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Abstract 42 

Background: Vitamin D plays a role in detoxifying free radicals, which might explain the 43 

previously reported lower mortality in colorectal cancer (CRC) patients with higher vitamin D 44 

levels.  45 

Objectives: We aimed to assess whether the associations of 25-hyroxyvitamin D (25(OH)D) 46 

with prognosis in CRC patients differ by total thiol level (TTL), a biomarker of antioxidant 47 

capacity. 48 

Methods: CRC patients who were diagnosed from 2003 to 2010 and recruited into a 49 

population-based study in southern Germany (N=2,592) were followed over a period of 6 years. 50 

25(OH)D and TTL were evaluated from blood samples collected shortly after CRC diagnosis. 51 

Associations of 25(OH)D with all-cause and CRC mortality according to TTL were estimated 52 

using multivariable Cox proportional hazards regression.  53 

Results: There was a weak positive correlation between 25(OH)D and TTL (r=0.26, p<0.001). 54 

25(OH)D was inversely associated with mortality among patients in the lowest and middle TTL 55 

tertiles, but no associations were found among patients in the highest TTL tertile 56 

(pinteraction=0.01). Among patients in the lowest/middle TTL tertiles, those in the middle and 57 

highest (vs. lowest) 25(OH)D tertiles had 31% and 44% lower all-cause mortality (p<0.001) and 58 

25% and 45% lower CRC mortality (p<0.001), respectively. However, in the highest TTL tertile, 59 

25(OH)D was not associated with all-cause (p=0.638) or CRC mortality (p=0.395). 60 

Conclusions: The survival advantages of CRC patients with adequate vitamin D strongly 61 

depend on antioxidant capacity and are most pronounced in case of low antioxidant capacity. 62 

These findings suggest that TTL and other biomarkers of antioxidant status may be useful for 63 

enhanced selection of patients for vitamin D supplementation besides the conventional 64 

judgment based on blood 25(OH)D concentrations and also for refining selection of patients for 65 

clinical trials aiming to estimate the effect of vitamin D supplementation. 66 
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Abbreviations 69 

CCI Charlson comorbidity index 

CI Confidence interval 

CRC Colorectal cancer 

HR Hazard ratio 

RCT Randomized controlled trial 

TTL Total thiol level 

25(OH)D 25-hyroxyvitamin D 
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Background 71 

Vitamin D plays a role in detoxifying free radicals (1), which might explain, in part, the previously 72 

reported lower mortality of cancer patients with higher vitamin D levels. A recent meta-analysis 73 

of randomized controlled trials (RCTs) has demonstrated lower cancer mortality in populations 74 

receiving vitamin D supplementation (2). Several observational studies have shown a 75 

particularly strong inverse association of 25(OHD levels, the best established marker of vitamin 76 

D status, with mortality in patients with colorectal cancer (CRC). A meta-analysis of 11 of those 77 

studies showed 32% and 33% lower all-cause and CRC mortality in patients with highest (vs. 78 

lowest) 25(OH)D levels, respectively (3). A recent meta-analysis furthermore showed a 79 

beneficial effect on progression-free survival in RCTs of CRC patients (hazard ratio [HR]: 0.65; 80 

95% confidence interval [CI]: 0.36, 0.94) (4).These findings suggest that vitamin D 81 

supplementation might be a promising approach to enhance prognosis of patients with lower 82 

vitamin D levels. However, it is unclear whether the survival benefits derived from adequate 83 

vitamin D status differ in specific patient groups, even though multiple studies have suggested 84 

no significant effect modification of this association by relevant predictors of CRC prognosis 85 

such as age, sex, or tumor stage (5, 6). 86 

Free radicals (e.g., reactive nitrogen and oxygen species) are by-products of cellular 87 

metabolism whose increases have been implicated in the initiation of several cancers (7), 88 

including CRC (8). Total thiol level (TTL) is one of the most frequently investigated markers of 89 

antioxidant capacity and is positively related to 25(OH)D (9, 10). It is conceivable that the much 90 

lower mortality observed by multiple studies in CRC patients with higher 25(OH)D levels is 91 

partly explained or modified by antioxidant levels, but this has been unclear. Such information 92 

could, however, be useful for enhanced selection of CRC patients for vitamin D supplementation 93 

besides the conventional, clinical judgment based on blood 25(OH)D concentrations only.  94 
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We aimed to evaluate whether and to what extent the associations of 25(OH)D levels with 95 

patient survival differ by antioxidant capacity, quantified by TTL, in a cohort of CRC patients 96 

recruited in a population-based setting.   97 

 98 

Methods 99 

Study population 100 

This patient cohort analysis is based on data from the DACHS (Darmkrebs: Chancen der 101 

Verhütung durch Screening) study. The DACHS study is an ongoing population-based case-102 

control study on CRC with additional patient follow-up, which has been conducted in southwest 103 

of Germany since 2003. It was designed primarily to assess the potential for endoscopic 104 

screening to reduce CRC risk. In brief, patients with first time diagnosis of CRC (International 105 

Classification of Diseases, 10th Revision, codes C18–C20) and aged 30 years or older are 106 

eligible. Patients are recruited from all 22 hospitals providing first-line treatment for CRC in the 107 

study region of about 2 million inhabitants. In the recruiting hospitals, eligible patients are 108 

informed about the study by their physicians and are recruited either during or shortly after their 109 

hospital stay for CRC surgery. Data from a population-based cancer registry indicate that about 110 

half of the eligible patients in the study region were successfully recruited. Incomplete 111 

recruitment was mainly due to work overload of the clinicians involved in patient recruitment. 112 

Further details of the DACHS study have been described elsewhere (11, 12). The DACHS study 113 

was approved by the ethics committees of the state medical boards of Baden-Wuerttemberg 114 

(ID: M-198-02) and Rhineland-Palatinate (ID: 837.419.02 [3637]) and the Medical Faculty of 115 

Heidelberg University (ID: 310/2001). All participants gave written informed consent. 116 

  117 
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Inclusion criteria 118 

Our study population for this secondary analysis comprised all patients diagnosed in 2003-2010 119 

and with data on 25(OH)D and TTL (N=2,856, 88%; Figure 1). Patients who were not operated 120 

for CRC (n=48), those whose blood samples were taken within 3 days of CRC surgery or within 121 

7 days of chemo(radio)therapy initiation (n=106), and those with no information on tumor stage 122 

and other variables of interest (n=110) were excluded. The exclusions due to blood sampling 123 

shortly after surgery or chemo(radio)therapy were applied because surgery and 124 

chemo(radio)therapy might have an immediate effect on TTL or 25(OH)D levels (13-15).  125 

 126 

Data collection  127 

At baseline (mostly during or shortly after hospital stay for CRC surgery), blood samples were 128 

taken and trained interviewers conducted personal interviews with the participants to collect 129 

information on lifestyle factors and medical history, using a standardized questionnaire. 130 

Information on tumor characteristics and comorbidities that were diagnosed either prior to or at 131 

the time of CRC diagnosis was abstracted from hospital records. We used the Charlson 132 

comorbidity index (CCI) (16) to quantify overall comorbidity, as described elsewhere (17). 133 

Patients were grouped into four groups, namely, CCI scores 0 (no comorbidity), 1, 2, or 3+ 134 

(severe comorbidity). Whenever possible, patient recruitment and blood sample collection were 135 

done before or shortly after CRC surgery and prior to chemo(radio)therapy initiation. Median 136 

time from diagnosis to blood sampling was 63.5 days (interquartile range [IQR]: 13-275 days). 137 

Serum aliquots were obtained from blood samples and stored at –80°C until analysis for various 138 

measures, including TTL and 25(OH)D. Median frozen time was 8.9 (IQR: 7.2-10.8) years. 139 

About three years after diagnosis, information on CRC treatment was collected from medical 140 

records. Vital status and cause of death were ascertained from population registries and public 141 

health authorities about three, five, and 10 years after CRC diagnosis.  142 

  143 
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Measurement of TTL 144 

Blood samples were analyzed in two batches in the same laboratory and under similar 145 

conditions (70% in April 2016, and 30% in June 2016). Standardized assay for measuring TTL 146 

(SHp assay, from Diacron, Grosseto, Italy) was adapted to an auto-analyzer (LX20-Pro, 147 

Beckman-Coulter, Woerden, The Netherlands) at the Laboratory for Health Protection Research 148 

(Bilthoven, The Netherlands). Of samples analyzed in the first eight days, quality assessment 149 

showed comparable mean values, with no evidence of day-to-day variability. The SHp test is a 150 

spectrophotometric test, which estimates the concentration of free thiol groups (e.g., sulfhydryl 151 

groups) in the serum in μmol/L. Higher values indicate higher antioxidant capacities. 152 

 153 

Measurement of 25(OH)D 154 

We used High-Performance Liquid Chromatography Electro Spray Ionization-Mass 155 

Spectrometry (HPLC–ESI–MS) in positive-ion mode to estimate 25(OH)D concentrations in 70 156 

μL of serum, as described previously (5). All measurements were conducted in the Division of 157 

Preventive Oncology, German Cancer Research Center over a period of 6 months. The HPLC–158 

ESI–MS method was standardized using pooled human serum (purchased from a local blood 159 

bank), and the Standard Reference Material 972a was developed by the National Institute of 160 

Standards and Technology. 161 

 162 

Statistical analysis 163 

The mean values of TTL and 25(OH)D differed by year of blood sampling (e.g., they were 164 

higher in the earlier years of diagnosis, Supplemental Table 1). To address this, we calculated 165 

a z-score for each patient by subtracting the mean of TTL or 25(OH)D of each year of blood 166 

sampling from the TTL or 25(OH)D value recorded for each patient and dividing by the standard 167 

deviation of that year (18). This standardized the data such that the mean of each year’s sample 168 

was zero and the standard deviation was one.  169 
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We evaluated correlations between z-scores of TTL and 25(OH)D using Pearson correlation 170 

and a scatter plot. Also, we assessed the distributions of z-scores of TTL and 25(OH)D by 171 

baseline characteristics. ANOVA tests were used to test the mean differences for statistical 172 

significance, adjusting for age and sex. HRs and 95%CIs for the associations of TTL and 173 

25(OH)D (z-score quintiles) with all-cause mortality (primary outcome, defined as mortality from 174 

any cause) and CRC mortality (secondary outcome, defined as mortality from CRC) were 175 

estimated using Cox proportional hazards regression. The association of TTL with survival 176 

violated the proportional hazards assumption, as it became weaker after 6 years of follow-up. 177 

To address this, we censored patients at 6 years of follow-up (median follow-up time). Time was 178 

calculated from CRC diagnosis to the respective endpoints or end of follow-up, whichever 179 

occurred first.  180 

Four adjustment levels, defined a priori, were applied: (i) adjustment for sex and age, (ii) 181 

additional adjustment for tumor stage (Union for International Cancer Control, I-IV) (19), (iii) 182 

additional adjustment for tumor sub-site, year of diagnosis, education level, smoking status, 183 

body mass index (BMI), lifetime physical activity and alcohol consumption, vegetable and fruit 184 

consumption, and time of blood draw with respect to season, CRC surgery, and 185 

chemo(radio)therapy initiation, and CCI score, (iv) and further adjustment for TTL or 25(OH)D, 186 

depending on the variable of interest. All covariates were included in the models as categorical 187 

variables, as listed in Table 1 and Supplemental Table 2. We checked the proportional 188 

hazards assumption for all covariates, by assessing whether their interaction with follow-up time 189 

was statistically significant. Time-dependent covariates (interaction terms of BMI and tumor site 190 

with follow-up time) were added to the models because of violation of the proportional hazards 191 

assumption. Also, we accounted for left truncation due to recruitment of patients at different 192 

times after diagnosis, by including “delayed entry time” in the models.   193 
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Subgroup analyses of the associations of 25(OH)D with survival by TTL (main objective and 194 

determined a priori) and by all covariates (as additional analysis) were performed. Potential 195 

effect modifications of the associations by those factors were assessed with statistical tests for 196 

interaction. Here, we corrected for multiple testing using various methods such as the 197 

Bonferroni method. We furthermore evaluated dose-response relationships between 25(OH)D 198 

and mortality according to TTL, using restricted cubic spline functions (20). Knots were placed 199 

at the 25th, 50th, and 75th percentiles, with additional analysis using knots at the 5th, 65, and 95th 200 

percentiles.  201 

All analyses were conducted with the SAS software, version 9.4 (SAS Institute, Cary, NC). 202 

Statistical tests were two-sided, with a significance level of 5%. Multiple testing was corrected 203 

using the various adjustment methods (e.g., Bonferroni method).  204 



11 
 

Results 205 

 206 

Baseline characteristics 207 

A total of 2,592 patients were included in the analysis (Figure 1). The median age was 69 208 

years; about 23%, 31%, 33%, and 13% of the patients had stage I, II, III, and IV cancer, 209 

respectively. Correlation analysis showed a weak positive correlation between TTL and 210 

25(OH)D (r=0.26, p<0.001; Figure 2), which was similar in men (r=0.25, p<0.001) and women 211 

(r=0.26, p<0.001). Table 1 shows the distribution of z-scores of TTL and 25(OH)D by baseline 212 

characteristics. TTL was especially low in older and underweight and obese patients, those with 213 

severe comorbidities, and stage IV patients. Levels of 25(OH)D were particularly low in older, 214 

underweight, and obese patients, current smokers and patients consuming fruit < once per day, 215 

with severe comorbidities, and with stage IV cancer.  216 

Levels of TTL and 25(OH)D also differed by time of blood collection with respect to CRC 217 

surgery and initiation of chemo(radio)therapy (Supplemental Table 2). For example, the mean 218 

z-scores of TTL and 25(OH)D were lowest among patients whose samples were taken within 219 

two weeks of surgery and highest among those whose samples were collected more than 8 220 

weeks after surgery. TTL was lowest when samples were taken within one week of 221 

chemo(radio)therapy initiation (−0.28) and highest when samples were taken 5+ months after 222 

chemo(radio)therapy initiation (>0.25), but no clear patterns were observed for 25(OH)D.  223 

  224 
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Associations of TTL and 25(OH)D with CRC prognosis 225 

During a follow-up period of 6 years, 863 (33%) deaths occurred, of which 579 (67%) were due 226 

to CRC. Table 2 shows HRs for the associations of TTL and 25(OH)D with CRC prognosis at 227 

different adjustment levels. In the basic model which included age and sex, highest (vs. lowest) 228 

quintiles of TTL and 25(OH)D were associated with 61% (HR: 0.39, 95%CI: 0.30, 0.49) and 229 

53% (HR: 0.47, 95%CI: 0.38, 0.59) lower all-cause mortality, respectively. The associations 230 

were attenuated after adjusting for tumor stage but remained highly significant (HR: 0.51, 231 

95%CI: 0.40, 0.65 for TTL and HR: 0.57, 95%CI: 0.46, 0.71 for 25[OH]D). In the 232 

comprehensively adjusted models, the associations of TTL and 25(OH)D became slightly 233 

weaker, but higher TTL and 25(OH)D levels were still strongly associated with lower mortality 234 

(p<0.001). Compared to the lowest quintile, patients in the highest TTL quintile had 47% (HR: 235 

0.53, 95%CI: 0.41, 0.69) and 41% (HR: 0.59, 95%CI: 0.43, 0.81) lower all-cause and CRC 236 

mortality, respectively. For 25(OH)D, patients in the highest quintile had 44% (HR: 0.66, 95%CI: 237 

0.52, 0.83) and 24% (HR: 0.76, 95%CI: 0.57, 1.01) lower all-cause and CRC mortality, 238 

respectively, but the latter did not reach statistical significance. 239 

 240 

Subgroup analyses of 25(OH)D and CRC prognosis by TTL and other factors 241 

We observed statistically significant interactions between 25(OH)D and TTL with all-cause 242 

(pinteraction=0.014) and CRC mortality (pinteraction=0.018, Table 3). Subgroup analysis showed 243 

strong inverse associations of 25(OH)D with mortality among patients in the lowest and middle 244 

TTL tertiles, but no associations were found among patients in the highest TTL tertile. 245 

Compared to the lowest tertile, highest 25(OH)D tertile was associated with 31% (HR: 0.69, 246 

95%CI: 0.52, 0.93) and 45% (HR: 0.55, 95%CI: 0.39, 0.77) lower all-cause mortality among 247 

patients in the lowest and middle TTL tertile, respectively. In a combined analysis of the middle 248 

and lowest tertiles of TTL, middle and highest (vs. lowest) 25(OH)D tertiles were associated with 249 

31% (HR: 0.69, 95%CI: 0.57, 0.83) and 44% (HR: 0.56, 95%CI: 0.46, 0.70) lower all-cause 250 
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mortality (p<0.001), and 25% (HR: 0.75, 95%CI: 0.60, 0.94) and 45% (HR: 0.55, 95%CI: 0.42, 251 

0.72) lower CRC mortality (p<0.001), respectively. However, in the highest TTL tertile, 25(OH)D 252 

was not associated with all-cause (p=0.638) or CRC mortality (p=0.395), but patients with higher 253 

25(OH)D levels had a slightly higher mortality. In sensitivity analysis wherein the analysis was 254 

restricted to patients having blood sampling within 3 months of diagnosis, middle and highest 255 

(vs. lowest) 25(OH)D tertiles were associated with 36% (HR: 0.64, 95%CI: 0.51, 0.80) and 40% 256 

(HR: 0.60, 95%CI: 0.46, 0.78) lower all-cause mortality among patients in the lowest and middle 257 

TTL tertiles combined, whereas no associations were seen among patients in the highest TTL 258 

tertile (HR: 1.07, 95%CI: 0.54, 2.10 and HR: 0.92, 95%CI: 0.44, 1.93 for middle and highest vs. 259 

lowest 25(OH)D tertiles, respectively; data not shown). 260 

Figure 3 shows results of the dose-response relationship between 25(OH)D and all-cause 261 

mortality according to TTL. Among patients in the lowest and middle TTL tertiles (Figure 3A), 262 

an inverse association between 25(OH)D and all-cause mortality was observed, with a steep 263 

increase in mortality among patients with z-scores <0, beyond which no further survival benefit 264 

was observed. By contrast, in the highest TTL tertile (Figure 3B), higher 25(OH)D was non-265 

significantly associated with higher mortality. Similar patterns of associations were observed for 266 

CRC mortality (Supplemental Figure 1) and in the sensitivity analysis in which knots were 267 

placed at the 5th, 65th, and 95th percentiles (data not shown). 268 

The associations between 25(OH)D and mortality were also particularly pronounced in current 269 

smokers (pinteraction=0.005, Supplemental Table 3). The interaction tests between 25(OH)D and 270 

TTL with respect to both all-cause and CRC mortality and between 25(OH)D and smoking 271 

status with respect to all-cause mortality remained statistically significant upon correction for 272 

multiple testing by the false discovery rate method, but not with more conservative methods 273 

(Supplemental Table 4). No significant effect modifications by age, sex, comorbidity, tumor 274 

stage and sub-site, or lifestyle factors such as physical activity and BMI were observed in the 275 

associations between 25(OH)D and CRC prognosis (Supplemental Table 3data not shown).   276 
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Discussion 277 

In this cohort of CRC patients, we found strong inverse associations of 25(OH)D with mortality 278 

in patients with low or moderate TTL but no associations in those with higher TTL, with evidence 279 

of statistically significant effect modifications of the associations of 25(OH)D with survival by 280 

TTL. The observed differential association by TTL, however, became weaker upon correction 281 

for multiple testing. To our knowledge, this is the first study to evaluate to what extent the 282 

associations of 25(OH)D with survival outcomes differ by antioxidant capacity. 283 

Evidence from numerous cohort studies suggest that 25(OH)D is inversely associated with 284 

mortality in CRC patients (3, 5, 13). However, it is unclear whether higher levels of vitamin D are 285 

associated with lower mortality in all patient groups derive survival benefits from higher vitamin 286 

D levels, although multiple studies suggest that this association seems unlikely to be modified 287 

by key predictors of CRC prognosis such as age, sex, or tumor stage (5, 6). Besides the well-288 

known immunomodulatory and anti-tumor effects of vitamin D (e.g., anti-proliferation, pro-289 

differentiation, anti-angiogenesis, and pro-apoptosis) (21), vitamin D also plays an important 290 

role in lowering oxidative stress (1), a factor that is associated with risk of several cancers, 291 

including lung (22, 23), breast (22, 23), and colorectal cancer (23, 24), and mortality in both the 292 

general population (25) and lung cancer patients (26). 293 

It is thus possible that the higher survival associated with higher 25(OH)D levels in CRC 294 

patients is modified or partly explained by antioxidant capacity, but this has not been 295 

investigated previously. We observed significant effect modifications of the associations 296 

between 25(OH)D and survival by TTL, with no associations in patients with higher TTL. This 297 

finding suggests that CRC patients with adequate antioxidant capacities might derive no survival 298 

benefit from higher vitamin D levels. If our results are confirmed by large studies, TTL and other 299 

biomarkers of antioxidant status could be useful for enhanced selection of patients for vitamin D 300 

supplementation besides the use of blood 25(OH)D concentrations in clinical decision-making 301 
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and also for optimizing selection of patients for RCTs aiming to estimate the effect of vitamin D 302 

supplementation on patient outcomes in cancer survivors.  303 

We also observed a slightly higher mortality among CRC patients with higher 25(OH)D who had 304 

adequate antioxidant capacity. Although precision of the risk estimate in this group was low, this 305 

finding deserves further attention. For example, although vitamin D toxicity (e.g., hypercalcemia) 306 

in cancer patients and the general population is rare (27), our findings demonstrate the potential 307 

for biomarkers of antioxidant status to refine risk stratification for further minimizing the risk of 308 

potential adverse outcomes of vitamin D supplementation in CRC patients.  309 

Our study has limitations. First, despite great efforts to include patients of all ages in the DACHS 310 

study, there was an age gradient in the patient recruitment, with somewhat higher recruitment 311 

rates at younger ages. Hence, older patients in whom TTL and vitamin D levels are usually 312 

lower (25) might be underrepresented in our study, which limits our ability to evaluate the effects 313 

of most severe vitamin D and TTL deficiencies. However, it is worth mentioning that the DACHS 314 

study is rather unique in not having set an upper age limit, whereas the oldest age groups have 315 

been excluded altogether in most previous studies. Second, although 25(OH)D and TTL were 316 

evaluated using standardized methods, their levels might still be affected by surgery or 317 

chemo(radio)therapy administration (13-15), as also observed in our analysis. We made an 318 

effort to address this by excluding patients whose blood samples were taken shortly after CRC 319 

surgery and chemo(radio)therapy initiation and by also adjusting for time of blood sampling with 320 

respect to these factors in all our models. Lastly, the use of z-scores precluded us from 321 

identifying the specific TTL levels at which adequate levels of 25(OH)D may or may not be 322 

associated with improvement in survival in CRC patients. Large studies with blood sample 323 

collection within a short period (calendar year of diagnosis) and using raw 25(OH)D and TTL 324 

(rather than transformed) data for analysis are needed to address this limitation.   325 
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Major strengths of our study include recruitment of patients in a population-based setting, the 326 

use of prospective design, and detailed evaluation of potential confounding factors such as 327 

lifestyle factors and comorbidities. Also, we were able to adjust for and conduct subgroup 328 

analysis by a large number of relevant factors such as tumor stage, age, comorbidities, and time 329 

of blood draw with respect to season, CRC surgery, and chemo(radio)therapy initiation. 330 

However, residual confounding due to unmeasured factors (e.g., frailty) and less precisely 331 

measured factors (e.g., physical activity, alcohol consumption, or fruits and vegetables intake) 332 

or misspecification of these factors in models is a problem in observational studies and might 333 

have impacted our risk estimates. 334 

Conclusions 335 

Data from this cohort study suggest that the association between vitamin D and CRC prognosis 336 

depends on antioxidant capacity (quantified by TTL), with a strong inverse association between 337 

25(OH)D and mortality among patients with low or medium TTL levels, and no associations 338 

between 25(OH)D and survival in patients with sufficient TTL levels. These findings suggest that 339 

TTL and other biomarkers of antioxidant capacity may be useful for enhanced selection of 340 

patients for vitamin D supplementation besides the conventional judgment based on blood 341 

25(OH)D concentrations and also for refining selection of patients for RCTs aiming to estimate 342 

the effect of vitamin D supplementation.  343 
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Table 1: Distribution of TTL and 25(OH)D according to baseline characteristics 

Baseline     TTL (z-score)  25(OH)D (z-score) 

characteristics Total Range: -3.08 to 3.42 Range: -1.47 to 8.31  

 N % Mean  SD p Mean  SD p 

Sex            0.017      0.007 
   Women  1050 40.5  -0.07 1.00   -0.08 1.00  
   Men  1542 59.5   0.05 1.00      0.05 1.00  
Age at diagnosis (years)      <0.001    <0.001 
   30-59  523 20.2   0.39 1.04    0.13 1.02  
   60-69  846 32.6   0.09 0.97    0.10 1.04  
   70-79  845 32.6  -0.10 0.95    -0.03 0.96  
   ≥80  378 14.6  -0.51 0.86   -0.34 0.88  
Years of school education         0.119      0.002 
   <10  1767 68.2  -0.05 0.98   -0.06 0.99  
   10-11  438 16.9   0.07 1.01    0.09 1.00  
   >11  387 14.9   0.15 1.04    0.15 1.04  
BMI at diagnosis (kg/m2)      <0.001    <0.001 
   <18.5  51 2.0  -0.16 0.93   -0.30 0.80  
   18.5-24.9  945 36.4   0.09 1.04    0.12 1.15  
   25-29.9  1107 42.7  -0.01 0.99   -0.03 0.93  
   ≥30  489 18.9  -0.13 0.92   -0.13 0.81  
Physical activity 1 (MET-h/wk)       0.027      0.054 
   Q1 (3.3-130.7)  647 25.0   0.08 1.02    0.05 1.10  
   Q2 (130.8-192.8)  648 25.0  -0.01 0.99    0.00 0.97  
   Q3 (192.9-277.3)  649 25.0  -0.03 1.01    0.00 1.05  
   Q4 (277.4-788.2)  648 25.0  -0.05 0.98   -0.06 0.86  
Smoking status         0.016     <0.001 
   Never  1039 40.1  -0.11 0.98   -0.03 0.99  
   Former  1145 44.2   0.06 0.98    0.07 1.01  
   Current  408 15.7   0.09 1.08    -0.12 0.97  
Alcohol consumption1 (g of ethanol/day) 2     0.949      0.001 
   None  422 16.3  -0.10 1.04     -0.17 0.86  
   Low  1476 56.9   0.00 0.98    0.05 1.04  
   Moderate  496 19.1   0.04 1.01    0.04 1.00  
   High  198 7.6   0.10 0.98   -0.13 0.88  
Vegetable intake         0.006      0.020 
   < once per day  370 14.3  -0.05 0.99   -0.08 0.90  
   ≥ once per day  2222 85.7   0.01 1.00      0.01 1.01  
Fruit intake         0.015    <0.001 
   < once per day  920 35.5  -0.03 1.01    -0.09 0.92  
   ≥ once per day  1672 64.5   0.02 0.99      0.05 1.03  
Charlson comorbidity score     <0.001    <0.001 
   0 (no comorbidity)  1505 58.1   0.13 0.99    0.08 1.04  
   1 (low)  558 21.5  -0.07 0.98   -0.08 0.96  
   2 (moderate)  308 11.9  -0.22 1.01   -0.11 0.89  
   3+ (severe)  221 8.5  -0.42 0.90   -0.22 0.91  
Tumor site         0.051      0.059 
   Proximal colon  871 33.6  -0.06 1.00   -0.03 1.01  
   Distal colon3  846 32.6   0.06 0.99    0.06 1.06  
   Rectum    875 33.8   0.00 1.00     -0.03 0.92  
Tumor stage, UICC       <0.001    <0.001 
   I  597 23.0   0.13 0.98    0.19 1.10  
   II  806 31.1   0.04 1.02   -0.02 1.04  
   III  854 33.0  -0.02 0.99   -0.03 0.93  
   IV  335 12.9  -0.28 0.93   -0.21 0.82  

Abbreviations: BMI, Body mass index; MET-h/wk, Metabolic equivalent task hour per week; Q, Quartile; TTL, Total 

thiol level; UICC, Union for International Cancer Control 
1 Lifetime estimates; 2 None, low, moderate, and high defined as 0, 0.1-24.0, 24.1-50.0, and >50.0 for men and 0, 0.1-
12.0, 12.1-1-25.0, and >25.0 for women, respectively); 3 Including rectosigmoidal tumors 

p values were calculated from one-way analysis of variance test and were adjusted for age and sex    
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Table 2: Associations of TTL and 25(OH)D with CRC prognosis 

Marker Mortality z-score quintiles 
(range) 

At 
risk 

Events  
 

HR1 (95% CI) HR2 (95% CI) HR3 (95% CI) HR4 (95% CI) 

TTL All-cause Q1 (-3.08, -0.91) 518 252 1.00 1.00 1.00 1.00 
   Q2 (-0.90, -0.28) 519 211 0.83 (0.69, 1.00) 0.96 (0.80, 1.16) 1.00 (0.82, 1.21) 1.08 (0.89, 1.31) 
  Q3 (-0.27,  0.26) 518 168 0.64 (0.53, 0.78) 0.68 (0.56, 0.83) 0.68 (0.55, 0.84) 0.74 (0.60, 0.91) 
  Q4 (0.27,   0.88) 519 137 0.54 (0.44, 0.67) 0.65 (0.52, 0.80) 0.62 (0.49, 0.77) 0.68 (0.54, 0.85) 
  Q5 (0.89,   3.42) 518 95 0.39 (0.30, 0.49) 0.51 (0.40, 0.65) 0.48 (0.37, 0.63) 0.53 (0.41, 0.69) 
     p<0.001 p<0.001 p<0.001 p<0.001 
  Per 1 SD // // 0.71 (0.66, 0.76) 0.76 (0.71, 0.82) 0.75 (0.70, 0.81) 0.77 (0.71, 0.83) 
         
  CRC Q1 (-3.08, -0.91) 518 167 1.00 1.00 1.00 1.00 
   Q2 (-0.90, -0.28) 519 136 0.78 (0.62, 0.98) 0.97 (0.77, 1.22) 0.96 (0.76, 1.22) 1.04 (0.81, 1.32) 
  Q3 (-0.27,  0.26) 518 110 0.60 (0.47, 0.77) 0.67 (0.52, 0.85) 0.65 (0.51, 0.84) 0.69 (0.54, 0.90) 
  Q4 (0.27,   0.88) 519 95 0.53 (0.41, 0.68) 0.69 (0.54, 0.90) 0.64 (0.48, 0.84) 0.69 (0.52, 0.91) 
  Q5 (0.89,   3.42) 518 71 0.39 (0.29, 0.51) 0.59 (0.44, 0.79) 0.55 (0.40, 0.75) 0.59 (0.43, 0.81) 
     p<0.001 p<0.001 p<0.001 p<0.001 
  Per 1 SD // // 0.71 (0.65, 0.77) 0.80 (0.73, 0.87) 0.78 (0.71, 0.86) 0.79 (0.72, 0.87) 
         
25(OH)D All-cause Q1 (-1.47, -0.80) 518 261 1.00 1.00 1.00 1.00 
  Q2 (-0.79, -0.45) 519 177 0.69 (0.57, 0.84) 0.73 (0.60, 0.88) 0.75 (0.62, 0.92) 0.77 (0.63, 0.94) 
  Q3 (-0.44,  0.02) 518 171 0.62 (0.51, 0.75) 0.64 (0.53, 0.78) 0.68 (0.56, 0.83) 0.71 (0.58, 0.87) 
  Q4 (0.03,   0.66) 519 128 0.47 (0.38, 0.58) 0.55 (0.44, 0.68) 0.59 (0.47, 0.74) 0.62 (0.49, 0.77) 
  Q5 (0.67,   8.31) 518 126 0.47 (0.38, 0.59) 0.57 (0.46, 0.71) 0.60 (0.48, 0.75) 0.66 (0.52, 0.83) 
     p<0.001 p<0.001 p<0.001 p<0.001 
  Per 1 SD // // 0.78 (0.72, 0.84) 0.83 (0.77, 0.90) 0.85 (0.79, 0.93) 0.89 (0.82, 0.97) 
         
 CRC Q1 (-1.47, -0.80) 518 162 1.00 1.00 1.00 1.00 
  Q2 (-0.79, -0.45) 519 126 0.77 (0.61, 0.97) 0.83 (0.66, 1.05) 0.84 (0.66, 1.07) 0.85 (0.67, 1.09) 
  Q3 (-0.44,  0.02) 518 120 0.70 (0.55, 0.89) 0.74 (0.59, 0.95) 0.77 (0.60, 0.98) 0.79 (0.62, 1.02) 
  Q4 (0.03,   0.66) 519 83 0.48 (0.37, 0.63) 0.60 (0.46, 0.79) 0.62 (0.47, 0.81) 0.64 (0.49, 0.86) 
  Q5 (0.67,   8.31) 518 88 0.51 (0.39, 0.67) 0.68 (0.52, 0.88) 0.70 (0.53, 0.92) 0.76 (0.57, 1.01) 
     p<0.001 p=0.002 p=0.008 p=0.041 
  Per 1 SD // // 0.77 (0.71, 0.85) 0.86 (0.78, 0.95) 0.88 (0.79, 0.97) 0.91 (0.82, 1.00) 

Abbreviations: BMI, Body mass index; CCI, Charlson comorbidity index; CRC, Colorectal cancer; CI, Confidence interval; HR, Hazard ratios and were calculated 

from Cox regression; SD (Per one unit increase in standard deviation); TTL, Total thiol level; 25(OH)D, 25-hydroxyvitamin D 
1Adjusted for age and sex 
2Additional adjustment for tumor stage 
3Additional adjustment for tumor site, year of diagnosis, years of school education, BMI, lifetime physical activity, smoking status, lifetime alcohol consumption, 
vegetable and fruit intake, time of blood draw with respect to season, chemo(radio)therapy initiation, and CRC surgery, CCI score, tumor site × log(time), and BMI 
× log(time) 
4Further adjustment for TTL or 25(OH)D (depending on the exposure of interest) 

Statistically significant results are highlighted in bold 
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Table 3: Associations of 25(OH)D with CRC prognosis stratified by TTL  

Tertile Tertile of   All-cause mortality  CRC mortality 

of TTL 25(OH)D N n HR (95% CI)1 n HR (95% CI)1 
  (at risk) (events)  (events)  

     pinteraction=0.014   pinteraction=0.018 

Lowest  Lowest 404  227 1.00  148 1.00 

 Middle 266  103 0.66 (0.51, 0.84)  71 0.69 (0.51, 0.94) 
 Highest 194  70 0.69 (0.52, 0.93)  41 0.62 (0.43, 0.90) 
     p=0.001   p=0.009 
         
Middle Lowest 286  118 1.00  75 1.00 

 Middle 301  92 0.78 (0.58, 1.04)  63 0.93 (0.64, 1.36) 
 Highest 277  61 0.55 (0.39, 0.77)  42 0.60 (0.39, 0.93) 
     p=0.003   p=0.052 
         
Highest Lowest 174  46 Ref.  30 1.00 

 Middle 297  64 1.02 (0.66, 1.56)  50 1.27 (0.75, 2.15) 
 Highest 393  82 1.18 (0.78, 1.79)  59 1.42 (0.86, 2.36) 
     p=0.638   p=0.395 
         

Lowest & Lowest 690  345 1.00  223 1.00 
middle  Middle 567  195 0.69 (0.57, 0.83)  134 0.75 (0.60, 0.94) 
combined Highest 471  131 0.56 (0.46, 0.70)  83 0.55 (0.42, 0.72) 
     p<0.001   p<0.001 

Abbreviations: BMI, Body mass index; CI, Confidence interval;  CRC, Colorectal cancer; HR, Hazard ratio; TTL, 

Total thiol level; 25(OH)D, 25-hydroxyvitamin D 
1Hazard ratios were calculated from Cox regression and were adjusted for age, sex, tumor stage, tumor site, year of 
diagnosis, years of school education, BMI, lifetime physical activity, smoking status, lifetime alcohol consumption, 
vegetable and fruit intake, time of blood draw with respect to season, chemo(radio)therapy initiation, and CRC 
surgery, Charlson comorbidity score, tumor site × log(time), and BMI × log(time) 

Statistically significant results are highlighted in bold 
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Figure 1: Flow diagram showing selection of the study population 

Abbreviation: 25(OH)D, 25-hydroxyvitamin D 

 

 

 

 

 

 

Figure 2: Scatter plot showing the relationship between TTL and 25(OH)D (N=2592) 

Abbreviation: TTL, Total thiol level; 25(OH)D, 25-hydroxyvitamin D 

 

Correlation coefficient was calculated from the Pearson correlation test 

 

 

 

 

 

 

 

Figure 3: Dose-response relationship between 25(OH)D and all-cause mortality by TTL 

Abbreviations: CL, Confidence limit; TTL, Total thiol level; 25(OH)D, 25-hydroxyvitamin D 

Hazard ratios were adjusted for age, sex, tumor site, year of diagnosis, years of school education, body mass index, 

lifetime physical activity, smoking status, lifetime alcohol consumption, vegetable and fruit intake, time of blood draw with 

respect to season, chemo(radio)therapy initiation, and CRC surgery, and Charlson comorbidity score    

Knots were placed at the 25th, 50th, and 75th percentiles. 
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