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Abstract

:

Simple Summary


Depression and cognitive problems are common in breast cancer survivorship and reduce quality of life. Depression, a risk factor for cognitive decline, is often accompanied by elevated inflammation and a “leaky gut”, which can also impact cognitive function. This study assessed whether depression in tandem with either elevated inflammation or intestinal permeability predicted poorer subjective or objective cognitive function among breast cancer survivors. In secondary analyses of data from 613 survivors with 1015 total study visits, we found that depression combined with either heightened inflammation or intestinal permeability enhanced subjective cognitive complaints, especially focus problems. On neuropsychological tests, depressed survivors performed worse regardless of inflammation or intestinal permeability. These findings suggest that survivors with depression accompanied by immune dysregulation may be more aware of depression-related cognitive deficits compared to other depressed survivors.




Abstract


About one-in-three breast cancer survivors have lingering cognitive complaints and objective cognitive impairment. Chronic inflammation and intestinal permeability (i.e., leaky gut), two risk factors for cognitive decline, can also fuel depression—another vulnerability for cognitive decline. The current study tested whether depression accompanied by high levels of inflammation or intestinal permeability predicted lower subjective and objective cognitive function in breast cancer survivors. We combined data from four breast cancer survivor studies (n = 613); some had repeated measurements for a total of 1015 study visits. All participants had a blood draw to obtain baseline measures of lipopolysaccharide binding protein—a measure of intestinal permeability, as well as three inflammatory markers that were incorporated into an inflammatory index: C-reactive protein, interleukin-6, and tumor necrosis factor-α. They reported depressive symptoms on the Center for Epidemiological Studies depression scale (CES-D), and a binary variable indicated clinically significant depressive symptoms (CES-D ≥ 16). The Kohli (749 observations) and the Breast Cancer Prevention Trial (591 observations) scales assessed subjective cognitive function. Objective cognitive function tests included the trail-making test, Hopkins verbal learning test, Conners continuous performance test, n-back test, FAS test, and animal-naming test (239–246 observations). Adjusting for education, age, BMI, cancer treatment type, time since treatment, study visit, and fatigue, women who had clinically elevated depressive symptoms accompanied by heightened inflammation or intestinal permeability reported poorer focus and marginally poorer memory. However, poorer performance across objective cognitive measures was not specific to inflammation-associated depression. Rather, there was some evidence of lower verbal fluency; poorer attention, verbal learning and memory, and working memory; and difficulties with visuospatial search among depressed survivors, regardless of inflammation. By themselves, inflammation and intestinal permeability less consistently predicted subjective or objective cognitive function. Breast cancer survivors with clinically significant depressive symptoms accompanied by either elevated inflammation or intestinal permeability may perceive greater cognitive difficulty, even though depression-related objective cognitive deficits may not be specific to inflammation- or leaky-gut-associated depression.
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1. Introduction


Troubling cognitive symptoms and objective deficits can persist even years after breast cancer treatment [1,2]. These symptoms are often tied to chemotherapy treatment (i.e., “chemobrain”, “chemo-fog”). However, the magnitude of these chemotherapy-related deficits depends on the type of control group (i.e., healthy control or chemotherapy-free cancer patients) and adjustment for pretreatment performance [3]. Also, a recent systematic review found that cognitive deficits in breast cancer survivorship may not be specific to chemotherapy treatment; in fact, about one-quarter of patients show evidence of cognitive impairment before chemotherapy, and even those treated with other types of therapy may have cognitive declines throughout the disease [2]. Overall, a third of women may have clinically significant cognitive impairment in breast cancer survivorship, and the prevalence is even higher—close to 50%—when considering patient complaints (i.e., subjective cognitive function) [4,5].



Subjective and objective cognitive functioning may provide distinct information, as the two are often unrelated among cancer patients [6,7], with some notable exceptions [8]. Despite these differences in subjective and objective cognitive functioning, subjective cognitive problems are important and meaningful. In fact, Savard and Ganz asserted that patient cognitive complaints should be a primary consideration in research and the clinic, just as psychiatric disorder diagnostic criteria include subjective distress [9]. Moreover, as neurological abnormalities emerge, people may be initially able to compensate and perform normally on objective tests, whereas self-report measures may detect subtle changes that foreshadow decline [10]. Qualitative interviews among survivors one year post-chemotherapy treatment indicated that perceived cognitive impairment (i.e., subjective cognitive function) impaired quality of life [11]. Women primarily expressed concerns about short- and long-term memory, verbal fluency, executive functioning, processing speed, and concentration. These lingering symptoms became especially concerning after other treatment-related symptoms had subsided. Survivors expressed frustration about these perceived impairments, and some indicated that cognitive problems reduced their self-confidence, made them feel as if they were not the same person, negatively affected their relationships, and made work tasks more effortful [11].



Elevated depressive symptoms may, at least transiently, affect one-third of breast cancer survivors [12], and depression may be a risk factor for poorer cognition in survivorship, as it is in the general population [13]. In fact, depression-initiated cognitive impairment may persist even after depression remits [13]. One report suggested that depressive symptoms may be an even stronger predictor of subjective cognitive complaints than cancer treatment type among survivors [14]. Also, our lab previously reported that loneliness, a harbinger of depression [15], predicted poorer subjective memory and concentration and worse performance on a measure of sustained attention among breast cancer survivors [16]. Therefore, the current body of literature points to depression as a potential risk factor for cognitive issues throughout survivorship.



Although cognitive symptoms such as indecisiveness are part of the depression diagnostic criteria [17], there are 227 possible symptom profiles for depression [18], many of which do not include cognitive dysfunction. These different symptom profiles may reflect different etiological pathways. Clinically elevated inflammation accompanies at least 25% of depression cases [19], and the two may reciprocally reinforce one another [20]—a difficult-to-treat immune-mediated depression subtype. Previous studies have demonstrated a relationship between higher inflammation and cognitive deficits among depressed individuals [21,22,23]. Depression and inflammation may each heighten the risk for cognitive problems; thus, the combination may be particularly detrimental. Indeed, a recent cross-sectional study of almost 50,000 adults aged 18 to 93 found that depression and C-reactive protein (CRP, a commonly used inflammatory marker) both independently and jointly predicted poorer performance on the Ruff figural fluency test, a measure of executive function [24]. That is, those who were depressed with higher levels of CRP performed worse than the non-inflamed depressed participants. However, the size of the combined effect was small, especially given the large sample size. Even so, this study provides initial evidence that poorer executive function may accompany the inflammatory subtype of depression.



Chronic inflammation is common among breast cancer survivors. One-third have clinically elevated CRP (>3 mg/L) [25]. About the same percentage may, at least temporarily, struggle with elevated depressive symptoms. Given the high prevalence of depression, inflammation, and cognitive problems among breast cancer survivors, the combined effect of depression and inflammation on subjective and objective cognitive function is perhaps of particular interest in this population. Indeed, a recent longitudinal study with breast cancer survivors and controls showed that higher baseline (pre-treatment) CRP levels predicted poorer subjective cognitive function at annual visits over the next five years only among cancer patients and not controls [26]. Inflammation’s cognitive effect was not more pronounced among depressed survivors. Compared to controls, survivors had poorer objective cognitive function as well, but inflammation did not play as much of a role, except on Trail-Making Test B [26]. In short, current evidence suggests that inflammation may uniquely predict subjective cognitive outcomes among breast cancer survivors.



This study built on the Mac Giollabhui et al. [24] and Carroll et al. [26] studies discussed above. Firstly, it explored the combined effect of depression and inflammation on subjective and objective cognitive function among a large sample of breast cancer survivors assessed at various points throughout survivorship. Unlike these prior studies, which only assessed CRP levels, our study additionally incorporated two other markers of inflammation, interleukin-6 (IL-6), and tumor necrosis factor-α (TNF-α), into an inflammatory index to better capture systemic inflammation. Additionally, our study included a wide variety of cognitive outcomes, including objective and subjective measures. Secondly, as an exploratory aim, our study examined the combined effect of depression and intestinal permeability on subjective and objective cognition. Intestinal permeability (i.e., gut leakiness) occurs when the intestine’s epithelial lining loses its integrity as the tight junctions between cells widen, permitting molecules from the lumen, such as components of bacteria’s outer membrane, to circulate in the bloodstream and migrate to other tissues [27]. Gut leakiness can chronically burden the immune system and may increase the risk of the inflammatory subtype of depression. In fact, we previously reported that female breast cancer survivors and non-cancer controls who had more intestinal permeability reported more depressive symptoms one and two years later, especially if they had elevated levels of inflammation at baseline [28]. Prior research from our lab and others has shown that intestinal permeability may negatively impact cognitive function, both acutely (i.e., after a high-fat meal) [29] and chronically [30]. Therefore, the combination of depression and intestinal permeability may be especially detrimental. Taken together, we hypothesized that depression accompanied by high levels of inflammation or intestinal permeability would predict poorer subjective and objective cognition among breast cancer survivors.




2. Materials and Methods


2.1. Participants


We conducted secondary analyses of four parent studies (design and aims described below). A total of 613 participants were primarily recruited through the OSU Stefanie Spielman Comprehensive Breast Center, and secondarily recruited through the Army of Women website. Study 1 included 202 women who had Stage 0-IIIC cancer. They completed three visits for a total of 435 study visits between June 2008 and February 2014: one after diagnosis but prior to cancer treatment, and two follow-up visits 6 and 18 months after treatment ended. Compared to the other studies, Study 1 had fewer exclusion criteria than the other studies, yielding a less healthy and more diverse sample (Table 1). Study 2 was the waitlist control group (n = 100, Stage 0-IIIA) of a randomized, controlled trial assessing the impact of a 12-week yoga intervention on mood, fatigue, and inflammation among breast cancer survivors [31]. They completed three visits—baseline, three, and six months later—for a total of 266 study visits between October 2007 and December 2012. Study 3 included data from a randomized crossover trial testing predictors of inflammatory responses to the typhoid vaccine [32]. This study featured 162 postmenopausal breast cancer survivors (Stage I-IIIA) who were one to nine years past primary cancer treatment. They completed two visits about one month apart between January 2014 and April 2021. The typhoid vaccine can affect cognition [33], so only data from the placebo visit were used (162 study visits). Study 4 included 149 breast cancer survivors who were diagnosed with Stage I-IIIA cancer. They completed two visits for a total of 252 study visits between June 2014 and April 2021: one after surgery but before adjuvant treatment, and another 2.5 years later. The parent study tested treatment type and depression as predictors of cardiometabolic disease risk [34]. In sum, data from 1015 study visits were used in the current study. The Ohio State University Institutional Review Board approved all studies, and all women gave written informed consent prior to participation.




2.2. Procedure


For all studies, participants arrived at the Ohio State University Clinical Research Center between 07:00 and 09:00, and shortly thereafter a nurse completed the blood draw. In Study 1, participants then completed questionnaires relevant to this study (Center for Epidemiological Studies Depression Scale CES-D; RAND 36-item Short Form Survey, SF-36; and the Kohli memory and focus scales) and the parent study. After the blood draw, Study 2′s participants ate a standardized breakfast and reported their depressive symptoms on the CES-D. They then completed other tasks for the parent study, including a 20-min relaxation period and a 20-min speech stressor (only at the baseline visit). Next, they reported their cognitive symptoms on the Revised Breast Cancer Prevention Trial cognitive symptom checklist (BCPT), Kohli, and the SF-36. The remainder of the visit included tasks relevant to the parent study, including a physical flexibility assessment. In Study 3, participants completed a 30-min relaxation period prior to the blood draw. They then received the placebo injection and completed the CES-D, SF-36, and Kohli, followed by a standardized breakfast and a 20-min relaxation period. After this period, they completed other questionnaires for the parent study, and they reported their cognitive symptoms on the BCPT only at Visit 2. For the remainder of the visit, they completed additional tasks for the parent study, including a limited battery of neuropsychological tests. These tests were completed five to seven hours after the baseline blood draw, and inflammation significantly increased throughout the day for both the vaccine and placebo [32]. Therefore, we did not include these neuropsychological tests in the current study. In Study 4, women completed an exercise stress test a few days prior to each study visit for the purposes of the parent study. At these visits, they reported their fatigue on the SF-36. For their main study visits, participants completed a 30-min relaxation period prior to the blood draw. They then completed the objective neuropsychological testing battery, ate a standardized breakfast, completed other tasks relevant to the parent study, and reported their depressive symptoms on the CES-D and cognitive problems on the BCPT.




2.3. Measures


2.3.1. Subjective Tests


The Kohli scale assesses concentration and memory in cancer patients, with higher scores indicating worse cognitive function [10]. Patients rated their memory and concentration problems over the past five days on separate 11-point Likert scale ranging from 0 (“not present”) to 10 (“as bad as you can imagine”), with a score of 7 or greater being categorized as “severe” [10].



The Revised Breast Cancer Prevention Trial (BCPT) cognitive function subscale is a reliable evaluation of perceived impairment in several cognitive domains, including memory, concentration, and attention, among breast cancer populations [35]. Patients reported how bothered by cognitive symptoms (i.e., forgetfulness, difficulty concentrating, distractibility) they were in the past four weeks on a 5-point Likert scale from 0 (not at all) to 4 (extremely). A higher score on the composite score across the three domains indicates greater perceived impairment [35].




2.3.2. Objective Tests


Trail-Making Tests (TMT) A and B are highly sensitive measures used to detect cognitive impairment [36]. The TMT assesses complex visual scanning with a motor component heavily reliant on motor speed and agility [37]. The test requires the participant to connect numbered (A) and numbered and lettered (B) circles in ascending order. The time taken to complete the test is an indicator of cognitive function, with longer times indicating poorer cognitive function [36].



The FAS test and the animal-naming test measure verbal fluency. The FAS test requires the participant to list as many words as possible that begin with the letters F, A, and S in one minute, excluding proper nouns, numbers, and words stemming from the same root [38]. Similarly, the animal-naming test requires the participant to list as many animals as possible in one minute, excluding repetitions [39].



The Conners continuous performance test third edition (CPT-3) is a computer-based test of sustained attention [40]. CPT-3 requires the participant to press a button when a specific target stimulus “X” is presented and to inhibit their response when any other letter is presented. The 15-min test includes 360 trials designed to measure the ability to distinguish target from non-target stimuli (i.e., detectability), the number of false alarms (i.e., commission errors), and the number of missed targets (i.e., omission errors). Response times are recorded, with particular emphasis on the response times for target stimuli (i.e., hit reaction time). For all variables, T-scores between 45 and 54 are average. For hit reaction time, scores below 45 are fast and scores above 54 are slow; for all other variables, T-scores of 60 and above are elevated [41]. The CPT-3 is one of the most widely used assessments for continuous performance and has a strong internal consistency [41,42].



The revised Hopkins verbal learning test (HVLT) is a brief assessment of verbal learning and memory [43]. The HVLT assesses mild cognitive impairments across numerous populations, including the elderly, those with traumatic brain injury, and cancer patients [44]. The test consists of 12 nouns—with 4 words each from one of three semantic categories—presented in three learning trials followed by a delayed recall trial and a final recognition trial completed 20 min after the final learning trial. In the recognition trial, the participant is asked to recognize words from the original list on a new list of 24 words that includes the 12 original nouns, as well as 12 that were not on the original list (6 semantically related, 6 semantically unrelated). The primary outcome measures from the HVLT include total recall (the sum of words recalled from the first three learning trials), percent retained (number of words recalled on the delayed-recall trial divided by the greatest number recalled on the second or third learning trial; quotient is multiplied by 100), and recognition (true positives minus false positives).



The n-back test measures working memory [45]. The task presents a sequence of letters and requires participants to indicate whether each stimulus matches the one presented n (one or two) trials back. A lower accuracy indicates a poorer working memory, while slower response times indicate a higher cognitive load or difficulty with the task [46].




2.3.3. Depression


The 20-item Center for Epidemiological Studies-Depression (CES-D) scale assesses the frequency of depressive symptoms (e.g., decreased appetite, restless sleep) using a Likert scale from 0 (rarely or none of the time) to 3 (most or all of the time). Scores range from 0 to 60 with the greater score correlating with a higher prevalence of depressive symptoms [47]. A clinical cutoff score of 16 indicates clinically significant depressive symptoms [48]. Throughout the manuscript, we refer to those above the clinical cut-score as “depressed,” but it is important to note that they may not have met diagnostic criteria for clinical depression. Given our hypotheses, it is important to note that the CES-D has only one item that involves cognition (i.e., “I had trouble keeping my mind on what I was doing”).




2.3.4. Biological Markers


To control for diurnal variation, fasting blood samples were collected between 07:00 and 09:00. Assay information, including sensitivities and inter- and intra-assay coefficients of variation (CoV), are included in Table 2. Note that the samples from Studies 1 and 2 were run together, as were the samples from Studies 3 and 4. All CoVs fell below 10%, a common benchmark [49], except for LBP in Studies 3 and 4, which was just above 10%. A chemiluminescence method via the Immulite 1000 (Siemens Healthcare Diagnostics, Inc., Deerfield, IL, USA) quantified serum levels of C-reactive protein (CRP). Tumor-necrosis factor-α (TNF-α), interleukin-6 (IL-6), and lipopolysaccharide-binding protein (LBP) were measured with Meso Scale Discovery Kits using an electrochemiluminescence method; they were read via the Meso Scale Discovery Sector Imager 2400 (Meso Scale Discovery, Rockville, MD, USA). CRP, TNF-α, and IL-6 are some of the most common inflammatory markers reported in the literature; they are also related, as the latter two induce the liver to produce CRP. We measured LBP as an index of intestinal permeability, as we have performed previously [28], because most lipopolysaccharide (LPS) resides in the gastrointestinal tract, as it is a shell component of Gram-negative bacteria [50]; therefore, serum levels may indicate a poorer gut barrier integrity (i.e., leaky gut) [51]. LPS has a short half-life and is difficult to measure in humans [52]; thus, LBP, which is a more stable marker, was used as a proxy. LBP binds LPS and presents it to CD-14 receptors on monocytes and macrophages, which facilitates proinflammatory signaling. LBP is associated with LPS and other intestinal permeability markers [53,54,55], and it is a clinical marker of endotoxemia that provides information about the risk for accelerated aging, metabolic syndrome, and gastrointestinal disorders [52,56].




2.3.5. Covariates


At each study visit, a nurse measured participants’ height and weight. Medical records provided cancer treatment information, including treatment type (surgery only, surgery and chemotherapy, surgery and radiation, surgery plus chemotherapy and radiation) and months since treatment. Participants reported their highest education level (high school or less, some college, college graduate, graduate or professional training) at the initial visit. At each visit, they completed the widely-used RAND 36-Item Health Survey (SF-36) [57], which includes the four-item energy/fatigue subscale. Scores range from 0 to 100, with higher scores indicating more energy. Both depression and inflammation can promote lower energy; thus, we adjusted for self-reported fatigue to ensure that any observed associations with cognition were not simply due to fatigue.





2.4. Analytic Method


Supplemental Table S1 shows pairwise correlations between the study variables of interest. Due to the clustering of observations by subject, we used bootstrapping to obtain the significance. We also used chi-square and ANOVA tests to compare the four samples on demographic variables of interest at Visit 1.



In models involving the inflammatory index as a predictor, 427 women (749 visits from Study 1, 2, and 3) were included when modeling Kohli outcomes; 322 women (591 visits from Study 2, 3, and 4) were included when modeling BCPT cognitive function; and between 145 and 148 participants (239–246 visits from Study 4) were included when modeling neuropsychological testing outcomes. In models involving LBP as a predictor, 419 participants (730 visits from Study 1, 2, and 3) were included when modeling Kohli outcomes; 303 participants (566 visits from Study 2, 3, and 4) were included when modeling BCPT cognitive function; and between 137 and 140 (228–239 visits from Study 4) were included when modeling neuropsychological testing outcomes due to some LBP missingness. Table 3 shows the available data by study visit. Compared to those who did not have data to be included in at least one model (n = 16), the included participants (n = 613) received different cancer treatment regimens (p = 0.03) and were less likely to take antidepressants (p = 0.04); excluded participants did not differ from included participants on any other variables of interest (ps > 0.06).



To minimize statistical tests, inflammation was quantified via an inflammatory index, which was created by z-scoring the natural log-transformed values of CRP, TNF-α, and IL-6, and then calculating the average of these z-scores, as described in other work [58]. In our sample, IL-6 was weakly to moderately correlated with the other inflammatory markers (0.17 < rs < 0.47) (Supplemental Table S1). However, TNF-α was not correlated with CRP in this sample. Even so, the inflammatory index provides a more global estimation of inflammatory status than any one marker alone. Although some prior research has excluded or winsorized CRP values greater than 10 mg/L due to concerns that these values indicated acute illness, recent evidence suggests that acute illness may not always cause such elevations [59]; therefore, we included the entire range of inflammatory markers, but we log-transformed them (base e) such that substantially elevated values would not have an undue influence on the results. The inflammatory index variable was calculated for all participants that had all three inflammatory variables across all relevant study visits: all visits from Study 1, Study 2′s waitlist control group study visits, Study 3′s placebo visit, and both visits from Study 4. Past relevant work used CRP alone [24,26]; thus, we conducted sensitivity tests using only natural log-transformed CRP as the predictor (in an interaction with depression). In Section 3, we report cases in which these results differ. Also, we dichotomized the CES-D scores based on the established cutoff score of 16 [48] in line with prior relevant work that used the current depression status rather than the continuous symptoms [24].



To investigate the questions of interest, we used generalized estimating equations (GEE) with an identity link and robust standard errors [60,61]. GEE models can handle the discrete nature of some of our primary outcomes and produce efficient, unbiased estimates of how much the average response changes per one-unit increase in the predictor [60,61]. GEE models also account for within-subject correlations arising from repeated measurements. The predictors of interest were the interactions between clinically significant depressive symptoms (binary CES-D cutoff score) with inflammation and, in separate models, with LBP (i.e., gut leakiness). Outcomes of interest were the subjective and objective cognitive variables, in separate models. Importantly, our models were cross-sectional, in that they included data from the repeated study visits, but depression, inflammation, and gut leakiness from one visit were used to model cognitive outcomes at the same visit. We probed significant interactions at ±1 standard deviation from the mean of inflammation and gut leakiness for those who were depressed and not depressed. Below, we also report significant main effects for inflammation and depression, taken from the models that include their interaction term, as well as the main effect for LBP, taken from the model that includes its interaction with depression. Contrasts within the models containing the interaction were used to obtain these estimated main effects, resulting in effects that average over the other predictor (e.g., the main effect for depression is at the mean for inflammation; the mean effect for inflammation is the averages for those above below the binary CES-D cutoff score estimates). All primary models were adjusted for education, cancer treatment type, months since treatment, fatigue, BMI, age, and visit within the study. Due to complex inter-relationships among BMI, fatigue, and our variables of interest, we also conducted sensitivity analyses to see whether excluding these two covariates changed the pattern of results. The results were largely unchanged (Supplemental Table S2). Alpha levels were set at 0.05.





3. Results


3.1. Demographic Information


From the entire sample, 8% (n = 46) had Stage 0, 46% (n = 283) had Stage 1, 39% (n = 240) had Stage II, and 7% (n = 43) had Stage III breast cancer. The breakdown of cancer treatment type was as follows: 23% (n = 139) had surgery only, 19%, (n = 115) received surgery and chemotherapy, 27%, (n = 163) had surgery and radiation, and 32% (n = 196) had all three. Women completed study visits between 32.9 months prior to and 131.3 months after treatment, with a mean of 11.6 months post-treatment (SD = 25.9). Survivors’ ages ranged from 26 to 88 years (M = 54.4, SD = 10.2), and the average participant was overweight (BMI M = 28.3, SD = 6.4). Most participants were White (86%, n = 525), followed by Black (10%, n = 63), Asian (2%, n = 13), Native American (1%, n = 5), Mixed (1%, n = 6), and Other (<1%, n = 1). A majority of the sample was highly educated: 62% graduated from college, including 31% who pursued graduate or professional training. In total, 8.9% and 10.5% of participants reported severe focus and memory problems, respectively, on the Kohli scale during at least one visit. Across all study visits, CES-D scores had a large variability (0–49) with a mean of 11.1 (SD = 9.1). Using the cut-off score of 16, 26% (n = 285) met the criteria for clinically significant depressive symptoms. In terms of inflammation, the mean CRP value was above the clinical cutoff point of 3 mg/L (M = 3.4 mg/L, SD = 8.2). Out of the 1152 CRP observations across studies, 27 of them were above 20 mg/L, 4 were above 50 mg/L, and 1 was above 100 mg/L. Elevated inflammation (CRP > 3 mg/L) was more common at visits in which participants were depressed (χ2(1) = 5.29, p = 0.022): At 34.0% of visits in which participants were depressed, they also had clinically elevated CRP levels, whereas they had elevated CRP at only 25.8% of visits in which they were not depressed. Table 4 includes demographic information, Table 5 shows average depression and inflammation levels across the full sample, and Table 6 displays the cognitive outcome values across the full sample.




3.2. Subjective Tests


3.2.1. Depression and Inflammation


Depression’s relationship with the Kohli focus scores depended on the level of inflammation (χ2(1) = 6.65, p = 0.010). There was also a similar but non-significant trend for Kohli memory scores (χ2(1) = 2.85, p = 0.091), but not BCPT (p = 0.22). Although depression predicted memory and focus problems at all levels of inflammation (ps < 0.021), the effects were strongest for those with high inflammation. See Figure 1. In these same models, those who were depressed reported poorer cognitive function on the BCPT (B = 0.43, SE = 0.11, χ2(1) = 17.54, p ≤ 0.001), Kohli focus (B = 1.21, SE = 0.20, χ2(1) = 36.14, p < 0.001), and Kohli memory scales (B = 0.88, SE = 0.20, χ2(1) = 19.08, p < 0.001). See Figure 2. However, inflammation alone did not predict subjective cognitive function (ps > 0.79). In sensitivity analyses, when substituting CRP for the inflammatory index, the results were less compelling: There was only a marginal interaction between CRP and depression to predict Kohli focus (p = 0.095), and the combination of CRP and depression did not predict Kohli memory (p = 0.56); otherwise, the results were not different.




3.2.2. Depression and Intestinal Permeability


The results were similar for the combination of depression and intestinal permeability. There was a significant interaction between depression and intestinal permeability to predict focus problems (χ2(1) = 4.32, p = 0.038) and to marginally predict memory problems (χ2(1) = 2.95, p = 0.086), but not BCPT scores (p = 0.93). Specifically, the relationship between depression and focus and memory problems was stronger for women with more intestinal permeability. See Figure 3. In these models, LBP did not have a direct relationship with subjective cognitive function (ps > 0.12).





3.3. Objective Tests


3.3.1. Depression and Inflammation


The combination of heightened inflammation and depression did not predict objective cognitive performance on the animal-naming test (p = 0.80), FAS test (p = 0.45), CPT commission errors (p = 0.59), CPT omission errors (p = 0.40), CPT detectability (p = 0.91), CPT hit reaction time (p = 0.35), 1-back accuracy (p = 0.52), 2-back accuracy (p = 0.56), 1-back response time (p = 0.30), 2-back response time (p = 0.44), HVLT recognition (p = 0.38), HVLT percent retained (p = 0.66), or Trail A (p = 0.85) or B (p = 0.47) response times. The combination of high inflammation and depression predicted HVLT total recall (χ2(1) = 5.15, p = 0.023), such that those who were depressed recalled fewer words only if they had average (B = −2.00, SE = 0.67, χ2(1) = 8.90, p = 0.003) and low (B = −3.53, SE = 1.02, χ2(1) = 11.91, p = 0.0006), but not high (p = 0.58), levels of inflammation (Figure 1).



Those who were depressed had more CPT commission errors (B = 4.01, SE = 1.54, χ2(1) = 6.82, p = 0.009), were less able to detect target from non-target stimuli on the CPT (B = 4.66, SE = 1.40, χ2(1) = 11.14, p = 0.0008), were less accurate on the 2-back (B = −0.05, SE = 0.02, χ2(1) = 4.88, p = 0.027), named fewer words on the FAS test (B = −4.33, SE = 1.71, χ2(1) = 6.43, p = 0.011), named marginally fewer animals on the animal-naming test (B = −1.40, SE = 0.85, χ2(1) = 2.72, p = 0.099), recalled fewer words on the HVLT (B = −2.00, SE = 0.67, χ2(1) = 8.90, p = 0.003), were slower on the Trail B test (B = 20.27, SE = 7.05, χ2(1) = 8.26, p = 0.004), and were marginally slower on the Trail A test (B = 3.47, SE = 1.87, χ2(1) = 3.44, p = 0.064) than those who were below the depressive symptom clinical cutoff score (Figure 2). Neither depression (ps > 0.11) nor inflammation (ps > 0.17) independently predicted performance on any other neuropsychological test, except that those who were more inflamed named marginally fewer animals (B = −0.88, SE = 0.52, χ2(1) = 2.91, p = 0.088) and were marginally less accurate on the 2-back (B = −0.03, SE = 0.014, χ2(1) = 3.30, p = 0.069).



In sensitivity analyses, substituting CRP for the inflammatory index did not change the pattern of results for the interaction term. In terms of main effects, CRP, unlike the inflammatory index, did not marginally predict animal naming (p = 0.11) or 2-back accuracy (p = 0.25), but the other results were similar.




3.3.2. Depression and Intestinal Permeability


The combination of depression and intestinal permeability did not track with objective cognitive performance on the animal-naming test (p = 0.85), FAS test (p = 0.28), CPT commission errors (p = 0.69), CPT omission errors (p = 0.76), CPT detectability (p = 0.79), CPT hit reaction time (p = 0.36), 1-back accuracy (p = 0.90), 2-back accuracy (p = 0.74), 1-back response time (p = 0.54), 2-back response time (p = 0.18), HVLT recognition (p = 0.33), HVLT percent retained (p = 0.93), or Trail B completion time (p = 0.23). There were two marginal effects: Depression and intestinal permeability interacted to marginally predict the Trail A completion time (χ2(1) = 3.56, p = 0.059) and HVLT total recall (χ2(1) = 3.00, p = 0.084). That is, depression predicted a slower Trail A completion time only at higher levels of LBP (B = 5.72, SE = 2.22, χ2(1) = 36.64, p = 0.010), but not at average (p = 0.12) or low (p = 0.96) LBP. In contrast, depression predicted a poorer HVLT recall only at average (B = −2.28, SE = 0.72, χ2(1) = 9.92, p = 0.002) and low (B = −3.21, SE = 0.96, χ2(1) = 11.18, p = 0.0008), but not high (p = 0.11) LBP. Also, in the same models, those with greater intestinal permeability had a slower response time on the 2-back (B = 22.11, SE = 9.14, χ2(1) = 5.85, p = 0.016), slower Trail A completion time (B = 2.05, SE = 0.91, χ2(1) = 5.07, p = 0.024), marginally lower HVLT percent retained (B = −2.98, SE = 1.63, χ2(1) = 3.36, p = 0.067), and marginally poorer HVLT recognition (B = −0.11, SE = 0.07, χ2(1) = 2.85, p = 0.092). See Figure 3. Intestinal permeability did not have a direct relationship with any other objective outcome (ps > 0.10). See Table 7 for a results summary.






4. Discussion


In this study among breast cancer survivors at many different stages of survivorship, we found that those with the combination of depression and heightened inflammation or intestinal permeability (i.e., gut leakiness) reported more subjective focus problems and marginally more memory problems. In these same models, depression also emerged as a significant independent predictor of subjective cognitive problems. However, among the subsample that had neuropsychological testing data, only depression alone—not in concert with inflammation or gut leakiness—emerged as a reliable predictor of performance. Survivors who were more depressed had poorer attention on the CPT, lower verbal fluency on the FAS test and animal-naming test, worse recall on the HVLT, poorer working memory on the 2-back, and more difficulties with visuospatial search on the trail-making tests. In contrast to other literature [21,22,23,26], inflammation alone did not reliably predict neuropsychological testing performance, except for two marginally non-significant effects. These null results are surprising considering our inclusion of three inflammatory variables to better index the inflammatory burden, compared to other studies that have only used a single marker. In contrast to inflammation, LBP, our marker of intestinal permeability, predicted a few objective outcomes: Greater LBP was associated with slower responses on the 2-back, slower Trail A completion times, and a marginally poorer verbal memory on the HVLT. Notably, all of our primary results were independent of cancer treatment type, months since treatment, and other demographic and health covariates. In sum, this study showed that (1) elevated depressive symptoms may reliably predict poorer subjective cognitive function and worse neuropsychological testing performance throughout breast cancer survivorship; (2) depressed individuals who also have heightened inflammation or intestinal permeability may be especially burdened by lower perceived cognitive functioning; (3) intestinal permeability may independently predict certain aspects of objective cognitive function (i.e., working memory, visuospatial search); and (4) heightened inflammation or intestinal permeability may not exacerbate depression-related objective cognitive deficits.



These results add to the literature among non-cancer populations, which shows a connection between depression and poorer cognition. Meta-analytic evidence shows that those who are depressed have poorer attention, executive function, and memory than healthy controls—and this difference persists even when depression remits [18]. Here, we showed that breast cancer survivors with clinically elevated depressive symptoms had a poorer verbal fluency, lower verbal (short-term) recall on the HVLT, worse working memory on the n-back, poorer visuospatial search on the trail-making test, and worse attention on the CPT. Additionally, in line with prior work [14], we found that depressed survivors reported poorer focus, memory, and overall cognition than non-depressed survivors. Thus, in our study, depression was a risk factor for poorer objective and subjective cognition across a variety of measures and domains.



Similar to a prior study among the general population [24], but unlike a recent study among breast cancer survivors [26], we found unique effects for the combination of depression and heightened levels of inflammation. That is, depressed survivors with heightened inflammation (perhaps indicative of inflammation-driven depression), reported more focus problems and marginally more memory problems. This result parallels earlier findings among cancer patients undergoing pro-inflammatory cytokine treatment, in which 30% reported moderate to severe concentration issues, and cognitive problems were more pronounced among those with depression; intriguingly, these self-reported cognitive issues were responsive to paroxetine pre-treatment (versus placebo) [62]. Our findings add to this literature, revealing that endogenous inflammation combined with depression also increases the risk of poorer self-reported cognitive function, and especially concentration difficulties. That said, survivors with depression and elevated inflammation did not report being more troubled by cognitive problems on the BCPT. The BCPT models included fewer data points and a slightly different subsample, which may have influenced the results. Furthermore, it assessed cognitive issues over the past month, compared to the last five days on the Kohli scale. Depressive symptoms and inflammation were measured concurrently, so our pattern of results may indicate that the combination of depression and elevated inflammation predicts only concurrent or recent subjective cognitive issues.



Also, as stated above, depression’s relationship with objective outcomes (i.e., neuropsychological testing) did not depend on the levels of inflammation, except for HVLT recall. Depressed survivors had a lower verbal recall only if they had average or low, but not high, levels of inflammation. This finding is contrary to our hypothesis; one possibility is that women with inflammation-associated depression were aware of their impairment, and therefore they expended more effort to compensate. Indeed, in another study, even with mild to moderate levels of cortical amyloid-β deposition, women were able to compensate and perform better on verbal memory tasks than men with the same level of deposition [63].



Our findings for subjective cognition are clinically meaningful: Subjective cognitive impairment may be even more important than neuropsychological test results [9]. There is some evidence that subjective cognitive impairment predicts future objective decline particularly well among women [64]. Moreover, compared to neuropsychological testing, self-report measures may capture more subtle impairment. This point is especially relevant to cross-sectional research, or any instance in which there is no control for baseline (e.g., pre-cancer) neuropsychological test performance; in these cases, survivors’ test results may be within the normal range, yet they may report cognitive difficulties because certain cognitive tasks require more effort. In rating their cognition, survivors may attempt to use their prior (pre-cancer) perceived cognitive functioning as an anchor to rate their current functioning. Thus, in a sense, self-reported outcomes may reflect some aspect of cognitive change over time, with the individual serving as her own control and assessor across time—even in cross-sectional research at a single time point. To our knowledge, this is some of the first evidence among breast cancer survivors that inflammation-associated depression may relate to poorer subjective cognition.



We also report here for the first time that those with clinically elevated depressive symptoms and intestinal permeability report poorer focus and marginally poorer memory. Again, these effects largely did not extend to the neuropsychological testing realm, except for two marginally non-significant effects: Depressed survivors with greater intestinal permeability were slower to complete the Trail A test, indicating more difficulty with visuospatial search; this effect was not evident among depressed survivors with less intestinal permeability. Also, the other marginally non-significant effect was similar to the combined effect of depression and inflammation on HVLT recall: depressed survivors with a lower intestinal permeability had a worse recall—contrary to hypotheses. Even so, these effects on objective cognitive testing were marginally non-significant and should not be overinterpreted. Overall, our pattern of results suggests that those with inflammation- or leaky-gut-related depression may be particularly cognizant of their depression-related cognitive impairment, even though their objective impairment is similar to those with other subtypes of depression.



Unlike prior research [21,22,23,26], our inflammatory index was not directly related to subjective or objective measures. We looked cross-sectionally, whereas inflammation’s cognitive effect may play out longitudinally [26]. Also, many prior studies have focused on CRP, whereas we computed an inflammatory index that takes a more comprehensive account of inflammatory status. In fact, sensitivity analyses substituting CRP for the inflammatory index yielded fewer associations. In terms of intestinal permeability’s direct effect, we found that those with a greater intestinal permeability had slower response times on the 2-back and a slower Trail A completion time, indicating a poorer working memory and visuospatial search, respectively. Interestingly, both outcomes involve response times; therefore, future research should continue to examine whether LBP specifically relates to psychomotor slowing. Of note, we statistically adjusted for levels of fatigue, so this result suggests that greater intestinal permeability predicts slower response times independent of fatigue. Although studies among animals or other clinical populations have reported direct, and even longitudinal, relationships between elevated gut leakiness and poorer cognition [30,65,66,67,68,69], this is one of the first studies to do so among breast cancer survivors.



Past research may help to explain why breast cancer survivors with elevated inflammation or intestinal permeability report more cognitive issues, even though their neuropsychological testing performance is comparable to other depressed survivors. Firstly, inflammation and intestinal permeability may facilitate or at least indicate risk for vascular pathology [70,71], which is already elevated among breast cancer survivors [72], ultimately leading to steeper cognitive decline and even vascular dementia. Secondly, peripheral inflammatory markers, especially CRP, are highly correlated with central inflammatory markers in depressed people; for example, plasma CRP, IL-6, and TNF-α were moderately to highly correlated with CRP in the cerebral spinal fluid (0.35 < rs < 0.86) [73]. Central inflammation can reduce synaptic plasticity and impair neurogenesis—the underpinnings of cognitive impairment [74]. Although this impairment may not yet manifest on objective testing, survivors may begin to surmise that cognitive tasks are more difficult—a result of inflammation-related neurobiological changes. Thirdly, peripheral inflammation, intestinal permeability, and depression are all associated with altered blood–brain barrier (BBB) permeability. There is some recent controversy about whether the BBB is more or less permeable in inflammation-associated depression [75]. Reduced permeability implies a lower solute exchange, which could change the brain’s metabolism such that cognitive tasks are perceived as more difficult [75]. Conversely, increased permeability renders the brain more vulnerable to inflammation’s harmful effects. Overall, our findings call for more clinical research investigating the mechanisms underlying subjective cognitive impairment in inflammation- and leaky-gut-associated depression in survivors.




5. Strengths: Limitations, and Future Directions


Our significant results are notable because they emerged even after controlling for several relevant covariates, including education, cancer treatment, months since treatment, fatigue, and BMI. We also included survivors at all points in survivorship—from pre-adjuvant treatment to over a decade post-treatment. Thus, depression and its combined effect with inflammation and intestinal permeability predicted poorer cognition throughout the survivorship continuum. Also, inflammation, intestinal permeability, and depression are common among those who are obese, so statistically adjusting for BMI ensured that our effects were the result of inflammation and not simply due to obesity. Other strengths include: the large sample size with over 1000 observations, our full battery of subjective and objective measures, and our use of three rather than one inflammatory marker to index inflammation.



Although our large and heterogenous sample of breast cancer survivors at different points in survivorship is a strength in terms of replicability and generalizability, it is also a limitation in terms of potential confounds and between-sample differences, which cannot be fully eliminated even with careful covariate selection. In terms of other limitations, our analyses were cross-sectional rather than longitudinal because we were concerned that attrition (especially of the sickest) might bias longitudinal results. Also, instead of an interview-assessed psychiatric diagnosis, we used the CES-D cutoff score to index clinically significant depressive symptoms; although widely used as a cutoff, those labeled “depressed” may not have met criteria for a depressive disorder. Another limitation is that only Study 4 had a full battery of neuropsychological testing, so the objective measures were completed among a smaller sample than the subjective measures, which lowered our statistical power to find an effect. The Mac Giollabhui et al. study [24] revealed that the combination of inflammation and depression had only a small effect on objective executive function, so we may not have had enough statistical power to uncover the combined effect in our smaller sample. Even so, we had a more comprehensive testing battery than this prior study. Also, our subjective cognitive measures were short, and these relationships should be tested with longer assessments of subjective cognitive functioning. Lastly, this sample was female, primarily White, and highly educated, so these associations should be explored among more diverse samples. Women may be more susceptible to inflammation’s mood and behavioral effects [76], and they may also have more cognitive impairment when depressed compared to men [77]. Therefore, our findings may not be replicated among a male sample.




6. Clinical Implications


Overall, depressed breast cancer survivors may be at risk for both subjective and objective cognitive issues in survivorship. Also, depressed survivors with elevated inflammation or intestinal permeability may be more sensitive to these deficits, leading to more subjective complaints. Subjective cognition is clinically meaningful and may impact self-confidence, social relationships, and overall quality of life; thus, our results suggest that those with inflammation- or leaky-gut-associated depression may need additional support and proactive intervention to address perceived decline. It may be as simple as inquiring about cognitive function and validating concerns: One qualitative study noted that healthcare providers’ and family members’ acknowledgment and validation of survivors’ cognitive complaints may have facilitated adjustment [8]. These results show the importance of identifying and treating depression with the goal of attenuating cognitive declines in survivorship. Our findings also point to the possibility that anti-inflammatory interventions, especially among survivors with elevated levels of inflammation, may help to reduce cognitive complaints, and perhaps increase quality of life, among survivors—an important area for future work. For example, we found that one widely-available over-the-counter dietary supplement, omega-3 fatty acid, not only reduced basal inflammation [78] but also inflammatory responsivity to an acute stressor [79]. Moreover, omega-3 may help to fortify the gut barrier and blood–brain barrier [80,81]—promising areas for future investigation as potential mechanisms to reduce cognitive impairment in survivorship.




7. Conclusions


Depression may be a risk factor for both subjective and objective cognitive impairment throughout breast cancer survivorship, and depressed survivors who have elevated inflammation or intestinal permeability may be especially sensitive to these impairments, especially related to concentration. Their subjective complaints are worthy of additional attention in the clinic and lab, as they can greatly reduce quality of life.
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Figure 1. Depression and inflammation interacted to predict cognitive function. The depressed women with the highest levels of inflammation reported the poorest cognitive functioning on the Kohli focus scale and Kohli memory scale. The combination of depression and heightened inflammation also predicted Hopkins total recall, but in the opposite direction as expected, such that depressed women recalled fewer words than non-depressed women only if they had low and average, but not high, levels of inflammation. 
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Figure 2. Depressed breast cancer survivors had worse objective cognitive function. Across a wide variety of neurocognitive tests depicted below, depressed survivors performed worse than non-depressed survivors. CPT = Conners continuous performance test, CESD = Center for Epidemiological Studies Depression Scale. 
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Figure 3. Depression interacted with lipopolysaccharide-binding protein (LBP) to predict cognitive function. Depressed women with greater intestinal permeability reported poorer focus and memory and were slower to complete Trail Making Test A. The combination of depression and heightened intestinal permeability also predicted Hopkins total recall, but in the opposite direction as expected, such that depressed women recalled fewer words than non-depressed women only if they had low and average, but not high, levels of LBP. 
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Table 1. Exclusionary criteria across studies.
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	Study 1
	Study 2
	Study 3
	Study 4





	Any other cancer besides basal or squamous cell carcinomas
	X
	X
	X
	X



	Significant visual, auditory, or cognitive impairment that would limit study participation
	X
	X
	X
	X



	Inflammatory breast cancer
	
	X
	
	



	Diabetes
	
	X
	X
	X



	Stroke
	
	
	
	X



	Current heart disease
	
	
	X
	X



	Uncontrolled hypertension
	
	X
	X
	X



	Prior heart attack
	
	
	
	X



	Heart failure
	
	
	
	X



	Age (<21 or >75)
	
	
	
	X



	Heart transplant
	
	
	
	X



	Other major cardiovascular surgery
	
	
	
	X



	Liver disease
	
	
	X
	X



	Autoimmune and/or inflammatory disease
	
	X
	X
	X



	Alcohol/drug abuse
	
	X
	X
	X



	Steroid use
	
	
	
	X



	Recent (<3 month) initiation of antidepressant medication
	
	
	
	X



	Other medical conditions that would limit study participation
	
	
	
	X



	Distance from lab (>100 miles)
	
	
	
	X



	Neoadjuvant chemotherapy or radiation treatment
	
	
	
	X



	Peripheral vascular disease
	
	
	
	X



	Liver or kidney failure
	
	X
	
	



	Symptomatic ischemic heart disease
	
	X
	
	



	Anemia
	
	X
	X
	



	Chronic obstructive pulmonary disease
	
	X
	
	



	Current yoga practice (within past 6 months)
	
	X
	
	



	Previous yoga practice for >3 months
	
	X
	
	



	Five or more hours of vigorous physical activity per week
	
	X
	
	



	A prior typhoid vaccination
	
	
	X
	



	Smoking
	
	
	X
	



	Steroids, statins, or other anti-inflammatory meds
	
	
	X
	










 





Table 2. Assay information.
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Study 1

	
Study 2

	
Study 3

	
Study 4






	
CRP

	
Intra-assay CoV

	
3.10%

	
3.10%

	
7.23%

	
7.23%




	
Inter-assay CoV

	
7.30%

	
7.30%

	
2.87%

	
2.87%




	
Sensitivity

	
0.30 mg/L

	
0.30 mg/L

	
27.60 pg/mL

	
27.60 pg/mL




	
IL-6

	
Intra-assay CoV

	
1.43%

	
1.43%

	
4.10%

	
4.10%




	
Inter-assay CoV

	
4.42%

	
4.42%

	
6.50%

	
6.50%




	
Sensitivity

	
0.37 pg/mL

	
0.37 pg/mL

	
0.03 pg/mL

	
0.03 pg/mL




	
TNF-α

	
Intra-assay CoV

	
4.32%

	
4.32%

	
8.85%

	
8.85%




	
Inter-assay CoV

	
5.30%

	
5.30%

	
3.30%

	
3.30%




	
Sensitivity

	
0.26 pg/mL

	
0.26 pg/mL

	
0.04 pg/mL

	
0.04 pg/mL




	
LBP

	
Intra-assay CoV

	
2.74%

	
2.74%

	
10.80%

	
10.80%




	
Inter-assay CoV

	
8.33%

	
8.33%

	
4.25%

	
4.25%




	
Sensitivity

	
0.04 ng/mL

	
0.04 ng/mL

	
0.04 ng/mL

	
0.04 ng/mL








CRP = C-reactive protein, IL-6 = interleukin-6, TNF-α = tumor necrosis factor-α, LBP = lipopolysaccharide-binding protein, CoV = coefficient of variation.













 





Table 3. Available data by visit.
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Kohli

	
BCPT

	
1-Back

	
2-Back




	

	

	
Depress by Inflam

	
Depress by LBP

	
Depress by Inflam

	
Depress by LBP

	
Depress by Inflam

	
Depress by LBP

	
Depress by Inflam

	
Depress by LBP






	
Study 1

	
Total

	
202

	
202

	
0

	
0

	
0

	
0

	
0

	
0




	

	
Visit 1

	
199

	
196

	
0

	
0

	
0

	
0

	
0

	
0




	

	
Visit 2

	
128

	
124

	
0

	
0

	
0

	
0

	
0

	
0




	

	
Visit 3

	
108

	
106

	
0

	
0

	
0

	
0

	
0

	
0




	
Study 2

	
Total

	
63

	
56

	
100

	
89

	
0

	
0

	
0

	
0




	

	
Visit 1

	
52

	
46

	
98

	
88

	
0

	
0

	
0

	
0




	

	
Visit 2

	
51

	
50

	
88

	
87

	
0

	
0

	
0

	
0




	

	
Visit 3

	
49

	
47

	
80

	
77

	
0

	
0

	
0

	
0




	
Study 3

	
Total

	
162

	
161

	
74

	
74

	
0

	
0

	
0

	
0




	

	
Visit 1

	
85

	
84

	
0

	
0

	
0

	
0

	
0

	
0




	

	
Visit 2

	
77

	
77

	
74

	
74

	
0

	
0

	
0

	
0




	
Study 4

	
Total

	
0

	
0

	
148

	
140

	
145

	
137

	
145

	
137




	

	
Visit 1

	
0

	
0

	
146

	
137

	
143

	
134

	
143

	
134




	

	
Visit 2

	
0

	
0

	
105

	
103

	
98

	
96

	
97

	
95




	

	

	
Trail-Making Test A

	
Trail-Making Test B

	
Animal-Naming Test and FAS Test

	
CPT




	

	

	
Depress by Inflam

	
Depress by LBP

	
Depress by Inflam

	
Depress by LBP

	
Depress by Inflam

	
Depress by LBP

	
Depress by Inflam

	
Depress by LBP




	
Study 4

	
Total

	
147

	
139

	
146

	
138

	
148

	
140

	
148

	
140




	

	
Visit 1

	
143

	
131

	
140

	
149

	
147

	
138

	
147

	
138




	

	
Visit 2

	
99

	
97

	
99

	
99

	
99

	
97

	
98

	
96




	

	

	
HVLT Recall and Percent Retained

	
HVLT Recognition

	

	

	

	




	

	

	
Depress by Inflam

	
Depress by LBP

	
Depress by Inflam

	
Depress by LBP

	

	

	

	




	
Study 4

	
Total

	
148

	
140

	
146

	
139

	

	

	

	




	

	
Visit 1

	
147

	
138

	
143

	
135

	

	

	

	




	

	
Visit 2

	
98

	
96

	
98

	
96

	

	

	

	








Depress = depression, Inflam = inflammatory index, LBP = lipopolysaccharide-binding protein; BCPT = Breast Cancer Prevention Trial cognitive functioning; CPT = Conners continuous performance test; HVLT = Hopkins verbal learning test.













 





Table 4. Characteristics of included subjects at first study visit.
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Study 1 (n = 202)

	
Study 2 (n = 100)

	
Study 3 (n = 162)

	
Study 4 (n = 149)

	
Total (n = 613)

	
p-Value






	
Age

	

	

	

	

	

	

	

	

	

	

	

	
<0.0001




	

	
Mean (SD)

	
55.9

	
(11.6)

	
51.3

	
(8.7)

	
56.6

	
(8.6)

	
52.1

	
(10.1)

	
54.4

	
(10.2)

	




	

	
[min, max]

	
[26, 88]

	
[28, 76]

	
[36, 78]

	
[26, 75]

	
[26, 88]

	




	
Months since treatment

	

	

	

	

	

	

	

	

	

	

	
<0.0001




	

	
Mean (SD)

	
−5.3

	
(3.9)

	
12.1

	
(8.0)

	
45.0

	
(28.3)

	
−2.3

	
(4.7)

	
11.6

	
(25.9)

	




	

	
[min, max]

	
[−21.4, 0.0]

	
[2.1, 34.0]

	
[11.4, 131.3]

	
[−32.9, 4.6]

	
[−32.9, 131.3]

	




	
Energy/Fatigue scale, RAND36 *

	

	

	

	

	

	

	

	

	

	

	
<0.0001




	

	
Mean (SD)

	
53.3

	
(23.4)

	
44.4

	
(20.9)

	
61.0

	
(19.0)

	
50.7

	
(19.9)

	
53.3

	
(21.7)

	




	

	
[min, max]

	
[0, 100]

	
[5, 90]

	
[0, 95]

	
[0, 100]

	
[0, 100]

	




	
BMI

	

	

	

	

	

	

	

	

	

	

	

	
0.20




	

	
Mean (SD)

	
28.9

	
(7.3)

	
27.6

	
(6.0)

	
27.7

	
(5.8)

	
28.6

	
(5.7)

	
28.3

	
(6.4)

	




	

	
[min, max]

	
[15.8, 58.7]

	
[16.2, 43.9]

	
[18.7, 45.5]

	
[16.8, 49.6]

	
[15.8, 58.7]

	




	
Race

	

	

	

	

	

	

	

	

	

	

	

	
0.03 ^




	

	
White

	
79%

	
(160)

	
88%

	
(88)

	
92%

	
(149)

	
86%

	
(128)

	
86%

	
(525)

	




	

	
Black

	
15%

	
(30)

	
10%

	
(10)

	
6%

	
(10)

	
9%

	
(13)

	
10%

	
(63)

	




	

	
Asian

	
3%

	
(7)

	
2%

	
(2)

	
0.6%

	
(1)

	
2%

	
(3)

	
2%

	
(13)

	




	

	
Native American

	
2%

	
(4)

	
0%

	
(0)

	
0%

	
(0)

	
1%

	
(1)

	
1%

	
(5)

	




	

	
Other

	
0%

	
(1)

	
0%

	
(0)

	
0%

	
(0)

	
0%

	
(0)

	
0%

	
(1)

	




	

	
Mixed

	
0%

	
(0)

	
0%

	
(0)

	
1%

	
(2)

	
3%

	
(4)

	
1%

	
(6)

	




	
Education

	

	

	

	

	

	

	

	

	

	

	
<0.0001




	

	
HS or less

	
29%

	
(58)

	
7%

	
(7)

	
11%

	
(18)

	
15%

	
(22)

	
17%

	
(105)

	




	

	
Some college

	
21%

	
(43)

	
22%

	
(22)

	
17%

	
(28)

	
25%

	
(37)

	
21%

	
(130)

	




	

	
College grad

	
24%

	
(48)

	
33%

	
(33)

	
37%

	
(60)

	
31%

	
(46)

	
31%

	
(187)

	




	

	
Grad/prof training

	
26%

	
(53)

	
38%

	
(38)

	
35%

	
(56)

	
30%

	
(44)

	
31%

	
(191)

	




	
Cancer Stage

	

	

	

	

	

	

	

	

	

	

	
<0.0001




	

	
Stage 0

	
18%

	
(37)

	
9%

	
(9)

	
0%

	
(0)

	
0%

	
(0)

	
8%

	
(46)

	




	

	
Stage 1

	
45%

	
(90)

	
43%

	
(43)

	
47%

	
(76)

	
50%

	
(74)

	
46%

	
(283)

	




	

	
Stage 2

	
27%

	
(55)

	
38%

	
(38)

	
48%

	
(77)

	
47%

	
(70)

	
39%

	
(240)

	




	

	
Stage 3

	
9%

	
(19)

	
10%

	
(10)

	
6%

	
(9)

	
3%

	
(5)

	
7%

	
(43)

	




	

	
Missing

	
--

	
(1)

	
--

	
(0)

	
--

	
(0)

	
--

	
(0)

	
--

	
(1)

	




	
Cancer Treatment

	

	

	

	

	

	

	

	

	

	

	
<0.0001




	

	
Surgery

	
30%

	
(61)

	
13%

	
(13)

	
12%

	
(19)

	
31%

	
(46)

	
23%

	
(139)

	




	

	
Surgery + chemo

	
16%

	
(33)

	
23%

	
(23)

	
27%

	
(44)

	
10%

	
(15)

	
19%

	
(115)

	




	

	
Surgery + radiation

	
27%

	
(55)

	
24%

	
(24)

	
23%

	
(37)

	
32%

	
(47)

	
27%

	
(163)

	




	

	
Surgery + chemo + radiation

	
26%

	
(53)

	
40%

	
(40)

	
38%

	
(62)

	
28%

	
(41)

	
32%

	
(196)

	




	
Antidepressant Use

	

	

	

	

	

	

	

	

	

	

	
0.41




	

	
No

	
77%

	
(155)

	
70%

	
(70)

	
71%

	
(115)

	
76%

	
(113)

	
74%

	
(453)

	




	

	
Yes

	
23%

	
(46)

	
30%

	
(30)

	
29%

	
(47)

	
24%

	
(36)

	
26%

	
(159)

	




	

	
Missing

	
--

	
(1)

	
--

	
(0)

	
--

	
(0)

	
--

	
(0)

	
--

	
(1)

	








* Missing for 1 participant in Study 4 sample. ^ Tested after collapsing to 3 levels: White, Black, Other.













 





Table 5. Inflammatory markers and depressive symptoms for included subjects across all study visits used in at least one analysis model.
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	Study 1 (n = 435 Visits)
	Study 2 (n = 266 Visits)
	Study 3 (n = 162 Visits)
	Study 4 (n = 252 Visits)
	Total (n = 1116 Visits)





	IL-6
	
	
	
	
	
	



	
	M(SD)
	2.2 (2.3)
	2.3 (2.2)
	2.8 (6.3)
	2.9 (2.4)
	2.5 (3.2)



	
	[min, max]
	[0.15, 21.8]
	[0.15, 15.1]
	[0.44, 78.4]
	[0.06, 14.0]
	[0.06, 78.4]



	TNF-α
	
	
	
	
	
	



	
	M(SD)
	7.4 (3.8)
	7.1 (3.2)
	2.3 (0.6)
	2.4 (0.7)
	5.5 (3.7)



	
	[min, max]
	[1.3, 28.4]
	[2.1, 27.0]
	[1.2, 4.5]
	[1.0, 4.7]
	[1.0, 28.4]



	CRP
	
	
	
	
	
	



	
	M(SD)
	3.0 (5.2)
	2.2 (3.9)
	3.2 (4.6)
	5.4 (14.6)
	3.4 (8.2)



	
	[min, max]
	[0.15, 53.6]
	[0.15, 34.0]
	[0.10, 29.0]
	[0.06, 194.6]
	[0.1, 194.6]



	LBP
	
	
	
	
	
	



	
	M(SD)
	5069 (2220)
	5562 (1947)
	4150 (1918)
	5225 (2368)
	5082 (2192)



	
	[min, max]
	[221, 14,218]
	[442, 10,719]
	[429, 10,504]
	[890, 17,070]
	[221, 17,070]



	CES-D
	
	
	
	
	
	



	
	M(SD)
	13.8 (10.5)
	10.2 (8.6)
	7.7 (7.1)
	9.4 (6.7)
	11.1 (9.1)



	
	[min, max]
	[0, 49]
	[0, 46]
	[0, 41]
	[0, 34]
	[0, 49]



	CES-D clinical cutoff, %(n)
	
	
	
	
	
	



	
	<16
	62% (270)
	79% (211)
	87% (141)
	83% (208)
	74% (830)



	
	16+
	38% (165)
	21% (55)
	13% (21)
	17% (44)
	26% (285)







IL-6 = interleukin-6, TNF-α = tumor necrosis factor-α, CRP = C-reactive protein, LBP = lipopolysaccharide-binding protein, CES-D = Center for Epidemiological Studies Depression Scale.













 





Table 6. Outcome values across all study visits used in analyses.
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Outcome

	
Study

	
N

	
Mean (SD)

	
[Min, Max]






	
Outcomes in Multiple Studies:

	

	

	

	

	

	




	
Kohli Focus

	

	

	

	

	

	




	

	
Study 1

	
435

	
2.30

	
(2.27)

	
[0, 9]




	

	
Study 2

	
152

	
3.05

	
(2.35)

	
[0, 10]




	

	
Study 3

	
162

	
2.07

	
(1.99)

	
[0, 8]




	

	
All Three Combined

	
749

	
2.40

	
(2.25)

	
[0, 10]




	
Kohli Memory

	

	

	

	

	

	




	

	
Study 1

	
435

	
2.11

	
(2.24)

	
[0, 9]




	

	
Study 2

	
152

	
3.36

	
(2.25)

	
[0, 10]




	

	
Study 3

	
162

	
2.24

	
(2.03)

	
[0, 8]




	

	
All Three Combined

	
749

	
2.39

	
(2.25)

	
[0, 10]




	
BCPT

	

	

	

	

	

	




	

	
Study 2

	
266

	
1.34

	
(0.98)

	
[0, 4]




	

	
Study 3

	
74

	
0.91

	
(0.71)

	
[0, 2.7]




	

	
Study 4

	
251

	
1.09

	
(0.83)

	
[0, 4]




	

	
All Three Combined

	
591

	
1.18

	
(0.90)

	
[0, 4]




	
Study 4 Only:

	

	

	

	

	

	




	
FAS Test

	

	
246

	
38.2

	
(11.0)

	
[10, 67]




	
Animal-Naming Test

	

	
246

	
20.1

	
(4.7)

	
[7, 35]




	
CPT Detectability

	

	
245

	
44.3

	
(8.3)

	
[25, 77]




	
CPT Omissions

	

	
245

	
46.1

	
(4.8)

	
[44, 90]




	
CPT Commissions

	

	
245

	
46.3

	
(8.0)

	
[34, 86]




	
CPT Hit RT

	

	
245

	
48.5

	
(8.5)

	
[31, 81]




	
HVLT Recall

	

	
245

	
27.0

	
(4.1)

	
[15, 35]




	
HVLT Percent Retained

	

	
245

	
92.3

	
(14.9)

	
[0, 133.3]




	
HVLT Recognition

	

	
241

	
11.6

	
(0.84)

	
[7, 12]




	
1-back Accuracy

	

	
241

	
0.95

	
(0.07)

	
[0.47, 1]




	
1-back RT

	

	
241

	
630

	
(113)

	
[371, 1120]




	
2-back Accuracy

	

	
240

	
0.87

	
(0.12)

	
[0.30, 0.98]




	
2-back RT

	

	
240

	
782

	
(124)

	
[473, 1083]




	
Trail A Seconds to Complete

	

	
242

	
26.9

	
(9.0)

	
[13, 81]




	
Trail B Seconds to Complete

	

	
239

	
65.5

	
(28.5)

	
[30, 260]








BCPT = Breast Cancer Prevention Trial cognitive functioning; CPT = Conners continuous performance test; HVLT = Hopkins verbal learning test.













 





Table 7. Results summary.
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Depression by

Inflammation

	
Depression by LBP

	
Inflammation Main Effect

	
LBP

Main Effect

	
Depression Main Effect






	
Subjective

	
Kohli focus

	
X

	
X

	

	

	
X




	
Kohli memory

	