribution of FDG may be influenced. In our clinical practice, although 

the patients were recommended to drink 0.5-1L of water after the injection of FDG, not all the enrolled patients strictly followed 

this instruction. The uptake time of FDG also influenced the level of plasma clearance and the liver SNR. A previous study reported 

that liver SUV remains constant if the uptake time is in the range of 50–110 min [20]. The uptake time varied from 45 to 121 min 

in the study, and the results may be biased.  

The study has several limitations. Firstly, both the training and the validation cohorts do not include subjects with a BMI larger than 

35. Secondly, it is a single-center preliminarily study, and the BMI-based regimen needs to be further validated in a future multi-

center study. Thirdly, this study just simplified the regimen as a function of the injected activity. In future study, the combination of 

personalized acquisition time and injected activity should be further explored. 

Conclusion 

The study recommended a quadratic relation between the 18F-FDG injected activity and the patient’s BMI and propose a regimen 

for total-body PET imaging. In the regimen, the image quality can maintain in a constant level independent of patient size and meet 

the clinical requirement even with a reduced injected activity.  
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Figures

Figure 1

Boxplots of the SNRL (a) against acquisition durations. According to Whiskers specify Tukey test, a
signi�cant difference compared with G300 (Grey bar) is indicated with an asterisk (*, p < 0.05; ****, p <
0.0001).



Figure 2

The linear �ts (a-h) and non-linear �ts (a1-h1) of SNRnorm against patient-dependent parameters. The
parameter included height (a, a1), weight (b, b1), weigh per height (W/H, c, c1), lean body weight (LBM, d,
d1), fat mass (FM, e, e1), body surface area (BSA, f, f1) and body mass index (BMI, g, g1).

Figure 3

An example of subjectively qualitative scores. The image quality score 2, 2, 3, 4 and 5 were given to the
G30, G45, G60, G120 and G300, according to axial view images (a-e).



Figure 4

Subjective scores of different BMI groups in the validation cohort. There was no signi�cant difference
between the BMI groups. Note: ns=no signi�cant difference.



Figure 5

Patient image in developing dataset and validation dataset. MIP and transverse images of total-body
18F-FDG PET for Patient with BMI of 25 kg/m2 and 30 kg/m2 in full-dose regimen (a, b) and BMI-related
dose regimen (c, d).



Figure 6

Comparison the differences of SNRL between BMI groups in developing dataset and validation dataset.
The SNRL was negative correlation with BMI in developing dataset but not changed with BMI in
validation dataset.
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