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Abstract

Aim—Correction of metabolic acidosis in patients with chronic kidney disease has been 

associated with improvement in thyroid function. We examined whether changes in bicarbonate 

were associated with changes in thyroid function in patients with end-stage renal disease receiving 

conventional or more frequent hemodialysis.

Methods—In the Frequent Hemodialysis Network Trials, the relationship between changes in 

serum bicarbonate, free triiodothyronine (FT3) and free thyroxine (FT4) was examined among 147 

and 48 patients with endogenous thyroid function who received conventional (3x/week) or more 

frequent (6x/week) hemodialysis (Daily Trial) or who received conventional or more frequent 

nocturnal hemodialysis (Nocturnal Trial). Equilibrated normalized protein catabolic rate (enPCR) 

was examined to account for nutritional factors affecting both acid load and thyroid function.

Results—Increasing dialysis frequency was associated with increased bicarbonate level. Baseline 

bicarbonate level was not associated with baseline FT3 and FT4. Change in bicarbonate level was 

not associated with changes in FT3 and FT4 in the Daily Trial nor for FT4 in the Nocturnal Trial 

(r≤0.14, P>0.21). While, a significant correlation between change in serum bicarbonate and 

change in FT3 (r=0.44, P=0.02) was observed in the Nocturnal Trial; findings were no longer 

significant after adjusting for change in enPCR (r=0.37, P=0.08). For participants with baseline 
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bicarbonate <23mMol/L, no association between change in bicarbonate and change in thyroid 

indices were seen in the Daily Trial; for the Nocturnal Trial, findings were also not significant for 

change in FT3 and the association between change in bicarbonate and change in FT4 (r=0.54, 

P=0.03) was no longer significant after adjusting for enPCR (r=0.45, P=0.11).

Conclusions—Changes in bicarbonate were not associated with changes in thyroid hormone 

levels after adjusting for enPCR, as a marker of nutritional status. Future studies should examine 

whether improvement in acid base status improves thyroid function in hemodialysis patients with 

evidence of thyroid hypofunction.
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Introduction

Chronic kidney disease (CKD) is associated with alterations in metabolic and endocrine 

functions 1, including an increased prevalence of hypothyroidism.2,3 The mechanisms 

underlying these associations are not completely clear, since several factors, not primarily 

related to intrinsic thyroidal illness, may contribute to the reduced thyroid function.2 In this 

light, Koo and colleagues reported an association between low free 3,5,3′-triiodo-L-

thyronine (FT3) and both inflammation and malnutrition in hemodialysis patients.4 What 

was of interest was that serum bicarbonate concentration in patients with low serum T3 (< 

0.8 ng/ml) was significantly lower than in those with normal thyroid function, despite 

reduced protein catabolic rate (PCR), a contributor of net acid load.4 These findings suggest 

a contributing or possibly dominant role of metabolic acidosis in altering thyroid function. 

Strengthening this association, two randomized control studies examining the effect of 

correction of metabolic acidosis, either by increasing sodium bicarbonate delivery through 

dialysis dose5 or pharmacologic treatment in patients with CKD not requiring dialysis6, 

found an improvement in thyroid function, supporting the hypothesis that metabolic acidosis 

may play a reversible role in establishing thyroid dysfunction in CKD.

Increased dialysis frequency, implemented as duration of dialysis per week, and intensity, 

through longer (nocturnal) and more frequent (every-other-day) dialysis schedules, have 

been reported to increase serum bicarbonate concentration in both retrospective and 

prospective studies.7,8 The Frequent Hemodialysis Network (FHN) Trials were randomized 

prospective studies aimed at evaluating the effect of increasing dialysis frequency on 

multiple outcomes.9, 10 Among FHN Trial participants with endogenous thyroid function 

(excluding 11% with presumed hypothyroidism), more frequent in-center hemodialysis 

(Daily and Nocturnal Trials) did not result in significant changes in thyroid hormone indices 

over 12 months, although relationships between change in serum bicarbonate and changes in 

thyroid function were not investigated.11

In this study, we examined the relationship between changes in serum bicarbonate 

concentration and changes in FT3 and free thyroxine (FT4) levels over 12 months, as well as 

the effect of baseline acid base status, in patients randomized to receive conventional versus 

more frequent hemodialysis in the Daily and Nocturnal FHN Trials who had evidence of 
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endogenous thyroid function. Because acid load is also associated with dietary protein intake 

(which is associated with nutritional status), we also examined changes in equilibrated 

normalized protein catabolic rate (enPCR), which was reported to increase in the FHN 

Nocturnal Trial.10

Materials and Methods

The FHN Daily Trial was a multicenter, randomized trial, prospectively comparing six times 

per week vs three times per week, in-center hemodialysis.9,12,13 The FHN Nocturnal Trial 

was a prospective, multicenter, randomized trial of six times per week nocturnal at-home 

hemodialysis vs three times per week.9,12,13 The inclusion and exclusion criteria and data 

collection procedures have been previously described.9

Study population

The FHN Trials were approved by the Institutional Review Board at each participating study 

site, with informed consent obtained from each patient.10 Patients with end-stage renal 

disease maintained on hemodialysis were included in the study. Major exclusion criteria 

were represented by age <13 years in the daily group or age <18 years in the nocturnal 

group, residual kidney function >3 ml/min/35L in the daily group, or mean of creatinine and 

urea clearance >10 ml/min/1.73m2 in the nocturnal group.9 As previously described11, we 

excluded participants receiving thyroid hormone therapy and those with thyroid stimulating 

hormone (TSH) (uIU/ml) >8 who were presumed to have treated or untreated primary 

hypothyroidism, to avoid the effects of underlying hypothyroidism and/or treatment on 

thyroid hormone levels where changes in thyroid function in response to changes in serum 

bicarbonate level might not be evident. Patients receiving antithyroid drugs and those with 

suppressed TSH (uIU/ml) ≤0.01 were also excluded.11 Patient’s demographic 

characteristics, including age, gender, weight, height, body mass index (BMI; in kilograms 

per meter2), dialysis vintage, and Kt/V were also collected.

Characteristics of the Daily and Nocturnal Trials

The characteristics of intervention, control and adherence for the FHN Trials have been 

previously described.9,10,12 In the Daily Trial, study participants were randomly assigned to 

hemodialysis treatment either six times per week (n=125, with a target equilibrated Kt/Vurea 

of 0.9 and session length of 1.5–2.75 hours) or three times per week (n=120, continued their 

usual minimum target equilibrated Kt/Vurea of 1.1, with each session length of 2.5 and 4.0 

hours).9,10,12 In the Nocturnal Trial, study participants were randomly assigned to 

hemodialysis treatment either six times per week (n=45, with a standardized Kt/Vurea ≥4.0/

week and a session length ≥ 6 hours) or three times per week (n= 42, with a standardized 

Kt/Vurea of > 2.0 per week and a session length ≥2.5 hours).9,10,12

Outcome measures

As previously described11, blood samples in both Trials were collected at the participants’ 

dialysis units during the dialysis visit prior to initiation of hemodialysis session, centrifuged, 

and refrigerated and sent for laboratory analyses locally or serum was frozen and stored at 

−70°C at the National Institute of Diabetes and Digestive and Kidney Diseases (NIDDK) 
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Biorepository.11 Serum bicarbonate levels at baseline and 12 months in the FHN study were 

derived from local laboratory measurements coordinated by individual dialysis units. 

Analyses for thyroid function indices were subsequently conducted at the University of 

California, Davis from aliquoted frozen specimens stored at the NIDDK Biorepository.11 

Serum FT3, FT4 and TSH levels were measured in duplicate by enzyme-linked 

immunoassay (ALPCO Diagnostics, Salem, NH, U.S.A.).11

Statistical analyses

Continuous variables were described as mean and standard deviation or median, as 

appropriate. Categorical variables were described as frequencies and percentages. 

Continuous variables were compared between dialysis frequency groups using the Student’s 

t-test. The Fisher exact or chi-square test was used to compare categorical variables. 

Baseline associations of serum FT3 and FT4 levels with serum bicarbonate levels were 

examined using Pearson’s correlation analysis. We evaluated the relationship of changes 

over 12 months in serum bicarbonate level with frequency of dialysis for each FHN Trial. To 

examine the effect of dialysis frequency (six times per week vs three times per week) on 

changes in serum bicarbonate, and to include all observations, even in those subjects with no 

12-month measurements (e.g., due to missing end of study visit and/or missing sample), we 

employed a mixed-effects model with an unstructured covariance matrix, adjusting for 

clinical center in the Daily Trial.11 Since the question of interest was whether metabolic 

acidosis per se contributed to thyroid dysfunction, we additionally stratified patients based 

on bicarbonate levels (mMol/L) < 23 or ≥ 23 to examine whether improvement in baseline 

acidosis affected thyroid function. Pearson correlations were used to assess the association 

of change in serum bicarbonate and change in thyroid hormone levels, with findings also 

adjusted for changes in enPCR between baseline and Month 12. All analyses were 

conducted using SAS statistical software version 9.4 (SAS Statistical Institute, Cary NC) 

and a P value < 0.05 was considered statistically significant.

Results

Baseline characteristics

A total of 147 euthyroid participants were included in the Daily Trial, and 48 euthyroid 

participants were included in the Nocturnal Trial.11 The baseline demographic and clinical 

characteristics of the study participants are shown in Table 1. The mean age was 50.9 ± 14.1 

years in the Daily Trial (67% male) and 53.8 ± 13.8 years in the Nocturnal Trial (62% male). 

As previously described, participants in the Daily Trial were more likely (68%) to have had 

end-stage renal disease for ≥ 2 years (P < 0.001) compared to the Nocturnal Trial (35%) but 

were less likely to have diabetes (42% vs 56%, P = 0.09).11 The majority of the participants 

in both Trials were overweight or obese (BMI ≥ 25 kg/m2; 58% in the Daily and 69% in the 

Nocturnal Trial) (Table 1).

Baseline serum bicarbonate and thyroid hormone levels

Baseline bicarbonate levels (mMol/L) were significantly higher for participants in the Daily 

Trial compared to the Nocturnal Trial (23.5 ± 3.55 vs 21.9 ± 3.79; P = 0.007) (Table 1), but 

baseline values did not differ by treatment arm within each Trial (Daily Trial, P = 0.26; 
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Nocturnal Trial, P = 0.48). In both Trials, the mean changes over 12 months in the 

bicarbonate levels increased significantly more in the six times per week hemodialysis group 

than in the three times per week hemodialysis group (Table 2). In the Daily Trial, baseline 

bicarbonate levels were not significantly correlated with baseline FT3 levels (r= −0.14, P = 

0.09), although the correlation with FT4 levels (r = 0.16, P = 0.05) was borderline 

significant. In the Nocturnal Trial, no association was seen between baseline bicarbonate 

levels and baseline FT3 and FT4 levels.

The relationship of change in serum bicarbonate levels and changes in thyroid hormone 
levels

The effect of hemodialysis frequency on changes in bicarbonate were examined in the 147 

Daily and 48 Nocturnal participants with endogenous thyroid function, as well as in all FHN 

Trial participants, using mixed-effects models to account for missing values (Table 3). A 

positive mean change indicates that the month 12 bicarbonate value increased from baseline. 

The treatment effect compares the change from baseline to month 12 between the 

hemodialysis frequency arms. A treatment effect with a positive sign indicates there was a 

net increase comparing daily to three times per week hemodialysis, whereas a negative sign 

indicates a net decrease comparing daily to three times per week hemodialysis. Six times per 

week hemodialysis was associated with a significant increase in serum bicarbonate levels in 

both the Daily and Nocturnal Trials. These findings were evident in the overall cohort and 

also in the subset with evidence of endogenous thyroid function, with larger effects seen in 

the Nocturnal Trial.

Taking into account the variation of bicarbonate levels over time with dialysis treatment, we 

further examined whether there was an association between change in serum bicarbonate 

and change in thyroid hormone levels. In the Daily Trial, overall changes in FT3 and FT4 

concentration were not significantly associated with changes in bicarbonate (r = 0.09, P = 

0.44 and r = 0.13, P = 0.21, respectively; Figure 1 upper panel), and no relationships were 

seen after adjusting for changes in enPCR. When restricting analyses to those with baseline 

metabolic acidosis (bicarbonate level < 23 mMol/L, in the Daily Trial), changes in FT3 and 

FT4 levels were not significantly associated with changes in bicarbonate (r = 0.13, P = 0.54 

and r = 0.33, P = 0.08, respectively; Figure 2, upper panel), and no associations were seen 

after adjusting for changes in enPCR. In the Nocturnal Trial, the change in FT3 

concentration was significantly associated with change in bicarbonate (r = 0.44, P = 0.02), 

but change in FT4 concentration was not (r = 0.07, p = 0.73; Figure 1, lower panel). 

However, these relationships were not significant after adjusting for enPCR. Additional 

stratification in this Nocturnal subset based on baseline bicarbonate level < 23 mMol/L 

showed no association between change in FT3 and change in bicarbonate (r = 0.48, P = 

0.08), while an association was seen between change in FT4 and change in bicarbonate 

concentration (r = 0.54, P = 0.03; Figure 2, lower panel); however the FT4 relationship was 

no longer significant after adjusting for change in enPCR (r = 0.45, P = 0.11). Changes in 

enPCR were not significant in the Daily Trial, but a significant increase in the Nocturnal 

Trial was noted for each treatment group (three times per week and six times per week) and 

overall (P < 0.001) with the overall mean enPCR increasing by 0.18 g/kg/day in the 

Nocturnal Trial.
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Discussion

Hypothyroidism is one of the most common endocrine abnormalities accompanying chronic 

renal failure.2,3,14,15 Baseline acid-base status varies among patients with dialysis dependent 

kidney failure and, as expected, acid-base homeostasis is responsive to the intensity of renal 

replacement therapy.16,17 In the present study, we examined chronic hemodialysis patients 

with endogenous thyroid function (lack of thyroid hormone supplementation and/or overtly 

elevated thyroid stimulating hormone levels) to more specifically analyze the relationship of 

serum bicarbonate with thyroid function within this clinical subset. We found that while 

changes in serum bicarbonate concentration were not correlated with changes in thyroid 

hormone levels in the Daily Trial, the observed associations between change in FT3 and FT4 

and changes in serum bicarbonate observed in the Nocturnal Trial (albeit not consistent) 

were not independent of changes in enPCR. These findings suggest that the observed 

relationships between acid base status and thyroid function in the Nocturnal Trial, if present, 

may be modulated by changes in protein-calorie malnutrition, as reflected in enPCR as a 

marker for dietary protein intake, since dietary protein contributes to acid load. We also 

noted that compared to the Nocturnal Trial, participants in the Daily Trial had higher serum 

bicarbonate levels at study initiation and demonstrated no relationship between changes in 

thyroid hormones and changes in bicarbonate concentration, with or without adjusting for 

enPCR.

A previous study reported that an increase in serum bicarbonate, achieved through oral 

bicarbonate supplementation, resulted in improvement in both FT3 and FT4 levels in 

predialysis patients with metabolic acidosis.6 However, this investigation was not 

accompanied by significant changes in protein catabolic rate, so that the effect of a change in 

bicarbonate could be evaluated as a single parameter. 6 Moreover, a study conducted in 

healthy individuals18 after induction of metabolic acidosis describes a mechanism at the 

level of the thyroid, rather than a central (hypothalamo-pituitary axis) inhibitory effect.19 

After correction of metabolic acidosis, thyroid function improved progressively, with the 

circulating hormones reaching normal levels.5 Similarly, in children with new onset of type 

1 diabetes, decreased serum FT3 levels and FT3/FT4 ratio resolved coordinately with 

resolution of the metabolic acidosis,20 although the potential role of improving acidosis and 

effects on sick euthyroid status cannot be excluded.

Our study has several limitations, including the small number of participants in the 

Nocturnal Trial, particularly when stratifying for the presence of metabolic acidosis, which 

may limit the findings obtained in this cohort. We also selected patients with endogenous 

thyroid function, eliminating those with overt hypo- or hyperthyroidism, thus restricting our 

observations to thyroid hormone variations within euthyroid subjects where circulating free 

thyroid hormone levels tended to be in the lower range. Subjects in the Nocturnal Trial 

experienced a significant increase in enPCR during the trial,10 which obscured the 

relationship between changes in bicarbonate and changes in thyroid hormone levels. While 

dialysis frequency was not associated with significant changes in nutritional parameters,10 

we cannot exclude the possibility that modification of protein catabolism may explain at 

least in part our findings. Thyroid function is potently influenced by malnutrition,19 

contributing to a sick euthyroid state and reduced catabolism. Levels of FT3 are also known 
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to manifest a circadian rhythm,21 and variation in the timing of laboratory tests may have 

influenced our results. Finally, serum bicarbonate levels were measured in the clinical 

laboratories linked to the providers associated with each dialysis center and may have 

resulted in greater between-subject variability in bicarbonate levels, although this would be 

less relevant for within subject (paired measurements) comparisons.

In summary, these data derived from a large randomized trial of dialysis frequency, showed 

that changes in bicarbonate level were inconsistently associated with nocturnal dialysis 

frequency and the observed relationships did not persist after adjusting for enPCR. However, 

the relationship of protein-calorie malnutrition, metabolic acidosis, and thyroid homeostasis 

in patients receiving hemodialysis may be complex. Two partially competing processes, 

metabolic acidosis and protein-calorie malnutrition, may contribute to reduced thyroid 

hormone levels in dialysis patients. A treatment paradigm that corrects both simultaneously 

may fail to explore the effect of either process. Further studies should be conducted in larger 

clinical populations of patients receiving hemodialysis, including those with endogenous 

thyroid hypofunction, to determine whether changes in acid base status are independently 

associated with changes in thyroid function and whether there are consequent effects on 

patient outcome.
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Figure 1. 
Scatterplot of changes in bicarbonate (HCO3

−) levels (mMol/L) and changes in free 3,5,3′-
triiodo-L-thyronine (FT3) (pg/mL) and free thyroxine (FT4) (ng/dL) levels in Daily Trial 

(upper panel). Scatterplot of changes in bicarbonate (HCO3
−) levels (mMol/L) and changes 

in FT3 (pg/mL) and FT4 (ng/dL) levels in Nocturnal Trial (lower panel). FHN, Frequent 

Hemodialysis Network.

*p = 0.02
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Figure 2. 
Upper panel: Scatterplot of changes in bicarbonate (HCO3−) levels (mMol/L) and changes 

in 3,5,3′-triiodo-L-thyronine (FT3) (pg/mL) and free thyroxine (FT4) (ng/dL) levels in 

Daily Dialysis Trial according to HCO3− less than 23 (left side) and equal and greater than 

23 (right side). Lower panel: Scatterplot of changes in bicarbonate (HCO3−) levels 

(mMol/L) and changes in FT3 (pg/mL) and FT4 (ng/dL) levels in Nocturnal Dialysis Trial 

according to HCO3− less than 23 (left side) and equal and greater than 23 (right side). FHN, 

Frequent Hemodialysis Network.

*P = 0.03
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Table 1

Baseline euthyroid participant’s characteristics

Variables
FHN Daily Trial

N=147
FHN Nocturnal Trial

N=48
P

Age (years) 50.9 ± 14.1 53.8 ± 13.8 0.21

Female 48 (33%) 18 (38%) 0.54

Diabetes Mellitus 62 (42%) 27 (56%) 0.09

Years since ESRD (Vintage) <0.001

 < 2 years 47 (32%) 31 (65%)

 >= 2 years 100 (68%) 17 (35%)

Body Mass Index (kg/m2) 0.40

 < 18.5 7 (5%) 2 (4%)

 18.5–24.9 55 (37%) 13 (27%)

 >= 25.0 85 (58%) 33 (69%)

Percent Body Fat (%) 42.0 ± 8.63 43.7 ± 7.87 0.25

ICW/kg 0.27 ± 0.06 0.26 ± 0.07 0.35

enPCR (g/kg/d) 1.03 ± 0.26 0.95 ± 0.23 0.05

HCO3− (Bicarbonate) (mMol/L) 23.5 ± 3.55 21.9 ± 3.79 0.007

FT3 (pg/mL) 2.52 ± 0.80 2.71 ± 1.08 0.21

FT4 (ng/dL) 0.89 ± 0.24 0.94 ± 0.21 0.20

Abbreviations include: FHN, Frequent Hemodialysis Network; ESRD, end stage renal disease; ICW, intracellular water; enPCR, equilibrated 
normalized protein catabolic rate; FT3, free 3,5,3′-triiodo-L-thyronine; FT4, free thyroxine.
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Table 3

The effect of dialysis frequency on bicarbonate (HCO3−) levels in the subset of euthyroid FHN participants 

and the overall cohort.

Euthyroid Participants# Overall Participants#

HCO3− estimate (95% CI) P HCO3− estimate (95% CI) P

DAILY Trial*

3x/week 0.28 (−0.52 to 1.08) 0.49 0.25 (−0.51 to 1.01) 0.52

6x/week 1.21 (0.43 to 1.99) 0.003 1.11 (0.36 to 1.86) 0.004

Treatment Difference 0.92 (0.04 to 1.81) 0.04 0.86 (0.02 to 1.70) 0.045

NOCTURNAL Trial*

3x/week 0.31 (−1.15 to 1.78) 0.67 0.12 (−1.19 to 1.44) 0.85

6x/week 3.56 (1.97 to 5.15) <0.001 3.11 (1.77 to 4.45) <0.001

Treatment Difference 3.25 (1.46 to 5.04) 0.001 2.99 (1.41 to 4.56) <0.001

*
Mixed model analysis (for Daily Trial, adjusted for clinical center).

#
Mean change from baseline within three times per week (3x/week) and six times per week (6x/week) hemodialysis and treatment effect (95% 

confidence Interval)
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