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Even in old age they will still be thriving, they will remain vigorous and fresh

The former things have passed away

 (Psalm 92:14, Revelation 21:4)
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GENERAL INTRODUCTION

Even though mortality in old age has significantly decreased over the last fifty years in 

the developed world (1), there still remains a large inter- individual variability in ageing 

trajectories, morbidity and mortality (2). The ageing process is associated with numerous 

physiological alterations across multiple organ systems, including the brain. Thus, the need 

to better understand the physiological mechanisms and processes that underlie the ageing 

process is vital. 

Longevity potential is determined by genetic and environmental factors (2, 3). Various 

attempts have been made to delineate the regulatory pathways that underlie human 

longevity.  Studies in model organisms suggest that longevity is promoted by conserved 

genetic mechanisms that orchestrate the organism’s responses to its changing environment, 

such as insulin/insulin-like growth factor-1 (IGF-1) signaling (4, 5). Also in humans, the ability 

to maintain the stability of the body’s internal environment while dynamically adapting to 

changes in external conditions, known as homeostasis, has been identified as being a key 

to healthy longevity (6). This maintenance is brought about by an intact communication 

between the brain and the peripheral bodily functions. Loss of homeostatic control is 

hypothesized to contribute to both bodily and cognitive decline. 

Crosstalk between brain and periphery
Homeostasis is essential for health throughout lifetime, since age- related changes to 

physiology accumulate from early life (7, 8). Homeostatic control is a complex mechanism 

requiring reciprocal projections from the brain to the periphery, and have at least three 

interdependent components: receptor/sensor, control center and effector (9). Homeostasis 

requires the integration of numerous peripheral cues (sensor) by the hypothalamus and 

nearby brain structures (control center), to mount a coordinated response to adapt and 

maintain the internal environment within narrow limits. Tight regulation of these systems 

is key to healthy ageing. 

Among the key modifiers of the ageing process identified are insulin/ IGF-1 signaling 

(IIS), the hypothalamic/ pituitary/thyroid (HPT) axis, the hypothalamic/ pituitary/ adrenal 

(HPA) axis and the autonomic nervous system. While a healthy interaction between these 

systems is crucial for maintenance of homeostasis of vital parameters (figure 1), a lack of 

communication or their dysregulation is implicated in accelerated and unhealthy ageing. 
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FIGURE 1.1 | Schematic figure depicting the brain-periphery dialogue.  Taken with permission 
from the Switchbox project proposal.

In this thesis, emphasis will be placed on three key modifiers of the ageing process, 

namely the communication between the brain and glucose and insulin metabolism, HPT 

axis and the autonomic nervous system, using data from the Leiden Longevity Study and 

the Switchbox study.

Data Sources- the Leiden Longevity Study
The Leiden Longevity study (LLS) was designed to identify determinants of human longevity 

by studying offspring of long- lived siblings and their partners. Between 2002 and 2006, 

some 421 Dutch Caucasian families were recruited of which at least two long-lived siblings 

were alive and aged 89 years or older for men and 91 years or older for women, without 

selection on health or demographic characteristics. Furthermore, the offspring of these 

long- lived nonagenarians and their partners, were also enrolled (figure 2). These offspring 

carry 50% of the genetic advantage of their long- lived parent and were shown to have a 

35% lower mortality rate compared to their birth cohort (10). Their partners with whom most 

have had a relationship and shared environment for decades, were included as population- 

based, environment- matched controls.
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FIGURE 1.2 | Study design of the Leiden Longevity Study.

Brain MRI data from offspring and partners in the LLS were used to study the relation between parameters of glucose 
metabolism and brain function.

Data Sources- the Switchbox Study
The Switchbox study is a satellite study from the LLS. The study is entitled ‘Maintaining 

health in old age through homeostasis’, and has the acronym ‘Switchbox’. It is an European 

project comprising partners from Paris, Munich, Budapest, Braga and Leiden, with the 

collective aim of improving healthy longevity by studying the brain- periphery dialogue 

with a view to re-setting the critical hypothalamic set-points. In Leiden, Switchbox was 

conducted in two phases- Phases I & II, over a period of 4.5 years (figure 3). The first phase 

(phase I) was an observational study of offspring of long- lived siblings and their partners, 

while phase II was a randomised controlled clinical trial involving healthy volunteers from 

the general population.

FIGURE 1.3 | Switchbox timeline covering the period of 4.5 years during which the Switchbox 
study was conducted.
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Switchbox Phase I
The hypothesis of the Switchbox phase I study is that control of homeostasis would be 

better preserved in the offspring of long-lived sibling, who grow older in better health 

compared to their partners who show ‘regular’ ageing. This was hypothesized to be reflected 

in differences in brain function, neuro-endocrine output and peripheral metabolism. Thus, 

we examined the links between the three main signaling axes- Hypothalamo-adrenal axis 

(HPA), Hypothalamo- thyroid axis (HPT) & Insulin- IGF-1 signaling axis (IIS) and critical 

measures that deteriorate during the ageing process, such as metabolism, brain structure 

and function, and heart rate and heart rate variability. 

Between March 2012 and July 2013, 135 offspring and partners from the LLS were 

included for Switchbox phase I. Inclusion criteria were being middle-aged (55-77 years) 

and having a stable body mass index (BMI) between 19 kg/m2 < BMI < 33 kg/m2. All 

women in the study were postmenopausal. Participants were excluded if their fasting 

plasma glucose was above 7 mmol/L, if they had any significant chronic, renal, hepatic 

or endocrine disease, or if they used any medication known to influence lipolysis, thyroid 

function, glucose metabolism, GH/IGF-1 secretion or any other hormonal axis. Other 

exclusion criteria were difficulties to insert and maintain an intravenous catheter, anaemia 

(Hemoglobin < 7.1 mmol/L), blood donation within the last two months, smoking and 

alcohol addiction, severe claustrophobia and extreme diet therapies. Data for comparison 

of measures of brain function (structural and functional brain MRI, cognitive tests), neuro-

endocrine output (24-hour hormone rhythms), and peripheral metabolism (continuous 

glucose monitoring, indirect calorimetry, diaries), cardiac parameters (continuous 

ambulatory ECG monitoring) to estimate sympathetic/ parasympathetic tone and motion 

(continuous tri-axial accelerometry) were collected over five days (figure 4) from offspring 

and their partners, to identify parameters most relevant for a slower pace of ageing.
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Switchbox Phase II
Insulin is an important modulator of brain functions, including central regulation of 

energy homeostasis, cognitive functions, neuronal activity and other behavioral, cellular, 

biochemical, and molecular functions (11, 12). Due to the presence of direct pathways from 

the nasal cavity to the CNS, insulin can be delivered, non- invasively and rapidly to the CNS 

through the intranasal route without being absorbed into the blood stream or having direct 

systemic effects (13).

Phase II involved testing whether and to what extent parameters identified in Phase 

I could be modulated by intranasal insulin application. To this end intranasal insulin and 

placebo were administered to 19 adults (8 young and 11 elderly) volunteers from the 

general population in a blinded, cross- over designed randomized clinical trial in which 

each participant served as his own control. Participants were randomized into two groups 

for the order of intranasal application of insulin and placebo (insulin first or placebo first 

groups), In addition, the younger participants additionally received either 75 gr glucose 

solution or water during the MRI protocol. Thus, the younger participants were randomized 

to four study days (insulin and glucose, insulin and water, placebo and glucose, placebo and 

water) (figure 5) whereas the older had two visits (insulin and water and placebo and water).

In this thesis, we report on the neuro-endocrine, metabolic and autonomic 

characteristics that appear to be pertinent for slower pace of ageing.
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OUTLINE OF THIS THESIS

The main objective of this thesis is to provide new insights into the crosstalk between 

the brain and the periphery, with a focus on glucose and insulin metabolism, the thyroid 

axis and the autonomic nervous system. Each section begins with the validation of a 

measurement device for use for a key parameter in this crosstalk. 

Part I of this thesis discusses the role of the brain in glucose and insulin metabolism, in 

both offspring of families enriched for familial longevity and their partners. Since glucose 

metabolism was previously shown to associate with longevity potential, we explored ways 

to measure glucose levels non-invasively. Thus, we started in chapter 2 with the validation 

of a continuous glucose monitor for non-invasive glucose measurement in older persons. 

Based on the hypothesis that maintenance of glucose metabolism is important not just 

for metabolic health but also for the brain, we assessed the relation between glucose and 

insulin metabolism on brain macro- and microstructure in chapter 3. Then, we further 

tested the effect of age and being a descendant of families enriched for familial longevity 

on the relation between parameters of glucose metabolism and the brain integrity in 

chapter 4. To gain mechanistic insights into the role of the brain in glucose metabolism, 

we examined the effect of intranasal administration of insulin on the brain, as it was 

found previously to improve cognition in humans. In chapter 5, we examined the effect of 

intranasally administered insulin on cerebral blood flow and perfusion in young and older 

adults. Part I concludes with chapter 6, where we reviewed the crosstalk between glucose 

and insulin metabolism, ageing and the brain.

In Part II of this thesis, we investigated another system that is implicated in human 

longevity; i.e. the thyroid axis. Thus, we set out to characterize the thyroid axis. First, 

we devised a versatile method for frequent blood collection in older participants. This is 

presented as chapter 7. Then, in chapter 8, from frequently sampled blood, we investigated 

the thyroid stimulating hormone (TSH) secretion pattern on the one hand, and whole 

body energy metabolism on the other hand in relation to longevity. In chapter 9, via a 

systematic review and meta-analysis of existing literature, we further looked at the effect 

of subclinically raised TSH levels on cognition.

Summarily, our study of the thyroid axis showed that human longevity is characterized 

by higher TSH levels, but without differences in basal metabolism. Since the thyroid gland 

is innervated by the autonomic nervous system, and its activity might be affected by the 
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sympathetic/ para-sympathetic tone, we tested the influence of the autonomic nervous 

system, using heart rate and heart rate variability as a proxy, on human longevity. This 

forms the basis for the third part (Part III) of this thesis. In this part, in chapter 10, we 

first validated a device- the Equivital (EQ02) lifemonitor- for non-invasive measurement of 

ambulatory ECG, heart rate and heart rate variability in older adults. Then, in chapter 11, 

we examined the role of heart rate rhythms and heart rate variability in familial longevity.

Finally, in chapter 12, the key findings of this thesis are summarized. These are then 

discussed in context of current knowledge of human longevity.
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ABSTRACT

The validity of continuous glucose monitoring (CGM) is well established in 

diabetic patients. CGM is also increasingly used for research purposes in normo-

glycemic individuals, but the CGM validity in such individuals is unknown. We 

studied the accuracy of CGM measurements in normo-glycemic individuals 

by comparing CGM-derived versus venous blood-derived glucose levels and 

measures of glycemia and glycemic variability. 

In 34 healthy participants (mean age 65.7 years), glucose was simultaneously 

measured every 10 minutes, via both an Enlite® CGM sensor, and in venous 

blood sampled over a 24-hour period. Validity of CGM-derived individual glucose 

measurements, calculated measures of glycemia over daytime (09:00h-23:00h) 

and nighttime (23:00h-09:00h), and calculated measures of glycemic variability 

(e.g. 24h standard deviation [SD]) were assessed by Pearson correlation 

coefficients, mean absolute relative difference (MARD) and paired t-tests. 

The median correlation coefficient between CGM and venous glucose 

measurements per participant was 0.68 (interquartile range: 0.40–0.78), and the 

MARD was 17.6% (SD = 17%). Compared with venous sampling, the calculated 

measure of glycemia during daytime was 0.22 mmol/L higher when derived 

from CGM, but no difference was observed during nighttime. Most measures of 

glycemic variability were lower with CGM than with venous blood sampling (e.g., 

24h SD: 1.07 with CGM and 1.26 with venous blood; p-value = 0.004).

In normo-glycemic individuals, CGM-derived glucose measurements had good 

agreement with venous glucose levels. However, the measure of glycemia was 

higher during the day and most measures of glycemic variability were lower 

when derived from CGM.
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INTRODUCTION

Continuous glucose monitoring (CGM) is a minimally invasive method that has been 

approved for ambulant glucose monitoring in patients with diabetes mellitus (1). For the 

purpose of patient care, the validity of different CGM devices has been studied against 

glucose measures obtained with another CGM device (2), glucometers (3, 4), capillary blood 
(5, 6) and venous blood taken at random time points (7). Recently, studies have also been 

conducted in which CGM glucose measurements were compared with frequently sampled 

venous blood glucose measurements (8-11). In general, these studies have shown that 

glucose measurements derived with a CGM device were comparable to venous blood 

glucose measurements (8-11). For example, the CGM Enlite® provides accurate glucose 

readings (correct detection of existing or predicted hypo- and hyperglycemia) for up to 

six consecutive days in diabetic patients when calibrated against capillary glucose three to 

four times a day (8). 

In addition to patient care, CGM has also been increasingly used in epidemiological 

studies in healthy volunteers (12-14). For research, the main advantage of CGM is that the 

device is portable, easy to use, cost effective, and can be used during normal daily activities. 

After processing, the device provides information on 24-hour glucose rhythms for up to 

six consecutive days. From this data, measures of glycemia and glycemic variability can 

be calculated. However, to date, the validity of the estimates for glycemia and glycemic 

variability as well as the glucose levels themselves have not been studied in normo-

glycemic individuals. 

In the present study, we conducted a validation study of glucose measurements 

obtained with CGM using the Enlite® sensor in normo-glycemic individuals. For this, we 

studied accuracy of CGM measurements by comparing CGM-derived glucose levels and 

measures of glycemia and glycemic variability with those obtained from simultaneously 

sampled venous blood.
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MATERIALS AND METHODS

Ethics statement
The Medical Ethical Committee of Leiden University Medical Center approved this study, 

and all investigations have been conducted according to the principles expressed in the 

Declaration of Helsinki. Written informed consent was obtained from all study participants. 

Study participants
The present study was embedded in the Switchbox Study (15), which was a sub-study of the 

Leiden Longevity Study (LLS). The LLS was originally designed to investigate genetic and 

phenotypic biomarkers associated with human longevity. In total, the LLS comprised 2,415 

participants (1,671 offspring from nonagenarian siblings and 744 partners thereof). A 

more detailed description of the study design and recruitment strategy has been described 

elsewhere (16).

Of these, a subsample of 38 non-diabetic participants underwent 24-hour venous 

blood sampling. To be included, the participants had to have a fasting glucose level <7 

mmol/L, hemoglobin >7.1 mmol/L, a body mass index (BMI) between 19 kg/m2 and 33 kg/

m2 and be free of any significant chronic disease. Exclusion criteria that were considered 

for participation in the 24-hour venous blood sampling included, among others, use of 

any medication known to influence lipolysis, thyroid function, glucose metabolism, growth 

hormone secretion or any other hormonal axis, difficulties in inserting and maintaining an 

intravenous catheter, blood donation within the last two months, smoking and alcohol 

addiction, and extreme diet therapies, as has been described in more detail elsewhere (17). 

Of the 38 participants, 34 had simultaneously measured glucose levels from CGM and 

venous blood (no CGM data could be uploaded for four participants). 

Study and sampling procedure
After an overnight fast of 10-14 hours, a catheter, for the purpose of venous blood 

sampling, was inserted in the non-dominant hand before the start of the study. Blood 

sampling started at 09.00h and continued for 24 hours. During this period, 2 ml of blood 

were collected every 10 minutes in a serum separator (SST)-tube.

During the study period, participants received three standardized meals at three fixed 

time points (namely, between 09.00h-10.00h, 12.00h-13.00h and 18.00h-19.00h). All 
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meals consisted of 600 kcal Nutridrink (Nutricia Advanced Medical Nutrition, Zoetermeer, 

the Netherlands). All participants were sampled in the same room with standardized 

ambient conditions. Participants were not allowed to sleep during the day; lights were 

turned off between 23.00h to 08.00h to allow the participants to sleep.

Continuous glucose monitoring
Each participant was assigned to a iPro® 2 MiniMed® continuous glucose monitoring 

System (Medtronic MiniMed Inc., Northridge, CA, USA). The system comprised of (i) a 

sterile, single use electrode sensor system (ENLiTE®; Medtronic MiniMed Inc., released 

2010), inserted into the interstitial fluid, that continuously generates an electrical current 

proportional to the glucose concentration, (ii) a Sen-serter for sensor insertion, (iii) a iPro2 

recorder that digitally stores the average sensor current every 5 minutes, and (iv) a dock 

wired to a personal computer (PC) with CareLink® iPro, through which data from iPro2 is 

uploaded through dock to PC with Internet connection to CareLink iPro. The glucose sensor 

was inserted into the subcutaneous abdominal fat tissue the day before the study, to allow 

for sensor equilibration and for resolution of any insertion-induced micro-hematoma. This 

procedure has been validated previously and provides accurate CGM glucose recordings 

over a longer period (8). 

The CGM glucose recordings were retrospectively calibrated using capillary glucose 

(fingersticks) values from a self- monitored blood glucose (SMBG) meter (Contour ® by 

Bayer), as specified by the manufacturer (18). The SMBG values were measured four times 

during the study, namely before breakfast, before lunch, before dinner, and before sleeping. 

At the end of the study, data from the sensor as well as SMBG values were uploaded via 

internet connection to CareLink iPro (https://carelink.minimed.eu/ipro/hcp/) to calibrate 

the CGM measurements against the capillary glucose measurements. CGM provides 

calibrated continuous glucose readings every 5 minutes, which were downloaded and used 

for analyses. 

Processing of  venous blood samples
After blood withdrawal, the serum tubes were kept at room temperature to clot and 

immediately centrifuged when the samples were clotted. Serum was aliquoted into 

500µl tubes and promptly stored at -80°C. Glucose levels were measured using fully 

automated equipment with the Hitachi Modular P800 from Roche Diagnostics (Almere, 

the Netherlands). Coefficient of variation for measurements ranged between 0.9-3.0%. 
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Anthropometrics
At the study center, height, weight, body fat percentage, and waist and hip circumference 

were measured. Weight (in kilograms) was divided by the squared height (in meters) to 

calculate the body mass index (BMI). The percentage of body fat was measured using a 

bioelectrical impedance analysis (BIA) meter at a fixed frequency of 50kHz (Bodystat® 

1500 Ltd, Isle of Man, British Isles).

Calculations of  measures of  glycemia and glycemic 
variability

For the analyses, every other 5-minute CGM glucose measurement was paired with the 

corresponding 10-minute venous glucose measurement. Individual glucose measurements 

from CGM and venous blood sampling were first manually checked for unreliable 

measurements and technical errors and then processed as described below to derive 

measures of glycemia and glycemic variability.

Measures of glycemia were the 24h mean glucose level (09.00h – 09.00h), and the 

mean glucose level during daytime (09.00h – 23.00h) and nighttime (23.00h – 09.00h). 

The analyses during daytime and nighttime were conducted to validate in more detail the 

CGM during the day (when participants were awake, had food intake, and capillary glucose 

measurement for calibration were taken) and during the night (when participants were 

asleep, had no food intake, and no calibration was done). 

Measures of glycemic variability were of two classes, namely (i)- indices based on 

glucose distribution and amplitude of glucose excursions, and (ii) indices based on risk 

of hypo-/hyperglycemia and quality of glycemic control (19). Indices of glycemic variability 

that were based on glucose distribution and amplitude of glucose excursions were the 

24h standard deviation (SD), the standard deviation within series of 1 hour (SDws1) and 

of 4 hours (SDws4), the range (maximum – minimum), the interquartile range (IQR), the 

percentage coefficient of variation (% CV), the continuous overlapping net glycemic action 

over 1 hour (CONGA1) and over 4 hours (CONGA4) and the mean amplitude of glycemic 

excursions (MAGE). The SDws1 and SDws4 represent the average standard deviation of 

every 10-minute measurement over hourly (SDws1) and four- hourly (SDws4) periods 

of the glucose time series, and permit analysis of changes in variability by time of day 
(20). CONGA1 and CONGA4 are measures for assessing intra-day variability over hourly 

(CONGA1) and four- hourly (CONGA4) segments of the glucose time series (21). Except for 
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MAGE, which was calculated using a MAGE algorithm (22) that is based on the principle of 

gradual (successive) approximations of glucose peaks and troughs and IQR (75th percentile 

- 25th percentile), the other aforementioned indices were calculated using the Rodbard 

macro (23).

Indices based on risk of hypo-/hyperglycemia and quality of glycemic control were 

the J-index, hypoglycemia index and hyperglycemia index (20). The J-index is a measure of 

quality of glycemic control based on mean and SD of all glucose values, and is calculated as 

J= 0.001 x (mean + SD)2. The hypoglycemia index is the weighted average of hypoglycemia 

values, calculated using the formula (∑ (LLTR - Glucose)b) / [N x d], where LLTR = Lower 

Limit of Target Range (we used the default value of 80mg/dL); b= exponent, generally in 

the range from 1.0 to 2.0 (we used the default value of 2.0); d= scaling factor to permit 

another form of differential weighting of hypoglycemic and hyperglycemic values (we used 

the default value of d=30); and N is the total number of observations including hypo-

, eu, and hyperglycemic values. The summation for hypoglycemia index was performed 

for only the glucose values less than 80mg/dL. The hyperglycemia index is the weighted 

average of hyperglycemic values, calculated using the formula (∑ (Glucose – ULTR)a) / [N 

x c], where ULTR = Upper Limit of Target Range (we used the default value of 140mg/

dL); a= exponent, generally in the range from 1.0 to 2.0 (we used the default value of 

1.1); c= scaling factor (we used the default value of c=30); and N is the total number of 

observations. The summation for hyperglycemia index was performed for only the glucose 

values greater than 140mg/dL. The exponents a and b, and the scaling factors c and d in 

the formulas for hypoglycemia and hyperglycemia indices are constants that provide for 

differential weighting of hypo- and hyperglycemic values.

Statistical analysis
The accuracy of individual glucose measurements was studied by assessing the accuracy 

within a participant as well as for the whole study population, whereas the accuracy of the 

measures of glycemia and glycemic variability was assessed only for the study population.  

For the analyses on accuracy of individual glucose measurements, we first calculated, 

per participant, a Pearson correlation coefficient between glucose measurements derived 

from CGM and venous blood sampling. From these individual Pearson correlation 

coefficients, we determined the median with the interquartile range. Secondly, we 

assessed the agreement between glucose measurements derived from CGM and venous 



2

Ch
ap

te
r 2

30

blood sampling using Bland-Altman analysis (24). The limits of agreement were studied 

by calculating the difference between the two methods ± 1.96 standard deviation of 

the difference. The Bland-Altman analyses were additionally stratified into daytime and 

nighttime. We additionally determined the mean absolute relative difference (MARD) of all 

paired points. MARD was calculated using the formula |CGM glucose - venous glucose|/

venous glucose, as has been previously done in other studies (8, 11). Furthermore, to explore 

the MARD values across different glucose ranges within our dataset, we calculated the 

mean and median Absolute Relative Differences (ARD) after dividing the glucose values 

into tertiles based on venous glucose values.

The comparison of level of agreement of the per-participant estimates of glycemia and 

glycemic variability derived from CGM and venous blood sampling were conducted with 

paired t-tests. 

Graphs of 24hour glucose trajectories and Bland-Altman plots were drawn using 

GraphPad Prism version 5 (GraphPad, San Diego, CA). All statistical analyses were 

performed using SPSS v.20 for Windows (SPPS Inc., Chicago, IL, U.S.A.). Two-sided 

p-values below 0.05 were considered statistically significant. 

To determine whether the results and correlations obtained were modulated by the 

presence of one participant with a negative Pearson correlation, sub-analyses were also 

conducted after excluding this participant (in N=33). 

RESULTS

Characteristics of  the study population
Characteristics of the study population (N = 34) are presented in Table 1. Summarily, the 

study population had a mean age of 65.7 years, and comprised of 44% females. Participants 

had a mean BMI of 25.2 kg/m2, and mean fasted venous glucose of 4.9 mmol/L.

Accuracy of  individual glucose measures 
obtained with CGM. 

A total of 4,523 data points derived with CGM were paired with glucose levels from 

simultaneously obtained venous blood samples. A graphical representation of the average 

glucose level (CGM and venous blood glucose) per time point is visualized in Figure 1. 
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TABLE 2.1 | Characteristics of the study population

N = 34

Female, n (%) 15 (44.1)

Age, years 65.7 (4.8)

Weight, kg 75.5 (13.3)

BMI, kg/m2 25.2 (3.9)

Waist circumference, cm 93.1 (12.2)

Waist: hip ratio 0.90 (0.09)

Fat mass, percentage 30.8 (8.04)

Total  lean mass, kg 52.3 (11.6)

Fasted (venous) glucose, mmol/L 4.9 (0.6)

Data represent mean with standard deviation unless stated otherwise.

FIGURE 2.1 | Venous- and continuous glucose monitoring (CGM)- derived glucose during 24h 
period.

Data presented as the mean (SE) glucose level every 10 minutes. In red, the continuous glucose monitoring measurement 
data. In blue, the venous blood glucose measurement data.
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Pearson correlation coefficients between glucose measurements derived with CGM 

and from venous blood samples are visualized per participant in Figure 2 (individual 24h 

graphs are presented in Supplementary Figure 1). These Pearson correlation coefficients 

ranged from -0.35 to 0.93 with a median Pearson correlation of 0.68 (interquartile range: 

0.40 – 0.78). 

Bland-Altman plots of all the individual glucose measurements are presented in Figure 

3. Compared to venous glucose measurements, glucose levels derived with CGM were on 

average 0.10 mmol/L higher (95% of the individual data points between -2.21 and 2.41 

mmol/L) during the 24-hour period. During the day, glucose levels were 0.23 mmol/L (95% 

of the individual data points between -2.36 – 2.82 mmol/L) higher with CGM, while during 

the night glucose levels were 0.09 mmol/L lower with CGM (95% of the individual data 

points between -1.85 – 1.67 mmol/L). The MARD was 17.6% (SD = 17.0%) throughout 

the 24-hour period, 19.3% (SD = 17.1%) during the day, and 15.3% (SD = 16.5%) during 

the night. Next, we divided the glucose values into tertiles based on venous glucose values 

to explore MARD values across different glucose ranges within our dataset. The 24-hour 

mean (and median) Absolute Relative Difference (ARD) were 22.8 (16.99), 14.45 (11.0) and 

15.65 (13.29) for tertile 1 (lowest glucose values), 2 (intermediate glucose values) and 3 

(highest glucose values) respectively, as described in supplementary Table 1. These results 

were similar after excluding the participant with a negative Pearson correlation. 

Accuracy of  estimates of  glycemia and glycemic
variability 

Agreement between calculated estimates of glycemia and glycemic variability derived 

from CGM and venous blood data is presented in Table 2. The 24-hour mean glucose 

level was 0.08 mmol/L (standard error [SE]: 0.08) higher with CGM than with venous 

blood sampling, which was not statistically significantly different (p-value = 0.35). During 

daytime, the mean glucose level was 0.22 mmol/L (SE: 0.09) higher with CGM than with 

venous blood sampling, which was significantly different (p-value = 0.02). No significant 

difference (p-value = 0.33) in mean nighttime glucose was observed between CGM and 

venous blood (difference: -0.11 mmol/L; SE: 0.12).
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FIGURE 2.2 | Per-person Pearson correlations coefficients between venous- and continuous 
glucose monitoring (CGM)- derived glucose levels.

Bar chart showing the distribution of the Pearson correlations between paired CGM and venous glucose measurements 
determined for each of the 34 participants. Dashed line represents the median per-person Pearson correlation.

The 24-hour standard deviation of the glucose levels derived with CGM was 1.07, 

whereas it was 1.26 with venous blood sampling, which was statistically significantly 

different (difference: -0.19 [SE: 0.06]; p-value = 0.004). Similar significant results were 

observed for most other measures of glycemic variability that are based on glucose 

distribution and amplitude of glucose excursions, namely, SDw1, SDw4, range, % CV, 

MAGE, CONGA1 and CONGA4, but not for IQR. On the other hand, measures of glucose 

variability indices that are based on risk and quality of glycemic control did not significantly 

differ when derived from CGM compared to venous glucose, except for the hyperglycemia 

index (p-value < 0.001) (Table 2).

Results were similar after exclusion of the participant with a negative Pearson 

correlation.
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FIGURE 2.3 | Bland-Altman plots of individual glucose measurements

Each dot represents one paired (CGM and venous) glucose measurement (N = 4,523 data points derived from 34 
participants). The bias of the measurements (represented as the solid lines) and the ± 1.96 SD (dotted lines) are presented 
for the measurements obtained (A) over 24 hours (B) during the day (09.00h – 23.00h), and (C) during the night (23.00h 
- 09.00h).
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Table 2.2 | Comparison of estimates of glycemia and glycemic variability

Mean CGM Mean venous Difference (SE) P-value

Glycemia

24h glucose 5.18 (0.46) 5.10 (0.35) 0.08 (0.08) 0.35

Daytime glucose (09.00h – 23.00h) 5.61 (0.52) 5.39 (0.43) 0.22 (0.09) 0.02

Nighttime glucose (23.00h - 09.00h) 4.57 (0.62) 4.68 (0.47) -0.11 (0.12) 0.33

Glycemic variability: 
Glucose distributions/ excursions

24h standard deviation 1.07 (0.29) 1.26 (0.36) -0.19 (0.06) 0.004

SDws1 0.47 (0.09) 0.68 (0.15) -0.21 (0.02) <0.001

SDws4 0.72 (0.18) 0.95 (0.26) -0.23 (0.04) <0.001

Range 4.45 (1.19) 6.24 (1.72) -1.79 (0.25) <0.001

IQR (median (IQR)) 1.24 (1.05-1.42) 1.27 (1.00-1.46) 0.354

% Coefficient of Variation 20.9 (6.04) 24.3 (6.67) -3.39 (1.20) 0.008

MAGE 3.02 (1.02) 3.52 (1.36) -0.50 (0.22) 0.034

CONGA1 1.50 (0.42) 1.97 (0.61) -0.47 (0.07) <0.001

CONGA4 1.57 (0.51) 2.07 (0.66) -0.50 (0.11) <0.001

Glycemic variability: 
Risk and quality of glycemic control

J- index 0.039 (0.007) 0.041 (0.007) 0.002 (0.007) 0.341

Hypoglycemia index (median (IQR)) 0.46 (0.07-2.0) 1.33 (0.35-2.15) 0.17

Hyperglycemia index (median (IQR)) 0.003 (0.0-0.04) 0.031 (0.01-0.08) <0.001

Values are mean (SD) unless otherwise indicated. Abbreviations: CGM, continuous glucose monitoring; SD, standard 
deviation; SE, standard error; SDws1and SDws4, standard deviation within time series of respectively 1 and 4 hours; 
CONGA1 and CONGA4, continuous overlapping net glycemic action over respectively 1 and 4 hours; and MAGE, mean 
amplitude of glycemic excursions.
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DISCUSSION

In the present study we assessed the accuracy of CGM-derived glucose levels and of 

CGM-derived measures of glycemia and glycemic variability in a normo-glycemic study 

population. The findings were three-fold. First, we observed large variation in the per-

person Pearson correlation coefficients of glucose measurements derived with CGM and 

venous blood glucose measurements. Second, we observed no significant systematic 

deviation in glucose measurements derived with CGM against glucose measurements 

derived with venous sampling. However, variation (as assessed by the 1.96 SD intervals in 

the Bland-Altman plots) was large. And third, we observed that of the calculated measures 

of glycemia and glycemic variability, the mean glucose level during daytime was higher 

with CGM, and that most measures of glycemic variability were lower with CGM, especially 

the glucose variability measures that were based on glucose excursions.

CGM has primarily been used for self-monitoring of blood glucose in patients with 

diabetes (25, 26), and only recently in a number of epidemiological studies (12-14). Although 

repeated venous blood sampling could be considered as the gold standard to determine 

glucose rhythms over the day, this technique is too invasive to be used in larger cohort 

studies. Also, a large number of exclusion criteria need be considered before, for example, 

older participants (e.g., aged 65 and above) could undergo 24-hour venous blood 

collection(17). These stringent selection criteria (e.g., lack of any significant chronic disease) 

will result in a highly selected study population, and increase the risk of selection bias, 

which decreases generalizability of potential research findings. On the other hand, the 

CGM device can be used with less stringent selection criteria, and can be used in a home-

based setting for up to a week.

The assessment of the validity of the Enlite® sensor against frequently sampled venous 

blood has been studied before (8-11). The MARD, which is indicative of the direction and 

extent of bias (11), has been previously reported to be 18.3% in subjects with diabetes over a 

48-hour period (11) and 13.6% in another study over a 6-day period (8). In line, we observed a 

MARD ranging from 15.25% – 19.15% depending on the time of the day. After dividing the 

glucose values into tertiles of venous glucose, we found that MARD values were highest 

in the lowest glucose range, suggesting that the MARD, as a relative error, weighs more 

errors at lower glucose levels. In addition, studies conducted on newer generation CGMs 

have reported lower MARD values. For example, a comparative study reported a MARD of 
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17.9 for Enlite® sensor (released 2010), whereas the FreeStyle Navigator (released 2012 

by Abbott Diabetes Care) and G4 Platinum (released 2013 by Dexcom) had MARD values 

of 12.3 and 10.8 respectively. Thus, MARD values seem dependent on glucose ranges 

(normo-glycemic versus diabetic range), as well as on the type and generation of CGM 

sensor. 

The accuracy of CGM-derived measures of glycemic variability has not been studied 

before. Currently, glycemic variability is often monitored, as diabetes complications may be 

associated with higher glycemic variability (26-28). We observed that most measures of glycemic 

variability were lower when derived from CGM data than when derived from venous-

blood data, suggesting that measures of glycemic variability were underestimated when 

calculated using CGM glucose values. Several probable sources of CGM underestimation 

have been put forth in literature (29-31). One reason could be distortion due to blood- to- 

interstitium glucose kinetics, resulting in a time lag/ delay between interstitial fluid and 

venous blood. In our study, we used the Enlite® CGM sensor which was calibrated with 

glucose values from a self- monitored blood glucose (SMBG) meter (Contour® by Bayer). 

Of note, the glucometer measures capillary glucose, which is a compartment different 

from that from which glucose is measured both by the CGM (interstitial compartment) and 

by venous sampling (intravascular compartment). Thus, the existence of a physiological 

delay between blood glucose and interstitial glucose can hinder real- time accurate CGM 

glucose measurement (31). 

A second possible reason could be due to inaccurate sensor calibration (29, 30), which 

may be affected by sample timing or level of self- monitored glucose used for calibration, or 

to a drift in time of sensor sensitivity. However, distortion by inaccuracy of the glucometer 

(Contour® by Bayer) is unlikely in our case, since this device has been previously validated 

against a reference laboratory glucose measuring instrument (32). According to that study, 

the validity of the Contour® blood glucose monitoring system is above that required by the 

International Organization for Standardization’s International standard (ISO 15197:2003) 

for blood glucose monitoring systems.

Thirdly, underestimation of CGM glucose could be attributed to random zero- mean 

measurement noise (29). The measurement noise component appears to decrease day after 

day, causing inter-day sensor variability. The measurement noise of the CGM is highest in 

the first day of use and decreases thereafter. Hence, the CGM sensor was inserted the day 

before venous sampling was initiated in our study.
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We observed a large variation in accuracy between individuals, which was reflected 

in a wide range in per-person Pearson correlation coefficients. In one extreme case, data 

showed a negative correlation between CGM and venous glucose values. No technical 

reason was found to explain this negative correlation. Although all participants received 

the same meals at approximately the same time, there were differences in individual 

responses, as measured by CGM or venous glucose. During the day, individual glucose 

values were higher when measured in the interstitial fluid using CGM than in serum 

(notably 0.23 mmol/L). A similar difference was observed when we calculated the mean 

glucose level during daytime. However, the variation in the per-person Pearson correlations 

is not unexpected, as individual differences may exist in how well the CGM calibration 

algorithm “fits” individual physiology (4). Other reasons for the high variation in per-person 

Pearson correlation coefficients could include tissue reactions to the implanted sensors 

(e.g., inflammation, fibrosis, and vessel regression) (33). Also, the implanted glucose sensor 

could have been placed close to a blood vessel, which has been previously associated with 

extended (average 7-15 minute) delay in interchange between interstitial fluid and venous 

blood (33). These factors could contribute to a larger discordance in CGM and venous 

glucose values when matched based on time points. Nevertheless, despite the inclusion of 

one participant with a negative correlation in the analysis, our results (e.g. MARD, median 

Pearson correlation) are comparable to previously published studies (8, 11). Furthermore, 

across the whole study population, we observed good agreement between individual 

glucose levels measured in serum and in interstitial fluid in normo-glycemic participants. 

Compared to daytime venous glucose, we observed a higher mean CGM glucose 

during the day. This should be taken into account when the purpose of a study involves a 

cut-off determined on the basis of CGM data, as this could influence the results- the higher 

daytime glucose could result in a number of false-positives. Moreover, the higher standard 

deviation that we observed could affect the statistical power of a study. A consequence of 

a higher standard deviation with CGM is that CGM studies would need to be conducted 

with larger sample sizes than studies with venous blood sampling (figure 4). For example, 

when the expected differences between two groups is 0.25 mmol/L in 24-hour mean 

glucose level, a study using venous blood sampling would comprise 31 participants in each 

group, whereas a study using CGM would comprise 53 participants in each group. 

A limitation of our study is that it has a limited sample size (N = 34), which is somewhat 

smaller than the other conducted validation studies in this field (8-11). Another potential 



2

CG
M

 Validation Study in N
orm

o-G
lycem

ic Individuals

39

limitation is that venous glucose was measured in serum samples. However, the samples 

were centrifuged immediately after clotting, thus preventing glycolysis. The main strength 

is that the data with both sampling methods comprise glucose levels collected over a 24-

hour period. This way, the validity of the sampling method could be studied in more detail. 

Furthermore, within the 24-hour study period, environment, physical activity, sleeping 

and feeding conditions were standardized. The study population was therefore more 

homogenous.

FIGURE 2.4 | Sample size calculations.

Figure depicts the sample sizes required to observe a statistically significantly difference between two study groups 
(alpha = 0.05; power = 0.8). The vertical dashed line depicts a hypothetical expected difference between two study 
groups. The horizontal dashed lines depict the number of participants required in both study groups to observe this 
difference. Dotted curved line represents CGM whereas the solid curved line represents venous blood sampling.

In conclusion, there is good agreement between individual glucose measurements 

derived with CGM and venous blood. However, the accuracy of measures of glycemia and 

most measures of glycemic variability deviated significantly, a fact that needs to be taken 

into account in future studies using CGM.

Supporting information
The Supplementary Material for this article can be found online at: http://journals.plos.org/

plosone/article?id=10.1371/journal.pone.0139973#sec020 

Supplementary Figure 1. Per- person graphs of 24-hour glucose rhythms.  

Supplementary Table 1. Mean and median absolute relative difference in tertiles of venous 

glucose. 
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ABSTRACT

Given the concurrent, escalating epidemic of Diabetes mellitus and 

neurodegenerative diseases, two age- related disorders, we aimed to understand 

the relation between parameters of glucose metabolism and indices of pathology 

in the aging brain. From the Leiden Longevity Study, 132 participants (mean 

age 66 years) underwent a 2-hour oral glucose tolerance test to assess glucose 

tolerance (fasted and area-under-the-curve (AUC) glucose), insulin sensitivity 

(fasted and AUC insulin, and homeostatic-model-assessment-of-insulin-

sensitivity (HOMA-IS)) and insulin secretion (insulinogenic index). 3Tesla brain 

MRI was used to detect macro-structural damage (atrophy, white matter hyper 

intensities, infarcts and/or micro-bleeds), and Magnetization Transfer Imaging 

(MTI) to detect loss of micro-structural homogeneity that remain otherwise 

invisible on conventional MRI.

Macro-structurally, higher fasted glucose was significantly associated with 

white matter atrophy (P=0.028). Micro-structurally, decreased MTR peak height 

in gray matter was associated with higher fasted insulin (P=0.010), AUCinsulin 

(P=0.001), insulinogenic index (P=0.008) and lower HOMA-IS index (P<0.001). 

Similar significant associations were found for white matter. Thus, while higher 

glucose was associated with macro-structural damage, impaired insulin action 

was associated more strongly with reduced microstructural brain parenchymal 

homogeneity. These findings offer some insight into the association between 

different parameters of glucose metabolism (impairment of which is characteristic 

of Diabetes mellitus) and brain aging.
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INTRODUCTION

The rising prevalence of type 2 Diabetes and neurodegenerative disease over the past 

several decades has made it of critical importance to understand the relation of glucose 

and insulin with the aging brain. The prevalence of type 2 Diabetes steadily increases 

with age, with estimates suggesting that more than half of individuals older than 65 years 

have either diabetes or pre-diabetes (1). Diabetes and pre-diabetic states, characterized 

by impairments in glucose, insulin and insulin sensitivity, are known to be risk factors 

for cognitive decline, mild cognitive impairment and dementia (1, 2). It is also known that 

higher glucose levels, in the absence of (pre) diabetes, are associated with increased risk 

of accelerated cognitive decline (3), or dementia (4) in older persons. Furthermore, there is 

a surge of new information pointing towards high circulating insulin and insulin resistance 

as mediators of neurodegenerative brain diseases (5, 6). It however remains unclear what 

the association is of ‘normal’ glucose and insulin (glucose and insulin levels within the 

population reference range), with macro- and micro- structural brain changes in older 

persons without diabetes.

Existing literature has demonstrated a decrease in total brain volume in relation to 

diabetic and pre-diabetic states in late middle age (7). Besides these macro-structural 

changes however, microstructural changes may possibly occur in normal appearing brain 

tissue in relation to glucose and insulin, serving as indices of brain pathology. These 

microstructural brain tissue changes, which are beyond the spatial resolution of the 

conventional MRI, can be detected with magnetization transfer (MT) imaging (MTI) (8). MTI 

can also detect differences in the degree of tissue destruction in macro-structural lesions 

(cerebral atrophy, white matter hyper-intensities, lacunar infarcts or cerebral micro- bleeds 

in the white matter). MTI is based on the exchange of magnetization between protons 

bound to macromolecules and protons of free water molecules inside tissue. The MT 

ratio (MTR), which reflects the scale of this exchange, has been shown to decrease in the 

presence of brain tissue damage due to pathology or aging (9, 10). MTR is calculated per voxel 

with subsequent generation of a histogram per region of interest, from which mean MTR 

and MTR peak height can be determined. The highest peak of each histogram is the MTR 

peak height, and is defined as the number of voxels with the most frequent MTR value. 

The mean MTR is defined as the average of the MTR value of all voxels in the region(s) 
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of interest, as depicted in Figure 1. The peak height of a MTR histogram represents the 

uniformity within the region of interest. Both mean MTR and peak height reflect different 

aspects of MTR, and they may show different sensitivity in detecting structural changes 

in the brain. Specifically, MTR peak height has been suggested to be a relatively specific 

quantitative measure of microstructural brain parenchymal abnormalities, including myelin 

content and axonal numbers (11). A lower brain tissue MTR peak height indicates loss of 

homogeneity of brain tissue (12) and is observed in brain parenchymal abnormalities that 

develop with aging or disease.

The aim of the present study was to investigate the association between parameters 

of glucose metabolism and three indices of brain pathology, namely- gray and white 

matter parenchymal volumes and atrophy, macroscopic brain damage, and micro-

structural integrity. Parameters of glucose metabolism were derived from Oral Glucose 

Tolerance Test (OGTT) (13), and included measures of glucose tolerance, insulin sensitivity 

and of pancreatic β-cells secretory capacity. Macro-structural brain parameters were 

measured using MRI, and included presence and number of microbleeds, lacunar infarcts 

and/ or volume of white matter hyperintensities. Micro-structural parameters included 

quantification of homogeneity of brain parenchyma; including axonal and myelin integrity, 

as measured using MTI- derived mean MTR and peak height.

MATERIALS AND METHODS

Subjects were included from the Leiden Longevity Study (LLS), which was setup to 

investigate determinants and pathways associated with healthy aging and longevity, as 

previously described (14). A total of 421 Caucasian families were included and regarded as 

enriched for familial longevity if at least two long-lived siblings were alive and fulfilled the 

age-criterion of ≥ 89 years for males or ≥ 91 years for females. Sex-specific age-criteria 

were used due to the higher life expectancy of females compared to males. No selection 

criteria on health or demographic characteristics were applied. Offspring of these long-

lived nonagenarians were also included, having inherited on average 50% of the genetic 

propensity of their long-lived parent. Partners of these offspring, with whom they have 

shared the same socio-economic and geographical environment for decades and who are 

of a similar age, were also enrolled. In total, 2415 offspring and partners were included in 

LLS.



3

G
lucose m

etabolism
 and M

RI – M
TI of aging brains

49

Of the 2415 subjects included in LLS, a random subset of 370 underwent an MRI scan 

of the brain, as had been previously described (15). Of the 370 subjects, 132 non-diabetic 

subjects (75 offspring and 57 partners, comprising 49 couples) also underwent OGTT. 

Therefore, a total of 132 non-diabetic subjects with reliable, complete OGTT, brain MRI and 

MTI data were included in this study. These participants had no known history of dementia, 

were free of memory complaints, and had never visited a memory clinic. Furthermore, the 

participants underwent three cognitive tests- Stroop Color Word test (Stroop test), to test 

for cognitive flexibility and executive function; Digit Symbol Substitution Test (DSST), to 

evaluate attention and processing speed; and 15-Picture Word Learning Test (15- PLT), 

to test for immediate and delayed memory, as had been earlier described (16). For Stroop 

test, subjects were asked to read a color name, which was displayed in a color different 

from the color that it actually names. The outcome parameter was the time (seconds) 

needed to complete the test; a higher score indicates worse performance. For the DSST, 

the participants had to match certain digits with letters according to a provided key. 

Outcome parameter was the number of correct digit-symbol combinations within 90s. For 

15-PLT, fifteen pictures were successively presented at a rate of one per two seconds 

after which the subject was asked to recall as many pictures as possible. This procedure 

was carried out three times (PLT-1, PLT-2 and PLT-3). After 20 minutes, delayed recall was 

tested. Outcome parameters were the number of correct pictures after each trial for PLT-

immediate (immediate recall) and after 20 min for PLT-delayed (delayed recall).

The Medical Ethical Committee of the Leiden University Medical Centre approved the 

study and written informed consent was obtained from all participants.

Ogtt- derived parameters of  glucose metabolism
In the morning after an overnight fast of at least 10 hours, an OGTT was performed with 

a 75g glucose load per 300mL of water. Venous blood samples were withdrawn at 0, 30, 

60, and 120 minutes after oral ingestion of the glucose load. Parameters derived from the 

OGTT included fasted glucose and area under the curve (AUC) for glucose (AUCglucose), 

which are measures of glucose tolerance; fasted insulin, AUCinsulin, and HOMA-IS, which 

are measures of insulin action and sensitivity (17); and insulinogenic index (18) which is a 

measure of pancreatic Beta cell secretory capacity. AUC for glucose (AUCglucose) and 

insulin (AUCinsulin) were calculated using the trapezoid formula. The glucose and insulin 

curve was first divided into a number of strips of equal width. Then, the area of the 
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trapezium formed approximated the area of each strip. The sum of these approximations 

gave the final numerical result of the area under the glucose (AUCglucose) and insulin 

(AUCinsulin) curves, taking into account the measurements themselves and the time 

distance between the measurements (19). HOMA-IS was calculated by dividing 22.5 by 

the product of the fasting levels of serum insulin (in mU/L) and glucose (in mmol/L) (17). 

Insulogenic index was calculated by dividing increments of insulin at 30 minutes compared 

to fasting values by the corresponding increment at 30 minutes of glucose levels compared 

to fasted glucose values(18).

Biochemical analysis
All serum measurements were performed using fully automated equipment. For glucose, 

the Hitachi Modular P 800 from Roche (Almere, the Netherlands) was used, with coefficient 

of variation (CV) less than 5%. For insulin levels, the Immulite 2,500 from DPC (Los Angeles, 

CA) was used, with CV of less than 8%. 

Brain MRI study

MRI acquisition
All imaging were performed on a whole body MR system operating at 3Tesla field strength 

(Philips Medical Systems, Best, The Netherlands). Three- dimensional (3D) T1-weighted 

(repetition time 9.7ms, voxel size 1.17×1.17×1.4 mm, covering the entire brain, acquisition 

time ≈5 minutes), T2-weighted (repetition time 4200ms, matrix size 448×320, 40 

transverse slices with slice thickness of 3.6 mm, covering the entire brain), fluid attenuated 

inversion recovery (FLAIR, repetition time 11 000ms, matrix size 320×240, 25 transverse 

slices with slice thickness of 5 mm covering the entire brain) and T2*-weighted images 

(repetition time 45ms, field of view 250×175×112 mm) and MTI images were acquired. 

MTI was performed with the following parameters: TR = 100 ms, TE = 11 ms, FA = 9°, FOV 

= 224 × 180 × 144 mm, matrix size 224 × 169, and 20 slices with a 7 mm thickness.

Image processing and analysis
Using the Functional MRI of the Brain (FMIRB) Software Library (FSL) tools, the various 

analytical techniques and tools that were used for processing and analysis of the MRI scans 

are described below:
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Brain volumes
Whole brain, gray matter and white matter volumes were calculated using the FSL-

tool Structural Image Evaluation, using Normalization, of Atrophy (SIENAX) (20). SIENAX 

extracted brain and skull images from the single whole-head input data (21). Thereafter, 

tissue-type segmentation with partial volume estimation was performed using FMRIB’s 

automated segmentation tool (FAST), and total volume of brain tissue, including separate 

estimates of volumes of gray matter and white matter were obtained. (22) Additionally, 

hippocampal volume was calculated using the FMRIB’s Integration Registration and 

Segmentation Tool (FIRST), as has been previously described (15).

Brain atrophy
Atrophy was defined as the difference between intracranial and brain volume divided by 

intracranial volume multiplied by hundred percent. Using FSL, an estimate for the total 

intracranial volume was obtained by linearly aligning each subject brain to the MNI152 

space and computing the inverse of the determinant of the affine matrix. 

White matter hyper-intensities, lacunar infarcts and cerebral 
micro-bleeds

Medical Image Processing, Analysis, and Visualization (MIPAV) software was used to 

visualize the MRI scans. WMHs and lacunar infarcts were evaluated using FLAIR, T2-

weighted, and 3-D T1-weighted images. Analysis was done blinded to age, sex and subject 

identity.

White matter hyper-intensities (WMHs) were defined as areas within the cerebral 

white matter with increased signal intensity on both FLAIR and T2-weighted images, 

without mass effect (i.e. the increased signal intensities were not secondary to pushing 

or displacing by surrounding tissue). Measurement of the WMH volume was carried out 

using the automated method, whereby 3DT1-weighted images were skull stripped (23) 

and the FLAIR and 3DT1 image were co-registered in order to create a brain extracted 

FLAIR image (21). This brain extracted FLAIR image was subsequently affine-registered to 

MNI152 standard space using the FMRIB’s Linear Image Registration Tool. A conservative 

MNI152 standard space white matter mask was used to extract the white matter from the 

FLAIR image. Finally, after excluding the cerebellum and brainstem, a threshold was set to 

identify which white matter voxels were hyperintense, followed by manually checking and 

editing for quality control.
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Lacunar infarcts were defined as parenchymal defects within the cerebral white matter 

not extending into the cortical gray matter, with signal intensity centrally corresponding 

to that of cerebral spinal fluid on all three imaging sequences, surrounded by a rim of 

increased signal intensity on FLAIR (24). Lacunar infarct diameter was defined to be >2 mm. 

To distinguish lacunar infarcts from normal dilated perivascular spaces (Virchow-Robin-

Spaces), hyper- intensities within the lower one-third of the corpus striatum of the basal 

ganglia and a diameter of < 2 mm were excluded (25).

Cerebral micro-bleeds (CMBs) were defined as round focal areas of signal void on T2-

weighted images, which increased in size on T2*-weighted images (blooming effect) (26). 

Thus, CMBs can be distinguished from look-alikes such as vascular flow voids. Symmetric 

hypointensities in the basal ganglia were disregarded, as they are likely to represent 

calcifications or non-hemorrhagic iron deposition (26).

MTI data processing
The individual 3DT1-images were skull stripped using BET (brain extracting tool) and 

segmented using FAST (FMRIB’s automated segmentation tool), resulting in individual brain 

masks for white matter and cortical gray matter. Subsequently non-saturated (M0) and 

saturated images were registered to the T1 image, using FMRIB’s linear image registration 

tool (FLIRT). Registration matrices from the previous step were used to co-register the 

non-saturated M0 images and the individual brain masks for gray and white matter to 

create separate gray and white matter MTR maps. To correct for possible partial volume 

effects, an eroded mask of these segmentations was created by removing one voxel in 

plane for both volumes of interest (VOIs). Individual MTR maps were calculated voxel by 

voxel following the equation MTR = (M0-M1)/M0 and MTR histograms were generated 

for both VOIs. Mean MTR, MTR peak height, corrected for the size of the VOI, and MTR 

peak location were calculated from each MTR histogram. The mean of the MTR value of 

all voxels in the histogram is the mean MTR, and the highest peak of each histogram is the 

MTR peak height, as depicted in Figure 1.

For the voxel-based analysis of gray matter, the MTR GM maps were aligned to MNI 

standard space using non-linear transformation (27) and averaged to create a reference 

template for MTR images. Then, all individual gray matter MTR maps were non-linearly 

registered to this template, divided by the Jacobian of the warp field and smoothed with 

an isotropic Gaussian kernel with a sigma of 3 mm (28).
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FIGURE 3.1 | MTR histogram of gray and white matter showing mean MTR and MTR peak height.

MTR histograms of both gray matter (in blue) and white matter (in red) with trend lines (moving averages). The MTR peak 
height, the highest peak of each histogram, is defined as the number of voxels with the most frequent MTR value. The 
mean MTR, shown as the thick vertical blue line (for gray matter) and red line (white matter) is defined as the average of 
the MTR value of all voxels in the region(s) of interest.

Statistical analyses
Analyses were conducted in a three-step approach. First, we assessed the association 

between OGTT- derived parameters of glucose metabolism and brain atrophy. Secondly, 

we investigated the association between OGTT- derived parameters and macroscopic 

brain damage (cerebral microbleeds, lacunar infarcts and volume of white matter 

hyperintensities). Thirdly, we assessed the relation between OGTT- derived parameters 

and brain micro-structural integrity.

Data analysis was done using Statistical Package for Social Sciences (SPSS) software 

for windows (version 20.0). Unless otherwise stated, data are presented as mean with 

standard deviation (SD). Distributions of continuous variables were examined for 

normality, logarithmically transformed when appropriate, and used in calculations. Serum 

insulin levels (fasted and AUCinsulin) and HOMA- IS were logarithmically transformed with 
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resultant normalization of their skewed distribution. Geometric means are reported for 

transformed variables. Linear regression model was used to investigate the associations 

between OGTT- derived parameters, gray and white matter atrophy and MR brain tissue 

markers for microstructural integrity. The initial analyses were adjusted for age, sex and 

descent (Leiden longevity offspring/ partner status). Extended models further included 

smoking status, BMI, use of anti-hypertensive, and use of lipid lowering agents. Statistical 

significance was defined as P< 0.05.

For MRI data, voxel wise analysis statistics was carried out with FSL randomise using 

permutation-based non-parametric testing (5000 permutations). Threshold-Free Cluster 

Enhancement was used to optimize sensitivity to different shapes and sizes of MRI signals, 

to separate true signals from noise (29), with a significance level set at P< 0.05, controlled for 

Family Wise Error rate. Age and gender were inserted as covariates in the model.

RESULTS

Characteristics of the study subjects are summarized in table 1. The mean age of the 

subjects was 66 years (SD 6.6); 62 (47%) were males and 70 (53%) were females. Medical 

history showed that 29% had hypertension, 22% used anti- hypertensive medication(s), 

14% used lipid-lowering drugs, 1% had had a previous CVA, and 1% had had a previous 

myocardial infarction. All OGTT- derived parameters were within normal reference range. 

Table 1 also shows the mean gray and white matter volumes and atrophy, and the mean 

MTI parameters of the subjects. The mean time needed to complete the Stroop test was 

48 seconds, while there was an average of 47 correct answers for the DSST. Mean number 

of correct pictures for 15-PLT immediate and delayed recall were 10 and 11 respectively 

(Table 1). From the cross-sectional data, no significant correlation was found between the 

cognitive tests, which are a measure of functional brain integrity, and MTR peak height, 

which is a measure microstructural brain parenchymal tissue homogeneity; nor with white 

matter hyper-intensities, lacunar infarcts or cerebral micro-bleeds (data not shown).
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TABLE 3.1 | Description of study subjects

Characteristics N=132

Demographics

Men, n (%) 62 (47)

Age in years 66 (6.6)

BMI in kg/m2 26 (4)

Current smoking, n (%) 11 (8)

Medical History

Myocardial infarct, n (%) 1 (0.8)

Hypertension, n (%) 29 (22)

Use of anti- hypertensive medications, n (%) 37 (28)

CVA, n (%) 1 (0.8)

Use of lipid lowering medications, n (%) 14 (11)

OGTT- derived characteristics

Fasted glucose in mmol/L 5.1 (0.6)

AUC glucose in mmol/L 14 (4)

Fasted Insulin in pmol/L, median (25th , 75th percentile) 42 (28, 73)

AUC Insulin, median (25th , 75th percentile) 94 (64, 139)

HOMA-IS index, median (25th , 75th percentile) -1.5 (-0.7,  -2.4)

Insulinogenic Index, median (25th , 75th percentile) 13 (7, 20)

HbA1c in % (mmol/mol) 5.2 (33)

Cognitive tests results

Digit Symbol Substitution Test, correct answers 46.5 (10) 

Stroop test, seconds 48 (13)

15-PLTi, correct pictures 10 (2)

15-PLTd, correct pictures 11 (2)

Brain volumes in cm3

White matter 541 (57)

Gray matter 542 (36)

Brain atrophy in %

Whole brain 24.1 (3.4)

White matter  2.8 (5.4)

Gray matter  20.9 (4.5)

Mean magnetization transfer ratio

White matter 0.385 (0.010)

Gray matter 0.333 (0.097)

Peak height, pixel count x 103

White matter 117 (24)

Gray matter 74 (12)

Macro-structural characteristics

White matter hyper intensities n (%) 119 (90)

Lacunar infarcts n (%) 5 (3.8)

Cerebral micro-bleeds n (%) 14 (11)

Values are means (SD, standard deviation), unless otherwise stated. Age refers to age at MRI examination. BMI: body mass index; CVA: 
cerebrovascular accident; OGTT: Oral glucose tolerance test. AUC: area under the curve; HOMA-IS: Homeostatic model assessment of 
insulin sensitivity. 15-PLTi: 15- Picture Learning Test -immediate recall; 15-PLTd: 15- Picture Learning Test - delayed recall.
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Parameters of  glucose metabolism and atrophy
We assessed the association of OGTT- derived parameters of glucose metabolism with 

gray matter, white matter and hippocampal atrophy. Parameters of glucose metabolism 

included measures of glucose tolerance (fasted glucose and area under the glucose curve 

(AUCglucose)), measures of insulin sensitivity (fasted insulin, area under the insulin curve 

(AUCinsulin) and homeostatic model assessment of insulin sensitivity (HOMA-IS) index) 

and a measure of pancreatic β-cells secretory capacity (insulinogenic index). As shown 

in Table 2, higher fasted glucose was associated with white matter atrophy (β= -0.189, 

P= 0.028). No association was found between any of OGTT- derived parameters and 

hippocampal atrophy (data not shown) or gray matter atrophy (Table 2). 

Parameters of  glucose metabolism and  
macroscopic brain damage  

The associations of measures of glucose tolerance, measures of insulin action and 

insulinogenic index with macroscopic brain damage were investigated (data not shown). 

Indices of macroscopic brain damage included presence and number of microbleeds, 

lacunar infarcts and/ or volume of the white matter hyperintensities, as measured using 

MRI. Fasted glucose was inversely associated with number of cerebral microbleeds (β= 

-0.214, R2= 0.053, P= 0.045). None of the other OGTT- derived parameters (AUCglucose, 

fasted insulin AUCinsulin, HOMA-IS or insulinogenic index) were significantly associated 

with indices of macroscopic brain damage. Repetition of the analyses while adjusting for 

age, gender, descent, smoking status, use of anti-hypertensive, and use of lipid lowering 

agents did not materially change the results. 
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TABLE 3.2 | Association of gray and white matter atrophy with parameters of glucose metabolism

Atrophy

Gray matter White matter

Beta P-value R2   Beta P-value R2

Fasted glucose 0.007 0.924 0.336 -0.189 0.028 0.191

AUC glucose -0.042 0.586 0.337 -0.148 0.084 0.179

Fasted insulin 0.002 0.983 0.336 -0.082 0.325 0.166

AUC insulin -0.059 0.420 0.339 -0.076 0.361 0.165

HOMA-IS index -0.003 0.968 0.336 0.105 0.213 0.170

Insulinogenic Index -0.076 0.302 0.342 0.087 0.292 0.167

Atrophy is defined as the difference between intracranial and brain volume divided by intracranial volume multiplied 
by hundred percent. All insulin values were log-transformed. Associations are expressed as standardized Beta with 
corresponding P-values. Results are from linear regression analysis corrected for age, gender and offspring- partner 
status. AUC: area under the curve; HOMA-IS: Homeostatic model assessment of insulin sensitivity.

Parameters of  glucose metabolism and brain  
microstructure 

Table 3 shows the association of OGTT- derived glucose and insulin parameters with 

microstructural gray and white matter parenchymal integrity, measured via magnetization 

transfer imaging, and expressed in mean MTR and MTR peak height. A lower brain tissue 

mean MTR or peak height indicates loss of homogeneity of brain tissue or tissue damage. 

In the gray matter, parameters of reduced insulin action, namely, higher fasted insulin 

(β= -0.213, P= 0.010), AUCinsulin (β= -0.276, P= 0.001), insulinogenic index (β= -0.289, 

P˂0.001) and decreased HOMA-IS (β= 0.220, P= 0.008) were significantly associated 

with lower gray matter MTR peak height. Similarly, higher AUCinsulin was associated with 

reduced mean gray matter MTR. Similar trends were seen between other OGTT derived 

parameters and mean MTR, but these did not reach statistical significance. 
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In the white matter, increased fasted insulin (β= -0.189, P= 0.024), AUCinsulin (β= 

-0.264, P= 0.001), insulinogenic index (β= -0.210, P=0.011) and decreased HOMA-IS (β= 

0.184, P= 0.030) were significantly associated with decreased white matter MTR peak 

height. In the white matter, increased fasted insulin (β= -0.189, P= 0.024), AUCinsulin (β= 

-0.264, P= 0.001), insulinogenic index (β= -0.210, P=0.011) and decreased HOMA-IS (β= 

0.184, P= 0.030) were significantly associated with decreased white matter MTR peak 

height. These associations did not materially change after adjustment for age, gender, 

descent, smoking status, BMI, use of anti-hypertensive, and use of lipid lowering agents. 

For visualization of the relations between reduced insulin action and brain 

microstructure, scatterplots were made as well as voxel based analysis, using area under 

the insulin curve (AUCinsulin). Figure 2 shows the inverse relation of AUCinsulin  with gray 

matter peak height (Figure 2A) and white matter peak height (Figure 2B). Furthermore, 

via voxel based morphometric analysis, the association between cortical gray matter MTR 

with AUCinsulin are projected on T1 weighted images, as shown in Figure 3, where the 

corresponding decrease in cortical gray matter MTR with increasing AUCinsulin can be 

seen. 

Sensitivity Analyses
To determine whether high ‘normal’ glucose levels i. e. glucose levels in the upper normal 

range (5.7-6.8 mmol/l ) modulated the observed effects of glucose, sub-analyses were also 

conducted with lower fasting glucose levels (< 5.6mmol/l) and the findings of these were 

essentially similar  to the results presented above.
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FIGURE 3.2 | Relation between the area under the insulin curve and MTR peak height in gray and 
white matter.

Scatterplots showing the inverse relation between area under the insulin curve (AUCinsulin) and A.) gray matter and B.) 
white matter MTR peak height. Lines of best fit were derived from bivariate Pearson’s correlations. 
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FIGURE 3.3 | Voxel- based analysis of relation between cortical gray matter magnetization transfer 
ratio and insulin.

Color scaling legend: Color (Red- Orange) represents voxels that are statistically significant for lower gray matter MTR 
in association with higher AUC insulin (area under the insulin curve). Results are from Voxel-based morphometric (VBM) 
analysis of cortical gray matter MTI- magnetization transfer ratio (MTR). Results are projected on the MNI152 space T1-
weighted image provided by FSL. Statistical analysis was adjusted for sex, age and offspring-partner status. Threshold-
Free Cluster Enhancement was applied with a significance level set at P< 0.05, corrected for Family Wise Error rate.

DISCUSSION

We report two main findings. The first is that subclinical variation in fasted glucose was 

associated with white matter atrophy. Secondly, in the absence of type 2 diabetes, higher 

insulin and reduced peripheral insulin action and sensitivity were associated with reduced 

microstructural brain integrity in older adults without diabetes.

The role of metabolic derangement associated with (pre) diabetic states in the decline 

in brain structure and function is an area of active investigation. Previous studies have 

shown relations between glucose levels (ranging from high normal to diabetic levels), with 

decreasing total brain volumes and cognition (30-33). Associations between impairments 

in glucose regulation and smaller total brain volumes were found in a large cohort of 

middle-aged diabetic and non- diabetic subjects of the Framingham study, where inverse 
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correlations were found between total cerebral brain volumes and HbA1c, HOMA- IR and 

fasted insulin levels (7). In harmony with these studies, we found a significant association 

between indices of impairments in glucose regulation (fasted glucose, fasted insulin, 

AUCinsulin and HOMA-IS) and gray and white matter microstructure. Of note, there is an 

inverse relation between Homeostatic model assessment of insulin sensitivity (HOMA-IS) 

and Homeostatic model assessment of insulin resistance (HOMA-IR). The white matter 

atrophy observed in relation to fasted glucose in our study are consistent with previous 

research demonstrating high-‘normal’ blood glucose levels being associated with lower 

gray and white matter regional volumes (32). Our findings thus suggest that the effect of 

plasma glucose on cerebral structural integrity in older people is not restricted to the upper 

normal range.

We describe here for the first time that increased fasted insulin, AUCinsulin and 

decreased HOMA-IS, insulinogenic index were significantly associated with decreased 

MTR histogram peak-height for both gray and white matter, indicating loss of homogeneity 

of brain tissue or tissue damage. Similar trends were found for mean MTR, but these are 

not statistically significant. Although mean MTR and histogram peak-height of MTR are 

both MTR measures, they reflect different aspects of MTR, and may show considerable 

difference in sensitivity with respect to demonstrating variations in structural brain integrity 
(9, 34-36). Peak heights of MTR histograms are a sensitive measure of microstructural brain 

parenchymal abnormalities, loss of which has been associated with both aging and metabolic 

syndrome (9, 10). Of note, previous population based, longitudinal studies have suggested 

insulin and insulin resistance as being a link between diabetes and neurodegenerative 

diseases (37, 38). Interestingly, our findings showed lower MTR histogram peak heights in 

gray and white matter in relation with higher fasted insulin and decreasing sensitivity to 

insulin. We found an inverse association between fasted glucose and cerebral microbleeds, 

which was of borderline significance (P= 0.045). However, since the R2 was really low (R2= 

0.053), we could not exclude the possibility that this could have been a chance finding.  

No other significant association was found between indices of disturbances in glucose or 

insulin parameters and macro-structural brain pathology (white matter hyper- intensities, 

lacunar infarcts, cerebral micro- bleeds). 

Taken together, these findings suggest that metabolically related brain structural 

abnormalities is observable at a microscopic level, even in the presence of glucose and 
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insulin levels that are considered normal by present standards. An inverse association was 

found between OGTT- derived insulin parameters (fasted insulin, AUCinsulin, HOMA-IS 

and insulinogenic index) and gray and white matter microstructural integrity. This suggests 

a link between reduced insulin action (evidenced by higher insulin and reduced peripheral 

insulin sensitivity) and loss of homogeneity of brain tissue (reflecting parenchymal 

abnormalities), even in older adults without diabetes. One possible mechanism that may 

underpin these findings is that with aging, the ability to maintain the delicate balance 

between the various gluco-regulatory mechanisms declines, leading to deleterious micro-

structural changes in neuronal and thus brain tissue integrity. Such micro-structural brain 

changes may exist even without the appearance of overt macro-structural changes that are 

associated with clinically significant metabolic disease.

It is a limitation of this study that we only examined cross-sectional associations and 

did not examine the association of changes of these measures over time. Thus, our findings 

are descriptive, and no causal inference can be made. A strength of this study is that, 

in addition to using conventional MRI, magnetization transfer imaging (MTI) was used, 

which is an advanced MRI technique that has the discriminatory power to detect in vivo 

microstructural brain changes and quantitatively measure brain parenchyma abnormalities 

that are beyond the spatial resolution of conventional MRI.

In conclusion, using sensitive MRI techniques, we observed that subclinical differences 

glucose and insulin metabolism were associated with macro- and micro-structural brain 

changes in older adults, and these were detectable even with glucose and insulin levels 

within population reference ranges. These findings possibly offer more insight into 

the association between different parameters of glucose metabolism and brain aging. 

Sufficiently powered follow-up studies are needed to evaluate cause or consequence in 

the relation between parameters of glucose metabolism and brain integrity.
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ABSTRACT

Impaired glucose metabolism and type 2 diabetes have been associated with 

cognitive decline, dementia, and with structural and functional brain features. 

However, it is unclear whether these associations differ in individuals that differ 

in familial longevity or age. Here, we investigated the association between 

parameters of glucose metabolism and microstructural brain integrity in offspring 

of long-lived families (“offspring”) and controls; and age categories thereof. 

From the Leiden Longevity Study, 132 participants underwent oral glucose 

tolerance test to assess glycemia (fasted glucose and glucose area-under-the-

curve (AUC)), insulin resistance (fasted insulin, AUCinsulin, and homeostatic 

model assessment of insulin resistance (HOMA-IR)), and pancreatic Beta 

cell secretory capacity (insulinogenic index). 3Tesla MRI and Magnetization 

Transfer (MT) imaging MT-ratio peak-height was used to quantify differences 

in microstructural brain parenchymal tissue homogeneity that remain invisible 

on conventional MRI. Analyses were performed in offspring and age-matched 

controls, with and without stratification for age.

In the full offspring group only, reduced peak-height in gray and white 

matter was inversely associated with AUCinsulin, fasted insulin, HOMA-IR and 

insulinogenic-index (all p<0.01). When dichotomised for age (≤65 years & >65 

years): in younger controls, significantly stronger inverse associations were 

observed between peak-height and fasted glucose, AUCglucose, fasted insulin, 

AUCinsulin and HOMA-IR in gray matter; and for AUCglucose, fasted insulin and 

HOMA-IR in white matter (all P-interaction<0.05). Although the strength of the 

associations tended to attenuate with age in the offspring group, the difference 

between age groups was not statistically significant. 

Thus, associations between impaired insulin action and reduced 

microstructural brain parenchymal tissue homogeneity were stronger in offspring 

compared to controls, and seemed to diminish with age.
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INTRODUCTION

There is increasing epidemiological evidence that metabolic disorders, including type 2 

diabetes (T2D) and its risk factors, such as metabolic syndrome, are associated with risk 

of cognitive decline and dementia, and with structural and functional brain defects (1). 

T2D has been associated with white matter lesions (2), atrophy (3, 4), infarcts (5), cognitive 

impairment (4) and risk of neurodegenerative diseases. Also in the absence of T2D, impaired 

glucose regulation and higher serum insulin concentrations were found to increase the risk 

of cognitive decline (6, 7). Likewise, metabolic syndrome was found to be associated with 

cognitive impairment in middle-aged subjects (8). There are however indications that in old 

age, the association between cognitive decline and metabolic syndrome, or its individual 

components, notably obesity and impaired glucose metabolism may be absent or even 

reverse (9).

Previously, the Leiden Longevity Study (LLS) (10) was set up to investigate factors 

associated with familial longevity. We recruited offspring of long- lived nonagenarian 

siblings, who are predisposed to become long-lived as well, and their partners as controls. 

We demonstrated that the propensity for longevity in the offspring of these families 

is marked by preserved insulin sensitivity and a lower prevalence of T2D, compared to 

controls of similar chronological age (11, 12). In this relatively healthy and cognitively intact 

middle-aged to elderly population (13), we recently found that metabolic syndrome was 

specifically associated with microstructural loss of homogeneity of brain parenchymal 

tissue (assessed by magnetization transfer ratio (MTR) histogram peak height), but not 

with macrostructural brain damage (14). It is unknown whether specific measures of glucose 

metabolism also associate with microstructural brain parenchymal tissue homogeneity and 

whether these associations are similar in offspring and controls.

In the current study of 132 participants, we aimed to investigate the association 

between parameters of glucose metabolism and microstructural brain parenchymal tissue 

homogeneity in offspring of long- lived families and controls; and with age. Parameters 

of glucose metabolism were derived from 2-hour oral glucose tolerance test (OGTT), and 

included fasted glucose and area under the glucose curve (AUCglucose), which are measures 

of glycemia; fasted insulin, area under the insulin curve (AUCinsulin), and HOMA index of 

insulin resistance, which are measures of insulin resistance; and insulinogenic index which 

is a measure of pancreatic Beta cell secretory capacity. Microstructural brain parenchymal 
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tissue homogeneity was assessed using magnetization transfer imaging (MTI), which is 

an advanced, sensitive MRI technique that quantitatively measures microstructural brain 

parenchymal abnormalities, including reductions in myelin content and in axonal numbers 
(15) even in brain tissue that appears normal on conventional MR imaging.

MATERIALS AND METHODS

Ethics statement
The Medical Ethical Committee of Leiden University Medical Centre approved this study. 

All participants gave written informed consent to be included in the study. 

Study subjects
Subjects were recruited from the Leiden Longevity Study (LLS), a family based study 

that was set up identify genetic factors and biomarkers of familial longevity (10). The LLS 

consisted of 1,671 offspring of Caucasian, nonagenarian siblings (aged older than 89 years 

for men and 91 years for women, and having at least one sister or a brother fulfilling same 

age criteria). Also, 744 of the offspring’s partners were included as controls. All eligible 

subjects were included without selection on health or demographic characteristics.

Of the 2415 subjects in the offspring/ partner group, a random subset of 370 underwent 

an MRI scan of the brain and another random subset of 234 subjects underwent an oral 

glucose tolerance test (OGTT) (16). A total of 132 subjects without diabetes, and with 

complete datasets for OGTT, 3Tesla brain MRI and MTI were included for the analysis 

performed in this study. Furthermore, the participants underwent three cognitive tests- 

Stroop test, Digit Symbol Substitution Test (DSST) and 15-Picture Word Learning Test 

(15- PLT). Stroop test  and DSST were used to evaluate attention and processing speed, 

while15-PLT was used for memory function. Outcome parameter for Stroop test was 

defined as the time needed to complete the test, while outcome parameter for the DSST 

was the number of correct digit-symbol combinations within 90s. For 15-PLT, fift een 

pictures were successively presented at a rate of one per two seconds after which the 

subject was asked to recall as many pictures as possible. This procedure was carried out 

three times (PLT-1, PLT2 and PLT3). After 20 minutes, delayed recall was tested. Outcome 

parameters were the number of correct pictures after each trial (PLT-immediate) and after 

20 min (PLT-delayed) (13).
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Oral glucose tolerance test
In the morning after a 10-hour overnight fast, fasted glucose and insulin levels were 

measured after which subjects ingested a solution containing 75g anhydrous glucose in 5 

minutes. Thereafter, venous blood samples were collected at 30, 60, and 120 minutes for 

determination of plasma glucose and insulin. Areas under the curves (AUCs) obtained in 

the OGTT were calculated using the trapezoid formula (17). Homeostatic model assessment 

of insulin resistance (HOMA-IR) was calculated by the product of the fasting insulin level 

(mU/L) and the fasting glucose level (mmol/L) divided by 22.5. Insulogenic index was 

calculated by dividing increments of insulin at 30 minutes compared to fasting insulin 

values by the corresponding increment of 30 minutes glucose levels compared to fasted 

glucose values.

Biochemical Analysis
Plasma and serum aliquots were frozen at -80°C. All serum measurements were performed 

using fully automated equipment. Glucose levels were measured using Hitachi Modular 

P 800 from Roche (Almere, the Netherlands), with coefficient of variation (CV) for 

measurement less than 5%. Insulin levels were measured using the Immulite 2,500 from 

DPC (Los Angeles, CA). CV was less than 8%. 

Brain MRI protocol

Image Acquisition
Subjects underwent imaging on a whole body MR system operating at field strength of 

3 Tesla (Philips Medical Systems, Best, the Netherlands). 3D T1-weighted, T2-weighted 

FLAIR (fluid attenuated inversion recovery), T2*-weighted images, and MTI images were 

acquired. The dimensions of the images have been previously described in detail (18). 

Image processing and analysis was done using the analytical techniques and tools of the 

Functional MRI of the Brain (FMRIB) Software Library (FSL).

Brain volumes
Gray and white matter volumes were calculated using FSL-tool Structural Image Evaluation 

Normalization of Atrophy (SIENAX). From the whole head input data, brain and skull 

images were extracted via SIENAX and affine registered to MNI (Montreal Neurological 
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Institute) 152 (19). A volumetric scale factor was thus obtained for normalization of head 

size, after which total brain tissue volume with separate estimates of gray and white matter 

were obtained. 

Magnetization transfer imaging (MTI)

Definitions: MTI
MTI is based in interactions between immobile protons (on macromolecular protons, 

probably contained in the cell walls) and free protons of tissue. Mean magnetization transfer 

ratio (MTR) reflects the average MTR value per structure. MTR peak location reflects the 

most common MTR value. The peak height of the MTR histogram indicates the number of 

voxels, which show the most common MTR value per structure, and is considered to be a 

measure of uniformity of the underlying voxels.

MTI Protocol
Raw magnetization transfer scans were split into M0-sequence (without saturation pulse) 

and the M1-sequence (acquired after application of a saturation pulse). Brain masks for 

white matter and cortical gray matter were created using FAST (FMRIB’s automated 

segmentation tool) (20) and FIRST (FMRIB’s integrated segmentation tool) on 3D T1 

weighted images. To correct for possible partial volume effects, an eroded mask of these 

segmentations was created by removing one voxel in-plane for all mentioned volumes-of 

interest (VOIs) (21). Then, the 3D T1- weighted images were registered to the M0 image using 

FMRIB’s registration tool (FLIRT), and the transformation matrix of this registration was 

used to register all brain masks to the MTI volumes. Afterwards, individual MTR maps were 

calculated voxel by voxel following the equation MTR = (M0-M1)/M0. MTR histograms 

were generated for each VOI. Mean MTR as well as MTR peak height, normalized for the 

size of the VOI, and MTR peak location were calculated. All MTI measures below -3 or 

above 3 standard deviations were excluded from statistical analysis.

VBM (Voxel Based Morphometry) analysis was used to study the focal differences and 

spatial distribution of the changes in gray matter (GM). GM partial volume MTR maps were 

aligned to MNI152 standard space using the non-linear registration tool FNIRT (FMRIB’s 

non-linear image registration tool). To improve the quality of normalization, averaging the 

obtained registered GM MTR maps of all subjects created a study-specific MTR template. 
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The native individual MTR maps were then non-linearly re-registered to this template, 

divided by the Jacobian of the warp field and smoothed with an isotropic Gaussian kernel 

with a sigma of 3 mm. 

Statistical analysis
Distributions of continuous variables were examined for normality, logarithmically 

transformed when appropriate, and used in calculations. Median (interquartile range (25th, 

75th percentile)) was reported for raw values of variables that were eventually logarithmically 

transformed (fasted insulin, AUCinsulin, HOMA-IR and insulogenic index). Differences in 

sex, smoking status, hypertension, cerebrovascular accident (CVA), myocardial infarction 

(MI), and use of lipid lowering drugs between the different groups were calculated using 

Pearson Chi-Square (χ2) test. Differences in age, BMI, glucose related characteristics, and 

MRI related characteristics were calculated using independent samples T-test for offspring/ 

partner differences. Correlation between cognitive tests and gray and white matter MTR 

peak height were assessed using bivariate Pearson correlation analysis. 

Z values were calculated for standardisation of variables. The relation between markers 

of glucose metabolism and brain structures was determined using linear regression and 

univariate analysis of variance, and presented as standardised Betas with corresponding 

p-values. Homogeneity of variance assumption was tested using Levene’s test. Statistical 

significance was set as p<0.05. Analyses were performed in offspring and controls before 

and after stratification of offspring and controls into 2 groups based on age (≤ 65 years, > 

65 years). Initial analyses were adjusted for age and sex. Extended models further included 

smoking status, BMI, use of anti-hypertensive, and use of lipid lowering agents. To check 

for the effect sizes and interaction between the offspring and controls, an interaction term 

was added to the model while correcting for covariates. Similar analyses were performed to 

compare association between OGTT parameters and MRI markers of brain microstructure 

between age groups. 

For statistical analyses, Statistical Package for Social Sciences (SPSS) software for 

windows (version 20.0) was used. Forest plots were made using GraphPad Prism version 5 

(GraphPad, San Diego, CA).
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For MRI data, The FSL randomize tool was used to perform permutation-based non-

parametric testing (n=5000 permutations) for voxel-wise statistical analyses of the MTR 

data. Threshold-Free Cluster Enhancement (TFCE) was applied to correct for multiple 

comparisons. Significance was set at a TFCE corrected p< 0.05.

RESULTS

The current study was performed in a subgroup of 132 participants of the Leiden 

Longevity Study, with the aim of investigating the association between OGTT derived 

parameters and brain integrity in groups that differ in familial longevity and with age. 

After measurement of fasted glucose and insulin levels, participants underwent 2-hour 

oral glucose tolerance test (OGTT). Parameters derived from the OGTT included measures 

of glycemia (fasted glucose and AUCglucose); measures of insulin resistance (fasted and 

AUCinsulin, and HOMA index of insulin resistance); and a measure of pancreatic Beta cell 

secretory capacity (insulinogenic index). Thereafter, brain volumes were measured using 

MRI. Furthermore, Magnetization Transfer Ratio (MTR) histogram peak height (henceforth 

referred to as MTR peak height) was measured using magnetization transfer imaging (MTI). 

MTR peak height provides an estimate of microstructural brain parenchymal homogeneity, 

with lower MTR peak height being indicative of loss of homogeneity of the brain tissue. 

Characteristics of the study subjects are presented in Table 1, for the full study sample and 

stratified for offspring and controls. The study population from which both OGTT data as 

well as MTR and MTI data were available (N=132) consisted of 47% males, with mean age 

of 66.2±6.6 years. Mean BMI was 26.4±3.9 and mean fasted glucose was 5.08 mmol/L. 

Characteristics were similar between offspring (N=75) and controls (N=57), except for use 

of lipid lowering drugs, fasted glucose, and AUCglucose, which were significantly higher in 

the partner group. 

Also, the outcomes of the cognitive tests were not significantly different in offspring 

and controls (Table 1). Furthermore, from the cross-sectional data, no significant correlation 

was found between the cognitive tests, which are a measure of functional brain integrity, 

and MTR peak height, which is a measure microstructural brain parenchymal tissue 

homogeneity, either in the whole group (n=132) or in offspring and controls (supplementary 

table S1).
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TABLE 4.1 | Characteristics of study subjects

Whole group Familial longevity

Offspring Controls 
Number of participants 132 75 57

Demographics

Age in years (range) 66.2 (49-84) 66 (52-84) 66 (49-81)

Men, n (%) 62 (47) 43 (57) 27 (47)

BMI in kg/m2 26.4 (3.9) 26.6 (4.2) 26.3 (3.6)

Current smoking, n (%) 11 (8.3) 4 (5) 7 (12)

Medical History

Hypertension, n (%) 29 (22) 15 (20) 14 (25)

CVA, n (%) 1 (0.8) 1 (1.3) 0 (0)

Myocardial infarct, n (%) 1 (0.8) 0 (0) 1 (1.8)

Lipid lowering medication use, n (%) 14 (10.6) 4 (5) * 10 (18)*

Glucose related characteristics 

Fasted glucose in mmol/L 5.08 (0.6) 4.97 (0.5)* 5.21 (0.6)*

AUC glucose 13.93 (3.5) 13 (3)* 15 (4)*

Fasted Insulin in pmol/L, median (IQR) 7 (4, 10) 7.0 (4.0, 10.0) 7.0 (3.5, 10.5)

AUC Insulin, median (IQR) 93.7 (64, 140) 93.7 (65, 139) 91.8 (60, 155)

Insulinogenic index, median (IQR) 13.7 (8, 20) 15 (9, 20) 10 (7, 18)

HOMA-IR index, median (IQR) 1.5 (0.9, 2.2) 1.4 (0.9, 2.2) 1.6 (0.8, 2.5)

Brain volumes in (cm3)

White matter 699 (38) 694 (41) 705 (34)

Gray matter 702 (40) 702 (36) 702 (45)

MTR peak height, pixel count x 103

White matter 117 (24) 118 (25) 116 (23)

Gray matter 74.3 (1.2) 75 (13) 73 (10)

Cognitive tests

DSST, correct answers 46.46 (9.5) 46.0 (13.2) 46.33 (12.4)

Stroop test, seconds 47.95 (12.5) 48.41 (13.2) 48.26 (11.4)

15-PLTi, correct pictures 10.38 (1.9) 10.27 (1.9) 10.54 (1.9)

15-PLTd, correct pictures 11.35 (2.0) 11.51 (2.1) 11.08 (1.9)

Unless otherwise stated, values are means (standard deviation). Age refers to age at MRI examination. Brain volumes 
are normalized for skull size. BMI: body mass index. CVA: cerebrovascular accident; AUC: area under the curve; IQR: 
interquartile range (25th, 75th percentile); DSST: Digit Symbol Substitution Test; 15- PLTi: 15- Picture Word Learning Test 
immediate recall; 15- PLTd: 15- Picture Word Learning Test delayed recall.
* p-value<0.05
.
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TABLE 4.2 | Association of MTR peak height with markers of glucose metabolism in offspring and 
controls.

Offspring Controls P-interaction

Beta p-value Beta p-value

Gray matter

Fasted glucose -0.166  0.289 -0.135 0.140 0.856

AUC glucose -0.062  0.693 -0.145 0.119 0.733

Fasted insulin -0.378  0.007 -0.079 0.384 0.070

AUC insulin -0.473 <0.001 -0.107 0.245 0.021

HOMA-IR index -0.382  0.007 -0.091 0.314 0.083

Insulinogenic index -0.383 <0.001 -0.106 0.374 0.101

White matter

Fasted glucose -0.104  0.486 -0.014 0.896 0.745

AUC glucose -0.097  0.518 -0.157 0.147 0.691

Fasted insulin -0.371  0.005 -0.050 0.638 0.082

AUC insulin -0.430  0.001 -0.129 0.225 0.086

HOMA-IR index -0.366  0.006 -0.047 0.658 0.091

Insulinogenic index -0.294  0.005 -0.038 0.785 0.150

MTR histogram peak MTR histogram peak height from magnetization transfer MRI was used as a measure of 
microstructural brain parenchymal tissue homogeneity. All insulin values were log-transformed. Univariate associations 
are from linear regression analysis, correcting for age and sex. Associations are presented as standardized Beta 
coefficients (per increase in SD) with corresponding P-values.

Familial longevity: markers of  glucose metabolism 
and micro- structural brain parenchymal 
homogeneity

To investigate the association between markers of glucose metabolism and microstructural 

brain parenchymal tissue homogeneity (assessed using MTR peak height) in individuals 

that differ in familial longevity, analyses   were done in the offspring of long- lived 

families and controls (Table 2). In the offspring, decreased gray matter MTR peak height 

was significantly associated with higher indices of reduced insulin action (fasted insulin 

(p=0.007), AUCinsulin (p<0.001), HOMA-IR (p=0.007)) and OGTT- derived measure of 

pancreatic Beta cell secretory capacity (insulinogenic-index (p<0.001)). Similar results were 

obtained for white matter. In the controls, similar trends were seen but the effects were 

smaller and did not reach statistical significance. 



4

G
lucose, insulin and the aging brain

79

From voxel based morphometry analysis, statistically significant associations between 

gray matter MTR were observed with different OGTT derived insulin parameters (p<0.05) 

in offspring, spatial distributions of these focal differences are shown in Figure 1. Similar 

significant associations were not observed for the controls.

Chronological age: markers of  glucose metabolism
and micro- structural brain parenchymal 
homogeneity

With the aim of investigating the effect of age on the association between parameters of 

glucose metabolism and MTR peak height, the offspring and controls were stratified based 

on age into two groups: subjects ≤ 65 years and > 65 years. The results are presented in 

Table 3 and Figure 2. 

Amongst the offspring, there were 35 subjects in the younger group (≤ 65 years), with 

mean age 61.3 (SD 3.2), age range 52-65 years. The older offspring consisted of 40 subjects 

with mean age 71.2 (SD 3.9), age range 66-84years. In the younger offspring, decreased 

MTR peak height in cortical gray matter, was significantly associated with higher fasted 

insulin (p=0.038), AUCinsulin (p=0.005), HOMA-IR (p=0.033) and insulinogenic-index 

(p=0.007). Likewise, in the white matter, decreased MTR peak height was significantly 

associated with OGTT derived measures of insulin resistance, namely, fasted insulin 

(p=0.012), AUCinsulin (p=0.002), HOMA-IR (p=0.010), and insulinogenic-index (p=0.032). 

Thus, in the younger offspring, parameters of reduced insulin action were significantly 

associated with decreased microstructural brain parenchymal homogeneity in both gray 

and white matter.  Similar trends were seen in the older offspring (> 65 years), but the 

effects were smaller and did not reach statistical significance.
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FIGURE 4.1 | Spatial distribution of associations between cortical gray matter MTR and insulin 
parameters in offspring and controls.

Voxel-based analysis of associations between cortical gray matter magnetization transfer ratio (MTR) and OGTT- 
derived insulin parameters in offspring (A.) and controls (B.). Colored areas in brain slices show statistically significant 
associations between gray matter MTR and OGTT derived insulin parameters, with the different colors indicating 
significant associations as follows: fasted insulin in green, insulin Area Under the Curve (AUC) in red, Homeostatic Model 
Assessment (HOMA index) of insulin resistance in blue, and insulinogenic index in pink. No colored areas are seen in the 
controls, because the associations were not significant in the controls. 

Of the controls, there were 30 subjects in the younger control group, with mean age 

60.4 (SD 4.6) years, and age range 49-65 years. The older controls consisted on 27 subjects, 

with mean age 71.7 (SD 4.5) years, age range 66-82 years. In the younger controls, higher 

fasted glucose (p=0.020), AUCglucose (p=0.001), fasted insulin (p=0.037), and HOMA-

IR (p=0.022) were associated decreased MTR peak height in cortical gray matter. Similar 

trends were seen in the white matter, but these did not reach statistical significance, except 

for AUCglucose (p=0.013).   In contrast, in the older controls, no significant associations 

were found between OGTT- derived parameters of glucose or insulin metabolism   and 

MTR peak height in gray or white matter. 
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From the comparison of the age categories in offspring and controls, although the 

association between OGTT parameters and gray and white matter integrity were present 

in the offspring and controls ≤ 65 years, the differences in the strength of the observed 

associations between age categories were only significant in the controls, as indicated by 

the Pinteraction in Table 3. A visual representation of the associations according to age 

categories is shown in Figure 2.

FIGURE 4.2 | Associations of OGTT parameters with gray and white matter peak height offspring 
and partner groups, stratified for age.

Forest plots showing the distribution of the association of OGTT parameters (fasted glucose, AUCglucose, fasted insulin, 
AUCinsulin, and HOMA-IR) with MTR peak height in gray and white matter in offspring and controls. The offspring and 
control groups were stratified into two age categories- ≤ 65 years old (shown in pink color), and > 65 years (shown in 
blue color). Associations are from linear regression analysis, correcting for age and sex. Associations are presented as 
standardized Beta coefficients with corresponding 95% CI.

Sensitivity analyses
The aforementioned associations in the offspring, controls, and in both age groups in the 

offspring and controls did not materially change after adjustment for age, gender, descent, 

smoking status, BMI and use of anti-hypertensive. In addition, since there was a significant 

difference between the offspring and controls in the use of lipid lowering drugs, all the 
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analyses were repeated with adjustment for use of lipid lowering drugs. The results did not 

materially change. In the offspring group, decreased gray matter MTR peak height, an index 

of microstructural brain parenchymal homogeneity was significantly associated with higher 

indices of insulin resistance (fasted insulin, AUCinsulin and HOMA-IR, all p<0.01, see Table 

2). After adjusting for use of lipid lowering drugs, decreased gray matter MTR peak height 

was still significantly associated with higher indices of insulin resistance (fasted insulin 

(β= -0.411, p=0.018), AUCinsulin (β= -0.415, p=0.009), HOMA-IR (β= -0.436, p=0.013), 

and insulinogenic index (β= -0.410, p= 0.012). Conversely, in the controls, gray matter 

MTR peak height was not significantly associated with indices of decreased insulin action, 

neither before nor after adjustment. Similarly, adjustment for lipid lowering medication did 

not materially change any of the results for white matter (Table 2) in offspring or controls 

(data not shown).

DISCUSSION

We report two main findings: Firstly, parameters of reduced peripheral insulin action were 

associated with reduced microstructural brain parenchymal homogeneity in the offspring 

group, but associations were less strong and did not reach statistical significance in the 

control group. Secondly, OGTT derived parameters of glucose metabolism were associated 

with reduced microstructural brain parenchymal homogeneity in ‘younger’ older adults, 

but associations seemed less strong in older age groups. Thus, the associations between 

reduced insulin action and reduced microstructural brain parenchymal homogeneity 

seemed to dampen with age and to be stronger in familial longevity. 

Previous studies have shown inverse association between peripheral insulin action 

and brain structure and function. Inverse association between insulin parameters (fasted 

insulin, HOMA-IR) and brain volumes as well as executive brain function was reported 

in healthy older participants of the Framingham study. Furthermore, in another cohort 

of non- demented older adults, higher insulin levels (fasted insulin and AUCinsulin) and 

impairments in insulin sensitivity were found to be associated with increased rate of 

cognitive decline(1). In line with these studies, we found an inverse association between 

parameters of peripheral insulin action (fasted and AUCinsulin, HOMA-IR and insulinogenic 

index) and brain microstructural integrity.
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Changes in the direction and strength of associations with age have previously been 

observed between other metabolic risk factors and cognitive decline. While high blood 

pressure, high cholesterol, and overweight are associated with cognitive decline and 

risk of dementia in (advanced) middle-age (22-24), reversed associations were observed in 

very old persons, in which high blood pressure, high cholesterol and overweight seem to 

protect against cognitive decline (25, 26). In our study population, we observed a weakening 

in the association between reduced insulin action and microstructural brain parenchymal 

homogeneity in advanced middle-age. Notably, in our study, we used MTI, which has 

the capacity of detecting microstructural changes in the aging brain. The aging brain is 

characterised by decline in total and segmental brain volumes, shrinkage of gray matter, 

loss of white matter, nerve fibres (axons), myelin and cells (27). These subtle changes in 

microstructural brain parenchymal homogeneity, even in brain tissue that appears 

normal on conventional MR imaging sequences, can be detected and quantified using 

magnetization transfer imaging (MTI) (15). MTI is a sensitive MRI technique that is based 

on the exchange of magnetization between protons bound to macromolecules and 

protons of free water molecules inside tissue. The scale of this exchange is reflected in the 

magnetization transfer ratio (MTR) and peak height. The MTR peak height is specifically a 

measure of microstructural brain parenchymal tissue homogeneity (28) that is sensitive to 

age-related and disease-related brain parenchymal abnormalities (14, 29), with a lower MTR 

peak height reflecting loss of homogeneity of the brain tissue, demyelination and axonal 

loss (15).

Due to the cross- sectional nature of our study, we cannot make any causal inference. 

Theoretically however, there are three possible interpretations for the inverse association 

between parameters of glucose metabolism and microstructural brain parenchymal 

homogeneity (brain integrity). The first theoretical explanation is that loss of brain integrity 

is a consequence of defects in glucose metabolism. Type 2 diabetes, characterised by 

hyperglycemia, insulin resistance and hyper-insulinemia, has been proposed to be involved 

in the pathogenesis of neurodegenerative diseases (30-32), hallmark of which are progressive 

loss of nerve fibres and cells. This may be due to direct damage to the brain from high 

circulating glucose levels. It may also be due to secondary effects, such as due to peripheral 

insulin resistance. A second theoretical possibility is that defects in glucose metabolism 

are a consequence of deficits in brain integrity. Emerging data from animal studies that 

show that the brain plays a physiologic role in glucose regulation (33-36) may support this 
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possibility. The third possibility is that of the brain and metabolic dysregulation both being 

consequences of another common determinant. An example of a common pathway that 

may affect brain function as well as insulin resistance is oxidative stress (37). 

Several theoretical explanations exist for the observed differences in the associations 

between insulin action and microstructural brain parenchymal homogeneity with age 

and familial longevity. It is becoming clearer that the brain plays an important role in the 

regulation of peripheral glucose and insulin action. Age related brain changes (reduced 

myelin and axons, and shrinkage of large neurons) are accompanied by reduction in brain 

volumes and function (27). Brain control of glucose levels may also be affected, for which the 

body may compensate by higher peripheral insulin secretion. Our data show that higher 

insulin parameters are associated with decreased myelin and axonal integrity, and these 

are more pronounced in offspring and ‘younger’ older adults in whom glucose- regulatory 

compensatory mechanisms are probably more intact. Another hypothetical possibility is 

that in the elderly and controls, diseases may be more prevalent that could reverse the 

association between insulin action and microstructural brain parenchymal homogeneity. 

For example, diseases that are associated with weight loss might improve insulin sensitivity 

but decrease microstructural brain parenchymal homogeneity. Systemic diseases such as 

chronic kidney disease, chronic respiratory disease, diabetes mellitus, and malignancies are 

more prevalent in the older adults, and may cause weight loss, which in theory would be 

associated with improved insulin sensitivity. However, since these are systemic illnesses, 

the disease itself may also decrease the integrity of the brain. For example, chronic kidney 

disease is associated not only with weight loss, but also with microvascular damage in the 

brain (38).

This study is limited by its cross- sectional, observational nature. As such, the findings 

are purely correlative and descriptive. To clarify what is cause or consequence in the 

relation between insulin parameters and reduced brain integrity, intervention studies are 

required where insulin is specifically targeted to the brain (via the intranasal route) (39), in 

humans of different age categories. Another limitation is that although offspring of long- 

lived families are included, not all of them would carry the longevity phenotype, leading to 

dilution of the observed results. 

Strengths of this study include the use of sensitive MRI techniques, which has the 

discriminatory power to detect in vivo microstructural brain changes even when peripheral 

glucose and insulin levels are still within normal ranges. Another strength is its unique design 
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of investigating the relation of parameters of glucose regulation and  microstructural brain 

parenchymal tissue homogeneity from two contrast points- familial longevity and age. The 

incorporation of contrasts based on familial longevity with the use of offspring and their 

partners’ reduces the potential influence of environment, since the offspring share similar 

lifestyle and similar socio- economic and geographic background with their partners (age- 

matched controls), and so are highly comparable.
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ABSTRACT

Cerebral insulin acts as a vasoactive modulator regulating peripheral and cerebral 

blood flow. Insulin has been consistently linked to aging, lifespan and longevity. 

In this study, we assessed the effects of intranasally administered insulin on 

cerebral blood flow and perfusion in older and younger adults. 

Eight healthy young men aged 20-26 years and eleven older men aged 60-69 

years were intranasally administered insulin (40IU) or placebo after an overnight 

fast using a randomized, double-blinded, placebo-controlled crossover design. 

Changes in cerebral blood flow through three major cerebropetal arteries 

(basilar, left and right carotid arteries) were assessed by phase contrast MR 

angiography. Regional cortical tissue perfusion was assessed through pseudo 

continuous arterial spin labelling.

After intranasal administration of insulin as compared to placebo, total flow 

through the cerebropetal arteries was not changed, neither in young nor in 

older subjects.   In young adults, intranasal insulin did not significantly change 

perfusion in any of the cortical regions tested. In older subjects, intranasal insulin 

compared to placebo increased perfusion through the occipital gray matter (65.2 

± 11.0 mL/100g/min vs 61.2 ± 10.1 mL/100g/min, P=0.001), the parietal gray 

matter  (69.2 ± 11.5 mL/100g/min vs. 66.4 ± 10.9 mL/100g/min, P=0.034) and 

the thalamus (68.28 ± 6.75 versus 63.31 ± 6.84, P=0.003). Perfusion in the 

frontal and temporal gray matter was not changed.

Intranasal administration of insulin improved tissue perfusion of the parietal 

and occipital cortical brain regions and the thalamus in older adults. In younger 

adults, intranasal insulin had minimal effects, possibly because brain perfusion is 

not yet compromised.
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INTRODUCTION

Cerebral blood flow is pivotal for providing oxygen and nutrients to the brain to maintain brain 

function. The brain is a highly metabolically active organ but has only limited possibilities 

for energy storage. Thus, cerebral blood flow is important because the brain depends on 

constant and regulated blood supply to function properly. With aging, pathophysiological 

changes occur in large arteries causing decreased ability of large arteries to absorb and 

dampen pulsatile blood flow, eventually leading to pulsatile stress and arterial stiffness 
(1). Transmission of increased pulsatile stress to the brain microvasculature is thought to 

lead to increased microvascular brain damage via altered dampening of pulsatile blood 

flow in cerebral arteries, and is considered a contributing factor for some cerebrovascular  

diseases (2).

Insulin influences all aspects of human physiology, including central regulation of energy 

homeostasis, cognitive functions and neuronal activity (3, 4). The central regulation of energy 

homeostasis involves a complex neuronal network, which comprises the hypothalamus, the 

thalamus as well as cortical brain structures. Insulin and its signaling have been consistently 

linked to aging, lifespan and longevity (5). Aging is associated with reduced insulin action in 

peripheral tissues and possibly in the brain. Reduced insulin action in the aging brain may 

relate to age- associated cognitive defects and anomalies of metabolic homeostasis (5-9). 

Recent data suggest that insulin is also a vasoactive modulator that regulates peripheral 

and cerebral blood flow, possibly via a direct vasodilatory effect (10). Reduced insulin action 

has been associated with vascular impairment possibly via impaired insulin- mediated 

augmentation of endothelium- dependent vasodilation, enhanced generation of reactive 

oxygen species and/ or excessive free fatty acids release from adipose tissue (11-15). 

When administered in humans via the nasal route, insulin has been shown to distinctly 

alter brain functions, without being absorbed into the blood stream or having direct 

systemic effects on peripheral blood glucose or insulin levels (16). Thus, the nasal route 

provides a safe and effective way of conveying insulin to the brain to specifically modulate 

brain insulin action and exert beneficial effects.

In this randomized, placebo-controlled trial we investigated the effects of intranasal 

insulin administration on cerebral blood flow and perfusion in healthy young and elderly 

adults.
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METHODS

Ethics statement
This study titled “Maintaining health in old age through homeostasis: Switchbox Phase 

II” was approved by the Medical Ethical Committee of Leiden University Medical Center 

under protocol P13.164. and the Dutch competent authority (Centrale Commissie 

Mensengebonden Onderzoek (CCMO)) with protocol code number NL45043.058.13. The 

study is registered in the European Clinical Trials Database under number 2012-005650-

29. All investigations have been conducted according to the principles expressed in the 

Declaration of Helsinki. All participants provided written informed consent after written 

and verbal description of the study was given.

Trial design and participants
The design is a double-blinded, randomised, cross-over, placebo controlled trial in 

volunteers from the general population. This study was aimed at examining the effects of 

intranasal insulin on circulatory metabolic and endocrine parameters, as well as on resting 

and functional brain activities using MRI. Twenty-three (fourteen elderly and nine young) 

relatively healthy men aged 18-85 years (age criteria 18-35 years for young adults and 

60-85 years for older adults), with a body mass index (BMI) between   20 kg/m2   and 

27 kg/m2 were recruited from the general population. Exclusion criteria included fasting 

plasma glucose above 7 mmol/l, anemia (haemoglobin < 7.1 mmol/l), presence of anatomic 

deviations of the nose, any significant endocrine, neurological and cardiovascular diseases, 

or use of medication known to influence lipolysis, thyroid function, glucose metabolism, 

GH/IGF-1 secretion or any other hormonal axis. Furthermore, persons with a current 

smoking or alcohol addiction or history of substance abuse were excluded.

Of the 23 participants that were contacted via telephone, three (older) participants 

were excluded after screening. The reasons for exclusion were uncontrolled high blood 

pressure (n=1) and renal insufficiency (n=2). Of these, all participants except for one (young), 

successfully completed the study. The reason for drop-out was phobia for cannulas/ blood 

withdrawal.
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Randomisation, masking and intervention
Randomisation was carried out by the pharmaceutical trial coordinator, while the 

researchers were blinded to what the participants received. Concealment of treatment 

allocation was ensured by delivery of trial medication in a standard plain vial (same for 

all treatment groups) that had been prepared and re-labelled by the hospital pharmacy. 

Deblinding was done at the end of the study. 

The study interventions consisted of intranasal application of 40 IU insulin (Actrapid; 

Novo Nordisk, Mainz, Germany) or placebo (Sterile saline), delivered using the ViaNase 

Electronic Atomizer (Kurve Technology inc.). The ViaNase device had been specifically 

designed to deliver drugs to the olfactory region to maximize drug transport to the central 

nervous system. The device released a metered insulin (40 IU) or saline dose directly into 

the subject’s nostrils. A total volume of 0.4 mL (0.2 ml per nostril) was administered, which 

was inhaled by breathing evenly over a 2-minute period. In both right and left nostril, two 

doses each were delivered resulting in a total insulin dose of 40 IU. This method allowed 

administration of smaller particle sizes to increase drug deposition in the upper nasal cavity 

without transporting the drug to the lungs (17). 

For the current study, results from two study visits, spaced apart by a week, on one 

of which they received insulin and on the other placebo, in a randomised manner were 

compared. All participants underwent exactly the same protocol during both study visits. 

Experimental protocol
In the morning after a 10-hour overnight fast, participants arrived at the MRI facilities at 

08.00 in the morning. A catheter was placed in a vein of the forearm of the non-dominant 

hand. First, a baseline venous blood sample was collected in a serum-separator (SST)-tube 

thereafter, every 10 minutes, 4 ml of blood was collected into a SST-tube and 2 ml into 

K3-EDTA tube. 

Ten minutes after the first blood withdrawal, the trial medication (placebo or 40 IU of 

insulin) was administered intranasally, under the supervision of the experimenter, with a 

ViaNase Electronic Atomizer. About 20 minutes after the intranasal application, participants 

were transferred into the MRI for the scanning procedure (figure 1). About 30 min after 

in the intranasal application, the CBF measurement was performed in the MRI scanner. 

This time interval was chosen to allow insulin to reach maximal concentrations in the  

CSF (18), since previous studies have shown that it takes insulin 30 minutes to reach maximal 
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concentrations/effects in the CSF, and this approximate time window has been used in 

other studies where brain – related effects of intranasal insulin were studied (19-21).

FIGURE 5.1 | Flowchart of experimental procedures related to cerebral blood flow and perfusion 
measurements.

After an overninght fast and baseline measures, the study day started at 08.00 with blood sample withdrawal for 
baseline measures, after which subjects received either the intranasal insulin or intranasal placebo treatment. MRI 
scanning began 20 mins later, including survey/structural MRI scans, flow and perfusion scans.

Anthropometrics.
During the first study day, height, weight, percentage of body fat, and waist and hip 

circumference of participants were measured. Weight (in kilograms) was divided by the 

squared height (in meters) to calculate the BMI. 

Blood sampling and Chemical analysis of  blood samples
After each withdrawal, the K3-EDTA tubes were immediately placed on ice before 

centrifugation, whereas the serum tubes were kept at room temperature and centrifuged 

when the samples were clotted, usually between 30–60 minutes. Samples were centrifuged 

at 3520 RPM at 4 °C for 10 minutes. The EDTA plasma and serum samples were stored in 

two aliquots of 500 µl during the rest of the sampling at − 20 °C. After the sampling they 

were transferred to a − 80 °C freezer and stored until analysis. 

All laboratory measurements were performed with fully automated equipment and 

diagnostics from Roche Diagnostics (Almere, The Netherlands). Glucose levels were 

measured using Hitachi Modular P800 from Roche (Almere, the Netherlands), with 

coefficient of variation (CV) for measurement less than 1%. Insulin levels were measured 

using the Immulite 2500 from DPC (Los Angeles, CA). CV was less than 6%. 
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Brain MRI protocol
The perfusion measurement reported in the current study was part of a longer scanning 

protocol (48 minutes in young participants and 24 minutes in older participants) in which 

we aimed to successively assess several MRI endpoints. Scans were performed on a whole 

body magnetic resonance system with a 3 Tesla field strength (Philips Medical Systems, 

Best, the Netherlands). 3D T1-weighted images were acquired with the following imaging 

parameters: echo time (TE) 4.6ms, repetition time (TR) 9ms, Flip 8°, field of view (FOV) 

= 224 × 177 × 168mm, scan duration ~5minutes. The pseudo Continuous Arterial Spin 

Labeling (pCASL) with TE/TR/Flip: 14ms/4.0s/90°, FOV 240 x 133 x 240mm, matrix 80 x 

80mm, slices 19, scan duration 6 minutes and the M0-scan with TE/TR/flip: 14ms/6.0s/90, 

FOV 240x133x240, Matrix 80 80, slices 19, scan duration 30sec. The phase-contrast 

quantitative flow (QF) scan was planned using 2 localizer angiograms in the sagittal and 

coronal planes and acquired with the following parameters: TR=11ms; TE 7.5ms; flip 

angle=10°; slice thickness=5mm; field of view 150x103mm; voxel size 1.17x1.17mm; 

velocity sensitivity=200cm/s, 20 signal averages. Time allocated to measure perfusion was 

6 minutes.

Phase contrast MR Angiography
Quantitative flow measurements were performed using ungated phase-contrast MRA, 

based on 2 localizer MR angiograms in the sagittal and coronal orientation as shown in 

figure 2. A region of interest (ROI) was drawn around the vessel lumen on the magnitude 

images by an experienced rater using Philips Software on a PACS (Philips Medical Systems, 

Best, The Netherlands) workstation with ROI measurement tools. Flux was measured for 

basilar artery and both internal carotid arteries separately. Total flux was calculated for all 

three vessel together.
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FIGURE 5.2 | MR images of the vasculature measured with phase contrast MR angiography 
imaging for Quantitive Flow (QF).

Typical placement of the QF phase-contrast slice (C) through the right internal carotid artery (RCAR), left internal carotid 
artery (LCAR) and the basilar artery (BAS) using the sagittal (A) and coronal (B) localizer angiograms. ROI’s were drawn 
around the three arteries in slice C to measure flow.

pCASL quantitative analysis
MR images were analyzed using FMRIB Software Library (FSL) (Analysis Group, FMRIB, 

Oxford, UK). (22) pCASL cans were performed in a total time of 6 minutes. pCASL images 

were first corrected for slice timing, gradient nonlinearities and subject motion using in-

house software and different tools of the FMRIB Software Library (FSL) version 5.0.6. Files 

were smoothed and after subtraction a mean CBF over the entire 6 minute pCASL scan 

was calculated, yielding one average perfusion map for the 6- minute scan. This map was 

then translated to MNI152 space using FLIRT and FNIRT with the conversion matrix based 

on the 3DT1 scans. The perfusion was measured in the corrected gray matter volume. 

This corrected gray matter was segmented in four cortical areas based on the Harvard 

Oxford probabilistic cortical atlas threshold 25 percent (23). These ROI templates were 

subsequently used with each subject’s gray matter mask to calculate the mean gray matter 

CBF in units of mL/100g/min for each anatomical region. Perfusion in the hypothalamus 

and thalamus was calculated in a similar way by measuring perfusion on the CBF maps in 

thalamic/hypothalamic ROI using Harvard oxford atlas ROI templates for these regions. 

One participant was noticed to have extremely tortious blood vessels. For this 

participant, it was difficult to draw a consistent region of interest for phase contrast MR 

Angiography. For same reason, he also had strongly decreased ASL labelling efficiency. He 

was excluded from subsequent analyses.
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Statistical analysis
Descriptive statistics were used to summarize the characteristics of both study groups. 

Homeostatic model assessment of insulin resistance (HOMA-IR) was calculated by the 

product of the fasting insulin level (mU/L) and the fasting glucose level (mmol/L) divided 

by 22.5. 

The relation between intranasal insulin and cerebral blood flow was determined 

using paired t-tests, and presented as means with standard deviation with corresponding 

p-values. Homogeneity of variance assumption was tested using Levene’s test. Correction 

for inter- individual and intra- individual differences in perfusion was done by calculating 

normalized gray matter volumes according to MNI standard space registration. For 

statistical analyses, Statistical Package for Social Sciences (SPSS) software for windows 

(version 20.0) was used. Statistical significance was set as P<0.05.

RESULTS

Characteristics of the study subjects are shown in table 1. The mean age of the younger 

adults was 22.3 years (range 20-26 years) while the mean age of the older adults was 

65.2 (range 60-69) years. The average BMI was similar in both groups of adults. For the 

younger adults, mean systolic blood pressure (SBP) was 125 mmHg (SD 9.3) and diastolic 

blood pressure (DBP) 74.5 mmHg (SD 7.2). For the older adults, mean SBP was 156 mmHg 

(SD 22.7) and mean DBP was 90.4 mmHg (SD 7.9). Fasted glucose, fasted insulin and 

HOMA index of insulin resistance were all within normal reference ranges for both groups 

of adults. 

Plasma glucose and insulin trajectories
We measured the peripheral (venous) glucose and insulin trajectories throughout an 

experimental period of 90 minutes, which comprised measurements before, during and 

after MRI scanning. As shown in figure 3, the trajectories of glucose and insulin values were 

similar and stable in insulin compared to placebo conditions throughout the experimental 

period, both in young and older adults. In the young adults, the mean (SD) glucose and 

insulin levels over the 90- minute period were 4.57 (0.3) mmol/L and 5.25 (2.7) mU/L 

respectively under placebo condition, while the mean (SD) glucose and insulin levels were 
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4.61 (0.5) mmol/L and 5.71 (2.6) mU/L respectively under insulin condition. Likewise, in the 

older adults, the mean (SD) glucose and insulin levels over the 90- minute period were 4.87 

(0.5) mmol/L and 5.75 (3.4) mU/L respectively under placebo condition, while the mean 

(SD) glucose and insulin levels were 4.87 (0.5) mmol/L and 5.30 (3.6) mU/L respectively 

under insulin condition.

FIGURE 5.3 | Glucose trajectory during the experimental period.

Concentrations (every 10 minutes) of glucose in blood serum over a 90- minute period, comprising measurements before 
and after intranasal application of insulin (40IU in sulin Actrapid, blue line) or placebo (saline, red dotted line) using 
ViaNase nasal atomizer. Blue arrow indicate timing of intranasal insulin administration. Data is presented as mean with 
standard error in A.) younger and B.) older adults.



5

Intranasal insulin and cerebral perfusion

103

TABLE 5.1 | Characteristics of study subjects

Young Older

Demographics N = 8 N = 11

Age in years (SD) 22.3 (1.8) 65.2 (3.3)

BMI in kg/m2 23.6 (2.2) 24.1 (2.2)

Alcohol intake (units/week) 14.4 (2.2) 9.77 (1.7)

Systolic BP (mmHg) 125 (9.3) 156 (22.7)

Diastolic BP (mmHg) 74.5 (7.2) 90.4 (7.9)

Hypertension, n (%) 0 (0) 2 (18.2)

Metabolic 

Fasted glucose in mmol/L 4.83 (0.32) 5.31 (0.51)

Fasted Insulin in pmol/L, median (IQR) 5.3 (4.83, 6.58) 4.63 (2.9, 8.23)

HOMA-IR index, median (IQR) 1.21 (1.0, 1.49) 1.05 (0.65, 2.03)

Unless otherwise stated, values are means (standard deviation). BMI: body mass index.

Quantitative flow
The mean flow through the main cerebropetal arteries supplying the brain after intranasal 

application of insulin compared to placebo in both the young and older adults is presented 

in Table 2. Intranasal application of insulin did not significantly change mean blood flow 

through the cebebropetal arteries in either young nor in older adults. The mean difference 

in total quantitative flow under insulin minus placebo conditions in the younger adults was 

0.35 ml/sec (SD 2.59), while that of the older adults was -0.24 ml/sec (SD 1.66). 

The variance (standard deviations) around the mean flow were consistently lower 

after insulin administration. A Levene’s test verified the inequality of the variances in 

total quantitative flow after intranasal application of insulin compared to placebo when 

data from young and old adults were combined (P=0.047). Similar trends towards lower 

variances in cerebral blood flow after intranasal insulin application were observed in young 

and older adults.
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TABLE 5.2 | Quantitative flow through cerebropetal arteries

Young Older

Placebo  
Mean ± SD

Insulin 
Mean ± SD

p-value Placebo  
Mean ± SD

Insulin  
Mean ± SD

p-value

Arterial Flow 

Basilar artery 3.36 ± 0.74 3.15 ± 0.42 0.376 2.91 ± 0.91 2.78 ± 0.63 0.313

Left carotid artery 4.44 ± 1.12 4.60 ± 0.78 0.745 4.48 ± 0.86 4.63 ± 0.69 0.537

Right carotid artery 4.24 ± 1.13 4.66 ± 0.81 0.263 4.64 ± 1.26 4.39 ± 0.75 0.532

Total flow 12.05 ± 2.73 12.40 ± 1.68 0.713 12.04 ± 2.26 11.8 ± 1.10 0.667

Cerebral blood flow (in ml/sec) ± Standard deviation (SD) through cerebropetal arteries in insulin conditions compared 
to placebo in young and older adults. 

ASL perfusion
Perfusion through specific cortical regions of the gray matter is shown in Table 3. In addition 

to cortical regions, we also assessed perfusion in the thalamus and the hypothalamus. In 

younger adults, perfusion through the whole brain gray matter, frontal, parietal, temporal 

and occipital gray matter regions seemed slightly higher after intranasal administration of 

insulin, but were not significantly different when compared to placebo. In younger adults, 

intranasal administration of insulin did not change perfusion in the thalamus or in the 

hypothalamus.  

In older adults, intranasal administration of insulin significantly increased perfusion 

through the occipital gray matter with 6.5% when compared to the administration of a 

placebo (Table 3, P=0.001). Perfusion through the parietal gray matter was 4.3% increased 

after intranasal administration of insulin (P=0.034). Perfusion in the frontal and the 

temporal gray matter regions was not significantly changed after intranasal administration 

of insulin (Table 3). In older adults, intranasal administration of insulin significantly increased 

perfusion in the thalamus (P=0.003), but no significant changes were found for perfusion 

in the hypothalamus. The change in perfusion after intranasal application of insulin for one 

representative participant is visualized in the gray matter perfusion map shown in figure 4.
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TABLE 5.3 | ASL Perfusion through specific brain regions

Young Older

Placebo  
Mean ± SD

Insulin 
Mean ± SD p-value Placebo  

Mean ± SD
Insulin 
Mean ± SD p-value

Brain regions

Whole brain 65.79 ± 11.69 67.53 ± 5.58 0.488 57.53 ± 8.0 59.0 ± 9.77 0.292

Frontal GM 74.93 ± 13.67 76.64 ± 5.52 0.603 63.11 ± 8.19 63.90 ± 10.72 0.653

Temporal GM 62.48 ± 10.82 64.39 ± 7.47 0.405 55.83 ± 7.22 55.74 ± 9.22 0.959

Parietal GM 77.2 ± 14.87 78.66 ± 7.04 0.653 66.35 ± 10.95 69.22 ± 11.51 0.034

Occipital GM 67.67 ± 13.21 68.27 ± 8.97 0.837 61.20 ± 10.11 65.15 ± 11.0 0.001

Thalamus 65.43 ±10.27 65.84 ± 9.89 0.831 63.31 ± 6.84 68.28 ± 6.75 0.003

Hypothalamus 43.97 ± 8.64 42.31 ± 6.43 0.603 38.31 ± 5.25 42.51 ± 6.43 0.156

Perfusion through the four major cortical gray matter regions (ml/100g/min) ± Standard deviation (SD) in insulin 
conditions compared to placebo in young and older adults as measured by continuous arterial spin labelling. GM: gray 
matter.

In addition to the whole gray matter regions, we also looked at the perfusion through the 

right and left hemisphere of each ROI separately. The directions of observed effects in the 

left/right ROIs were comparable to those observed for the whole lobe ROIs. For example, 

in older participants perfusion in the right parietal region under placebo compared to 

insulin condition was  65.58 ± 11.70 compared to 68.31 ± 11.17 (p=0.061); and perfusion 

in the left parietal region under placebo compared to insulin condition was   67.12 ± 

10.41compared to 70.12 ± 12.71 (p=0.221). Similarly, in older participants perfusion in 

the right occipital region under placebo compared to insulin condition was  60.92 ± 11.07 

compared to 65.15 ± 10.97 (p=0.006); and perfusion in the left occipital region under 

placebo compared to insulin condition was   61.49 ± 9.35 compared to 65.13 ± 11.61 

(p=0.005). Likewise, in older participants perfusion in the right thalamus under placebo 

compared to insulin condition was  63.79 ± 6.72 compared to 68.52 ± 6.14 (p=0.008); and 

perfusion in the left thalamus under placebo compared to insulin condition was  62.84 ± 

7.11 compared to 68.03 ± 7.63 (p=0.005). 

Figure 5 shows the paired gray matter perfusion in the parietal and occipital lobes and 

in the thalamus for every individual subject separately to illustrate  individual differences 

between the placebo and insulin.
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FIGURE 5.4 | Gray matter perfusion maps after intranasal administration of placebo and insulin. 

Left panel (A. & B.) represents the gray matter perfusion map after intranasal placebo administration and the  right panel 
(C. & D.) the perfusion map after intranasal insulin administration for one representative older participant. The top row 
shows an increase in the gray matter perfusion of occipital lobe (illustrated by blue oval) after intranasal administration of 
insulin compared to placebo. The bottom row shows an increase in gray matter perfusion in the parietal lobe (illustrated 
by blue rectangle) after intranasal administration of insulin compared to placebo. Only the gray matter was included for 
calculation of perfusion after intranasal administration of insulin compared to placebo.

FIGURE 5.5 | Paired individual gray matter perfusion measurements for placebo and insulin 
conditions. 

Left panel represents the gray matter perfusion in the parietal lobe as paired data for placebo and intranasal insulin per 
indivudual subject in the young and the older group. The right panel represents the gray matter perfusion in the  occipital 
lobe.
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DISCUSSION

This study was aimed at investigating the effects of intranasal application of insulin on 

cerebral blood flow and perfusion in healthy young and older adults. We found no effect 

of intranasal insulin application on total quantitative flow, or on flow in the basilar, left or 

right carotid arteries, in either young nor older adults. However, region specific analysis 

indicated that intranasal insulin application increased perfusion in parietal and occipital 

gray matter regions and in the thalamus in older but not in young adults.

Due to the presence of direct pathways from the nasal cavity to the CNS, insulin can 

be delivered non- invasively rapidly to the CNS through the intranasal route without 

spilling over to the periphery. The intranasal route of insulin administration thus bypasses 

uptake into the bloodstream and so circumvents the risk of systemic hypoglycemia that is 

associated with peripheral administration. We found that blood glucose and insulin levels 

did not change after intranasal administration. This is in line with previous studies that 

show that plasma glucose concentrations remain unchanged after intranasal application of 

40 IU insulin (24, 25). It further strengthens the fact that intranasal administration can safely 

be used for selectively increasing cerebral insulin levels.

One of the regions where insulin becomes readily available is the cerebral cortex, which 

is bathed by CSF, to which intranasally administered insulin has direct access (18). There is 

evidence of bulk flow transport of peptides through extracellular pathways from the nasal 

cavity to the CNS, including cerebral cortex, gray matter and other parts of the CNS, via 

both olfactory and trigeminal pathways (26). In the upper nasal cavity, olfactory neurons are 

exposed such that their axons project through the cribriform plate to the olfactory bulb. 

When inhaled, insulin accesses the CNS parenchyma either through the cribriform plate 

along the olfactory neurons through perivascular channels associated with the olfactory or 

trigeminal systems (27).

Very few studies have been performed to study the effect of intranasal application 

of insulin on regional blood flow in the brain. A recent study done in eight young healthy 

adults found no effect of intranasal insulin application on cerebral blood flow in the visual 

cortex, neither at baseline nor when cerebral blood flow was measured after specific tasks 
(19). In line, we found no effect of intranasal insulin application on flux in the major vessels, 

neither in young healthy men, nor in older men.
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While quantitative flow in the major arteries did not increase after intranasal application 

of insulin, we found that after intranasal insulin application tissue perfusion was increased 

by 6.5% in occipital cortex and 4.3% in parietal cortex in older but not in young adults. 

The occipital lobe is the visual processing center. It contains mainly the visual cortex and 

the ventral stream of vision that enables ability to focus on motor actions in response to 

outside stimuli. Next to the occipital lobe, the parietal lobe integrates sensory information 

among various modalities, including proprioception, mecano-reception, and visuo-spatial 

processing. The posterior parietal cortex, also referred to as the dorsal stream of vision, 

receives somatosensory and/or visual input that can be transmitted to motor signals. In 

line with the present data, another study found that perfusion was increased in the insular 

cortex, an area closely related to the parietal cortex, after intranasal insulin administration 
(21). Somewhat similar to the parietal cortex, the insular cortex also integrates information 

from other sensory modalities and contains topographically organized visceral sensory 

representation. We also observed that intranasal insulin application increased perfusion of 

the thalamus.  The thalamus receives information from almost all sensory systems and relays 

the information to associated cortical areas. From literature, increased cerebral blood flow 

has been linked to vasodilatation around the active area due to increased energy demand 
(28). Also, insulin has been shown to be a vasoactive modulator that regulates peripheral 

and cerebral blood flow possibly via a direct vasodilatory effect (10). Taken together, our 

finding of increased perfusion on the parietal and occipital cortex and in the thalamus in 

the older adults would support the hypothesis that intranasal insulin application might 

restore energy demand and neuronal activity in these regions in the older adults, possibly 

by overcoming age- induced deficits in local central insulin action (5, 29). Similar finding was 

not demonstrated in the young men, probably because they already had optimal brain 

perfusion. 

This is the first placebo-controlled, cross- over, study in young and older adults 

showing that intranasally administered insulin increased regional perfusion in the parietal 

and occipital brain regions and in the thalamus of older adults, as measured with a non- 

invasive ASL technique. A strength of our study is the cross-over design in which the adults 

were their own controls, thus minimizing the confounding effects of between- person 

differences. Moreover, both the young and older participant were included with strict 

in- and exclusion criteria. Thus, the characteristics of adults in both the young and older 

participant groups were homogenous, making them comparable within the group. On the 
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other hand, this study has some limitations. It is limited by its sample size, and the inclusion 

of males only. Thus, we cannot rule out that insulin has effect on many other brain areas, 

since several previous studies have demonstrated that insulin had beneficial effects on 

brain function including, memory, cognition (30-32), and brain mediated functions such as 

postprandial thermogenesis and other metabolic profiles (29, 33-35). Thus, other brain regions 

could have gone undetected because of the small sample size. We also cannot exclude the 

possibility that effects of intranasal administration of insulin may be sex specific. Indeed, 

sex-specific effects of intranasal administration of insulin have been observed for other 

endpoints, including reduction of body weight (34). It is also a limitation that the clinical 

significance of the observed increases in CBF remains to be determined. Thus, larger 

sufficiently powered studies are needed to delineate the exact effects of insulin on cerebral 

blood flow and perfusion in both the cortical brain regions and in subcortical structures in 

both males and females and in both young and older adults and to relate these to clinically 

significant outcomes. 
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6
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ABSTRACT

There is now an impressive body of literature implicating insulin and insulin 

signaling in successful aging and longevity. New information from in vivo 

and in vitro studies concerning insulin and insulin receptors has extended 

our understanding of the physiological role of insulin in the brain. However, 

the relevance of these to aging and longevity remains to be elucidated. Here, 

we review advances in our understanding of the physiological role of insulin 

in the brain, how insulin gets into the brain, and its relevance to aging and 

longevity. Furthermore, we examine possible future therapeutic applications 

and implications of insulin in the context of available models of delayed and 

accelerated aging.
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INTRODUCTION 

Pathways that orchestrate the responses of the organism to changes in its environment 

have been implicated in the genetic regulation of lifespan across different species. One 

of the key pathways identified by genetic analysis of long-lived Caenorhabditis elegans 

(C.elegans) mutants is insulin/insulin-like growth factor-1 (IGF-1) signaling (IIS) (1, 2). In 

invertebrates, multiple insulin/IGF-1-like ligands signal via a common receptor, which 

shows homology to the mammalian insulin and IGF-1 receptors. Also in mammals, insulin/

IGF-1 signaling has been linked to aging, lifespan and longevity (3). Although in mammals 

insulin and IGF-1 act predominantly via distinct receptors, there is extensive overlap and 

interaction in their downstream signaling cascades, making it difficult to separate effects 

of insulin signaling from those of IGF-1 signaling. The long-lived phenotype of FIRKO mice, 

which were made by selective disruption of the insulin receptor in adipose tissue, supports 

a role of insulin signaling in longevity (4). Moreover, many of the long-lived mouse mutants 

with disrupted GH/IGF-1 signaling display enhanced insulin sensitivity. In humans, a 

hallmark phenotype of healthy longevity is maintenance of insulin sensitivity (5, 6), which 

has been observed in familial human longevity (7, 8), as well as in centenarians (9-11). Insulin 

influences all aspects of human physiology (12, 13). Besides regulating peripheral glucose 

homeostasis, insulin is an important neuromodulator that contributes to neurobiological 

processes (14), with growing evidence that insulin supports behavioral, cellular, biochemical 

and molecular functions (15). In literature, evidence linking aging and insulin signaling 

includes prolongation of life span in rodents via genetic mutations affecting insulin 

signaling pathways or via interventions that down-regulate nutrient sensing pathways 

such as caloric restriction. Further evidence includes data on the role of type 2 diabetes 

in accelerated aging syndromes, and the increased incidence of insulin resistance with 

age (16). In model organisms (nematodes and fruit flies), specific neural manipulations of 

insulin signaling have also been linked to aging and lifespan (17, 18). Insulin is produced in the 

brain of these organisms, making it undoubtedly a neuropeptide. In mammals and humans, 

insulin receptors are highly abundant in many brain areas and nuclei, but it remains unclear 

if insulin is produced in the brain. Furthermore, the physiological and pathophysiological 

mechanisms of insulin action in the brain in relation to aging and longevity remain to be 

elucidated.
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With the global population aging, there has been an astonishing increase in the 

prevalence of obesity (19), metabolic syndrome (20), type 2 diabetes (21) and neurodegenerative 

diseases (22). Insulin resistance is a shared feature in these diverse pathologies (13, 23-26). It 

therefore becomes critical to understand the role of insulin in healthy longevity, as this may 

be relevant to combatting age related disorders that have been linked to disturbances in 

glucose metabolism. The aim of this article is to review advances in our knowledge about 

insulin, insulin signaling and the brain, and to present these in the context of available 

models of delayed and accelerated aging. Furthermore, we will examine the links between 

inflammation, metabolic health and brain health, and their effect on aging. Finally, we will 

review therapeutic options to enhance brain insulin action, including measures to enhance 

local brain insulin levels as well as measures to enhance the brain responses to insulin. 

 

INSULIN AND THE BRAIN:  
A CENTURY OF DISCOVERIES

Insulin, after discovery in 1921, was initially considered a peripheral hormone and thus 

unable to cross the blood- brain barrier (27). However, in 1967, Margolis and Altszuler 

demonstrated in dogs that the concentration of cerebrospinal fluid (CSF) insulin increased 

after an increase in plasma insulin (28), thus showing that insulin is able to cross the 

blood CSF barrier. In 1978, Havrankova et al. demonstrated the widespread presence of 

insulin receptors in the central nervous system of the rat (29). Later that year, they further 

demonstrated that high levels of insulin were present in rat brain extracts, and found 

that the concentration of insulin in the central nervous system was considerably higher 

than its concentration in the circulation (30). They thus proposed a physiological role for 

insulin in the central nervous system. In the 1980s, further evidence that insulin from 

peripheral circulation crosses the blood brain barrier (BBB) thus gaining access to the brain 

was provided. In 1983, Dorn et al. demonstrated that the human brain contains insulin 

in concentrations much higher than the blood, the highest being in the hypothalamus (31). 

Furthermore, they showed the presence of high concentrations of insulin in the brains 

and spinal cords of human cadavers, mice and rats (32). Baskin et al demonstrated uptake in 

the hypothalamus of [125I]iodoinsulin after the insulin had been stereotaxically injected 

into a lateral cerebral ventricle. Furthermore, they detected insulin-like immunoreactivity 
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in the periventricular, supraoptic, suprachiasmatic, arcuate, and lateral hypothalamic nuclei 

of the rat hypothalamus (33, 34). In 1992, Schechter et al delineated the ontogeny of rabbit 

brain insulin concentration and demonstrated that insulin availability is developmentally 

regulated (35). In the past decade, studies of the effects of insulin in the brain have been 

enhanced after development of non-invasive methods of selective delivery of insulin 

into the brain, via the intranasal route, circumventing peripheral effects of systemic 

hypoglycemia (36). This has advanced our understanding of potentially therapeutic effects 

of enhancing insulin concentrations in the brain. Furthermore, studies in recent years 

have brought forward the role of insulin signaling in the hypothalamus, as a key player in 

regulation of hepatic glucose production and food intake (37). 

Brain insulin: is insulin a neuropeptide in humans?
In the rabbit, discordance was observed between insulin concentrations in serum and CSF 
(35). Insulin was found to be present in high concentrations in brain micro-vessels (38), brain 

extracts (39), and immature nerve cell bodies (35, 40), despite that only 0.046% of peripheral 

insulin crosses the BBB in mice (12, 41). Moreover, brain insulin concentrations were observed 

to vary according to developmental stages, with peak amounts being observed during the 

critical phases of brain growth and development (42). Taken together, these results suggest 

that brain insulin availability is strictly regulated and can reach high levels in the CNS. This 

raises the question as to the source of brain insulin, does all of brain insulin derive from the 

periphery or is insulin also synthesized in the brain (Figure 1)?

There is unequivocal evidence for selective, regulated, time dependent, temperature 

sensitive, carrier mediated, and saturable insulin transport to the brain (43-50). In mice, human 

insulin was shown to access the central nervous system (CNS) after crossing the BBB (51). 

In rabbits, insulin infused into the carotid artery was shown to have crossed the BBB into 

the peri-capillary space and brain parenchyma with preservation of the peptide’s integrity 
(45). In dogs, studies using a three component mathematical model (plasma, intermediate 

component and CSF) have shown that insulin delivery to the CNS fits a receptor- mediated 

saturable process (43). In healthy humans, during hyperinsulinemic, euglycemic clamp 

studies, increase in circulating insulin was demonstrated to rapidly affect brain activity, 

alongside rapid cerebral insulin signal transduction, independent of the systemic effects 

of the insulin(48). 
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Apart from passage through the BBB, direct access of insulin to the CSF has also been 

demonstrated (Figure 1). This alternative route occurs through circumventricular regions, 

such as the area postrema, that lack a BBB (34, 52-54). Unlike the BBB that contains tight 

junctions, the capillaries in the circumventricular regions are porous, thereby allowing 

plasma solubles to diffuse freely and directly into these areas (55). The route through which 

insulin accesses the brain has implications for the rate of convection and diffusion in the 

brain, and distribution of the insulin into the brain parenchyma. Following intraventricular 

administration of insulin/ peptides, insulin becomes distributed through the ventricular 

compartments and to the surface of the brain bathed by the subarachnoid space, with 

relatively slow rate of diffusion into the brain parenchyma, and is minimal at distances 

more than 1-2mm removed from the CSF surface (55, 56). In addition, insulin delivered into 

the CSF undergoes relatively rapid bulk flow through the CSF flow tracks. For example, 

the entire CSF volume is turned over every 4-5 hours following production at the choroid 

plexus in the human brain (55). 

In model organisms, insulin is biosynthesized by neurons in the brain and it exerts 

both local and remote actions, including regulation of homeostasis; making it undoubtedly 

a neuropeptide. In humans however, insulin is mainly produced in the pancreas, which 

raises the question as to whether insulin can be considered a neuropeptide in humans. 

Neuropeptides have been defined as ‘small proteinaceous substances produced and 

released by neurons through the regulated secretory route and acting on neural substrates’ 
(57). Neuropeptides have been shown to have strict, cell specific expression patterns, on 

which the physiological or behavioral role of the peptides is based. Criteria for classification 

as a neuropeptide include gene expression and biosynthesis by neurons; storage, and 

regulated release upon demand and ability to modulate or mediate neural functioning 

directly through receptors (57). Although insulin receptors are highly abundant in many brain 

areas and nuclei, it remains unclear if insulin is produced in the brain. Therefore, following 

the strict criteria for neuropeptide definition, it becomes debatable if mammalian insulin is 

a true neuropeptide. 
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FIGURE 6.1 | Sources of brain insulin. 

Schematic diagram showing the possible sources of brain insulin. Firstly, eripheral insulin can access the brain through 
the blood brain barrier (BBB) via a selective, carrier-mediated transport system. Secondly, insulin may diffuse through 
the blood CSF barrier in circumventricular regions, which are lacking in BBB. Thirdly, there is some limited evidence 
suggesting the possibility of de novo insulin synthesis in the brain.

Evidence in favor of insulin synthesis in the brain mostly derives from in vitro studies, 

including the study by Clarke et al in 1986, which demonstrated the synthesis of insulin by 

cultured rat brain neuronal and astrocyte glial cells and their release of insulin in primary 

culture. The insulin release after membrane depolarization of the neurons was biphasic, in 

a manner similar to that of pancreatic beta cells (58). In 1990s, Schechter et al provided both 

in vivo and in vitro evidence from mammalian brains supporting the de novo synthesis of 

insulin. In-vitro evidence included the demonstration of preproinsulin I and II mRNA in 

neuron cell cultures of fetal rat brains (59). From in vivo studies, presence of preproinsulin 

I and II mRNAs and insulin immunoreaction was detected within the rough endoplasmic 

reticulum, the Golgi apparatus, cytoplasm, axon, synapsis and dendrites of the rat fetal 

brain (40). 
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Summarily, as can be seen in figure 1, whether insulin is derived from the periphery, 

local sources or both, insulin is present in the CNS, where it subserves many functions and 

contributes to neurobiological processes. 

Activation of  insulin receptors in the brain
As in peripheral tissues, insulin signaling in the brain occurs mainly via the insulin receptor 

pathway (Figure 2), which contains several critical nodes of interaction with other signaling 

pathways (60). 

Activation of the core insulin signaling cascade starts with binding of the insulin ligand 

to the insulin receptor (IR), which belongs to the family of tyrosine kinase receptors, 

auto phosphorylation of which is essential for their activation. Upon activation, the IR 

phosphorylates insulin receptor substrate (IRS) proteins. IRS proteins are also activated 

upon binding of the IGF-1 ligand to its cognate receptor. Thus, IRS proteins represent a 

critical node of conversion of the insulin and IGF-1 signaling cascades, and their crosstalk 

with other pathways, such as cytokine signaling. In addition to its activation of the Ras–

mitogen-activated protein kinase (MAPK) pathway, activated IRS proteins serve as docking 

sites for the assembly and activation of, amongst others, phospho-inositol-3 kinase (PI3K) 

which generates the lipid second messenger phosphatidylinositol 3,4,5-triphosphate 

(PIP3). PI3K represents another critical node of crosstalk with other signaling pathways, 

including the c-Jun-N-terminal kinase (JNK) stress signaling pathway. Elevated levels 

of PIP3 activate phosphoinositide-dependent protein kinase-1 (PDK1) and AKT. AKT 

represents yet another critical node of interaction with the mammalian target of rapamycin 

(mTOR) nutrient signaling pathway. AKT targets include GSK3 (glycogen synthase kinase 

3), AS160 (Akt substrate of 160 kD, phosphorylation of which is required for translocation 

of the glucose transporter GLUT4 to the plasma membrane) and forkhead transcription 

factors (FOXOs) (figure 2). Phosphorylation of FOXOs induces their translocation from the 

nucleus which causes profound changes in the transcription of key factors implicated in 

metabolism, cell cycle regulation, apoptosis and resistance to oxidative stress (61).

Distribution of  insulin receptors in the brain
In higher mammals and humans, insulin receptors are widely distributed throughout 

peripheral tissues, with their main function being to transport glucose into cells, inhibit 

glucose production and increase glucose uptake by triggering signaling pathways in the 
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liver, muscle and fat (62). The insulin receptor consists of a tetramer, with two alfa subunits 

and two beta subunits. Brain IR subunits differ structurally from peripheral IR subunits 

in that they have a lower molecular weight (63) and can withstand exposure to high 

concentrations of insulin without undergoing down-regulation (64, 65). 

FIGURE 6.2 | Insulin-IRS-P13K-AKT signaling cascade and its crosstalk with other signaling 
pathways. 

Figure denotes three critical nodes in insulin signaling that are important for the interaction of insulin signaling with other 
pathways relevant to this review.
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The mammalian brain has specific insulin receptors (29, 66), which are of two types. One is 

the neuronal/ neuron- specific type, which are abundant in the neuron (67), while the second 

type are the non- neuronal/ peripheral- like type, with lower density in glial cells (38, 66, 68). 

Insulin receptors are highly abundant in the neurons, with high protein concentrations in 

cell bodies and synapses, and less abundant in the glia. Brain insulin receptors are abundant 

in the brain, but are highly enriched in the olfactory bulb, hypothalamus, hippocampus, 

cerebellum, amygdala and cerebral cortex (12).

Growing but controversial evidence suggests that the specific regional concentrations 

of IR reflect different IR functions associated with particular brain regions. Insulin receptor 

enrichment in the hypothalamus and limbic system including the hippocampus, pyriform 

cortex and amygdala areas that reciprocally connect and communicate with each other 

has been proposed to be suggestive of a role in emotion and higher cognitive functions, 

particularly learning and memory (69, 70). Higher IR concentrations are found in the 

hippocampus, which is critically involved in spatial memory processing, suggesting insulin’s 

role in learning and declarative memory (69). Evidence that synthesis of IR may be increased 

in these hippocampal areas as a result of learning is supported by the up-regulation and 

the changes in distribution patterns of IR mRNA in the hippocampus and dentate gyrus 

following water maze training in rats (70). Insulin is involved in the regulation of food 

intake, which is consistent with the high concentrations of IR in the olfactory bulb and the 

hypothalamus. Furthermore, the high concentration of IR in the choroid plexus suggests 

that it may be required for transport of peripheral insulin across the blood CSF barrier (70).

Functional significance of  insulin in the brain
As the most potent anabolic hormone yet identified, insulin has both metabolic and non- 

metabolic functions. Insulin regulates food intake, as well as glucose, lipid and energy 

homeostasis and stimulates synthesis (as well as inhibition of breakdown) of glycogen, 

triglycerides and most proteins. It is also involved in regulation of hedonic behavior, and 

non-homeostatic control of intake of food and other substances via reward processing. 

Non- metabolic functions
The presence of insulin and insulin receptors in the brain indicates that the brain is a target 

organ for insulin. Insulin plays a key role in synaptic plasticity, apoptosis, mood, learning, 
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reproduction and growth (37, 71-74). Insulin and insulin receptor expression in the brain 

has been suggested to exert neurotrophic effects on CNS neurons (75). Insulin has been 

considered to support neuronal protein synthesis and cytoskeletal protein expression (75), 

neurite outgrowth (76, 77), migration and differentiation in the absence of other growth factors 
(78, 79), and nascent synapse formation (75, 80). It promotes growth and regeneration of axonal 

sprouts, especially small sized sensory neurons (81), neuronal survival, circuit development, 

synaptic plasticity (82) and postsynaptic neurotransmitter receptor trafficking (80). Evidence 

in favor of insulin’s role as a neurotransmitter in the CNS includes the observations that (i) 

insulin is present in neurons (67), (ii) neurons contain specific insulin receptors (64), and (iii) 

insulin affects neuronal firing and catecholamine metabolism (83-85). Insulin also has effects 

on BBB function, including an ability to affect the transport of other substances. Binding 

sites for insulin have been described at both the choroid plexus and on brain endothelial 

cells (86, 87). Insulin also has neuro-protective properties (88-90). Central insulin plays a role in 

cognitive processes such as attention, executive functioning, learning and memory (91), and 

direct application of insulin to the CNS in humans has been shown to improve memory and 

cognition (92, 93). Thus, insulin is involved in attributes that are essential for healthy aging.

Metabolic functions
The brain plays a key role in maintenance of homeostasis, or the ability to maintain vital 

parameters of the internal environment within narrow limits, despite fluctuations in the 

external environment. Metabolic homeostasis requires the integration of numerous cues 

reflecting energy availability by the hypothalamus and nearby brain structures, to mount 

a coordinated response to adapt fuel flux so as to maintain energy homeostasis. Insulin 

is one of the many cues informing the brain about energy status. Research on insulin 

signaling has primarily focused on insulin-mediated processes in the classical insulin target 

organs. These include glucose uptake into skeletal muscle, inhibition of glucose production 

by the liver and inhibition of lipolysis in adipose tissue. However, in 1979, a role for insulin 

in the central regulation of energy homeostasis was suggested based on the observations 

that insulin levels circulate in proportion to fat mass in most mammals and that intra-

cerebroventricular insulin administration results in a dose dependent reduction in food 

intake and body weight in monkeys (94). In line, insulin receptors are expressed throughout the 

mammalian brain(29). Metabolic syndrome and diabetes have traditionally been considered 

as peripheral metabolic diseases. Recently, various non-invasive brain-imaging techniques 
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have revealed structural and functional abnormalities that are associated with diabetes. 

Critical autonomic regulatory neurons in the hypothalamus and brainstem are responsible 

for maintenance of energy homeostasis and functional changes in these areas are associated 

with the development of diabetes (95). It was also shown that after hepatic branch vagotomy 

the suppression of hepatic gluconeogenesis induced by increasing circulating insulin levels 

was reduced by half (96). Mechanistically, binding of insulin to the IR and activation of the 

PI3K pathway in hypothalamic glucose-responsive neurons, which was shown to induce 

their hyperpolarization by opening of ATP-dependent potassium channels (97), has been 

implicated in the central effects of insulin on hepatic glucose production (96). Recently, it 

was shown that ingestion of a glucose solution resulted in a prolonged and significant blood 

oxygen dependent decrease in activity in the hypothalamus of healthy subjects, but not in 

type 2 diabetic patients (98). Insulin is also involved in regulation of energy homeostasis via 

IR in the ventromedial hypothalamus and acts on the brain to suppress feeding (99). Thus, 

insulin acts as a satiety factor, a finding supported by the observation that the response 

of glucose- excited neurons in the ventrolateral and ventromedial hypothalamic nucleus to 

decreased glucose is blunted by insulin (100).  

Taken together, these data indicate that, beside peripheral insulin resistance, reduced 

brain insulin action may also contribute to loss of maintenance of metabolic control. Indeed, 

brain specific deletion of the IR was shown to result in enhanced food intake in female 

mice; and in mild obesity, hyperleptinemia, insulin resistance, and hypertriglyceridemia in 

both male and female mice (101). In line with these findings, in rats, decreasing hypothalamic 

insulin receptors caused overeating and insulin resistance and hypothalamic insulin signaling 

was shown to be required for inhibition of glucose production (102). High-fat diet induced 

obesity is associated with reduced brain insulin transport and an impairment of insulin 

action when given directly into the CNS, suggesting a loss of the effectiveness of insulin in 

the CNS to provide feedback signaling in circumstances of chronic hyperinsulinemia (103). 

Upon aging, peripheral insulin resistance progressively increases, inducing compensatory 

chronic elevations in circulating insulin levels. Therefore, central insulin action will be 

discussed in the context of models of delayed and accelerated aging.
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INSULIN AND THE BRAIN:  
MODELS OF DELAYED AGING

Nematode models of  delayed aging
There is an impressive body of literature implicating insulin/IGF-1 like ligands and insulin/

IGF-1 signaling in the regulation of metabolism, development, and longevity in the 

roundworm C.elegans (104). In response to unfavorable stressful environmental conditions, 

C. elegans larvae can transiently exit the cycle of growth and development to sexual 

maturity by transformation into developmentally arrested, non-feeding, stress resistant 

and long-lived dauer larvae (105, 106). It was found that several dauer formation defective (daf) 

mutants are also long-lived, possibly because these mutants display specific key features 

of the dauer stage while developing in sexually mature adults, such as enhanced resistance 

to multiple stresses due to induction of cytoprotective pathways (107). Of the many long-

lived daf mutants in nematodes, the ones that are best characterized comprise the daf- 2, 

age- 1 (daf 23), daf-16 and daf- 18 mutants. Cloning and sequencing of the loci affected 

in long-lived daf mutants has revealed that these show strong sequence homology with 

evolutionarily conserved components of the mammalian insulin/insulin-like growth 

factor 1 signal transduction cascade (108-110). For example, the daf- 2 gene that has been 

shown to regulate lifespan in C. elegans, and the related tyrosine kinase receptors InR in 

Drosophila melanogaster (D. melangogaster) encode components that are homologous to 

the mammalian insulin and insulin-like growth factor 1 receptors. In response to food or 

the perception of food, multiple insulin-like ligands are secreted from neurosecretory cells 

in the brain of C.elegans (111) and D. melanogaster (112), indicating that in these invertebrates, 

the central nervous system plays a key role in insulin signaling mediated regulation of 

physiology and lifespan in response to environmental cues. Moreover, more than 10 years 

ago, Wolkow et al (17) demonstrated that restoration of the daf-2 pathway of insulin-like 

signaling in neurons alone was sufficient to restore wildtype lifespan in C. elegans, and 

thus provided further evidence as to the role of insulin in the nervous system as a central 

regulator of animal longevity. 

Mouse models of  delayed aging
In mammals, the insulin/insulin-like growth factor 1 signaling cascade   exhibits some 

striking differences compared to the insulin/insulin-like growth factor 1 signaling cascade 



6

Ch
ap

te
r 6

128

in invertebrates (113). These differences include the acquisition of GH as a main regulator 

of IGF-1 production by the liver, and the acquisition of separate receptors for insulin 

and IGF-1. Again, several of the existing long-lived mammalian mutants with defects in 

insulin/IGF-1 signaling point to a role of the central nervous system in the regulation 

of mammalian longevity. The mutations that have thus far been most consistently and 

most strongly associated with increases in lifespan in mice comprise the Prop-1 mutation 

displayed by Ames dwarf mice (114) and the Pit-1 mutation displayed by Snell dwarf mice 
(115). These two mutations both confer a defect in the development of the anterior pituitary 

gland, which causes a lifelong combined hormonal deficiency in growth hormone, thyroid 

stimulating hormone and prolactin. In these as well as other long-lived mice, longevity has 

been strongly correlated with enhanced insulin sensitivity (116). In addition to the Ames 

and Snell dwarf mice, many other mouse mutants with defects in insulin/IGF-1 signaling 

have been described to display a longevity phenotype, which strongly implicates the 

insulin/IGF-1 signaling pathway in the regulation of rodent longevity. Involvement of both 

insulin signaling as well as IGF-1 signaling in mouse longevity was suggested by the long-

lived phenotypes displayed by mice with selective disruption of the insulin receptor in 

adipose tissue (4) and mice heterozygous for mutation of IGF-1R (1). Summarily, improved 

insulin control (of carbohydrate homeostasis) has been identified as one of the pathways 

implicated in the remarkable extension of longevity in long- lived mouse mutants (117).

Human models of  delayed aging
Also in humans, preserved insulin sensitivity has been associated with longevity. Insulin 

resistance has been shown to predict the development of age- related diseases, including 

hypertension, coronary heart disease, stroke, cancer and type 2 diabetes (118). In the general 

population, the association between aging and decline in insulin sensitivity (119-123) has 

been demonstrated in several studies (Figure 3). Mechanisms suggested to contribute 

to decreased insulin sensitivity in the elderly include (i) age-related receptor and post- 

receptor defects in insulin action (124, 125), (ii) an age–related decrease in insulin stimulated 

whole body glucose oxidation (126), (iii) an age-related reduction in beta cell response to 

glucose (126), and (iv) impaired insulin mediated glucose uptake, and inability to suppress 

hepatic glucose output (127, 128). In contrast, centenarians, that exhibit exceptional longevity, 

seem protected against the age-related decline in insulin sensitivity when compared to 

a group of advanced middle-aged individuals (11). Of note, a methodological difficulty 
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that is associated with the comparison of groups that differ in calendar age, is potential 

confounding by the changes that occur in body composition and endocrine function 

with advancing age. Moreover, differences may exist between different birth cohorts in 

environmental impacts, including differences in the availability vaccinations or medications 

(e.g. antibiotics).

FIGURE 6.3 | Insulin and the brain: models of accelerated and delayed aging.

Figure showing the putative relationship between central insulin action and glucose metabolism in models of accelerated 
or delayed aging. Obesity as a model for accelerated aging is associated with peripheral insulin resistance, decreased 
adiponectin levels and enhanced chronic inflammation. Opposite features are observed in healthy longevity as a model 
of delayed aging.

The relationship between longevity and preserved insulin action has also been 

observed in studies of familial longevity. In the Leiden longevity study, offspring of long-

lived nonagenarian siblings, having inherited on average 50% of the genetic propensity 

of their long-lived parent were included together with the partners of the offspring (129), 

with whom they have shared the same socio-economic and geographical environment for 

decades and who are of a similar age. We showed that already at middle age the offspring 

from these long-lived siblings displayed a decreased mortality risk suggesting that there is 
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indeed evidence for genetic enrichment for longevity (130). Moreover, human offspring of 

exceptionally long-lived siblings, when compared to their partners showed a remarkably 

lower prevalence of metabolic syndrome (131) and diabetes (132). After exclusion of diabetic 

patients, the offspring of exceptionally long-lived siblings displayed lower circulating levels 

of glucose and slightly lower circulating insulin levels (7). Using hyperinsulinemic euglycemic 

clamps studies, we could show that the offspring of long-lived siblings specifically displayed 

enhanced peripheral insulin sensitivity compared to age matched controls (8). A study using 

high field (7-Tesla) MR spectroscopy of the tibialis anterior muscle indicated that the 

enhanced peripheral insulin sensitivity of offspring is associated with lower intramyocellular 

lipid content, which may be indicative of better mitochondrial capacity (133).  

The mechanisms underlying the preserved insulin action in centenarians as well as 

in offspring of nonagenarian siblings remain unclear. However, suggested mechanisms 

include genetic enrichment for favorable features related to body fat and lipoprotein 

distribution, reduced plasma free radical concentrations, and enhanced cellular response 

to oxidative stress and immune function (11, 134, 135). Taken together, these results suggest 

that maintenance of insulin sensitivity is a key feature of healthy longevity. 

 

Insulin and the brain: models of  accelerated aging 

Obesity as a model for accelerated aging
The most common acquired factors causing insulin resistance are obesity and a sedentary 

lifestyle. Obesity and the associated increase in body fat are the consequences of chronic, 

long-term nutrient excess. In Western societies the prevalence of obesity continues to 

increase and numerous studies have demonstrated an association between obesity 

and enhanced mortality risk (136). The relationship between obesity and excess mortality 

is consistent with evidence that obese individuals are at increased risk of essential 

hypertension, type 2 diabetes mellitus (DM2), and cardiovascular disease (CVD). It has 

been suggested that that insulin resistance is the major contributor to clinical outcomes 

associated with obesity (137). 

It is not known why some obese individuals develop insulin resistance while others 

remain insulin sensitive (138). A potential mechanism that might explain for the association 
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between excess adiposity and peripheral insulin resistance is impaired adipogenesis and 

reduced lipogenesis in subcutaneous fat, which would lead to enhanced deposition of 

fat in the visceral depots and larger sizes of visceral adipocytes (138, 139). Increased visceral 

adiposity is associated with enhanced secretion of inflammatory cytokines and induction 

of insulin resistance (140). Nutrient excess results in enhanced exposure of cells and tissues 

to high levels of circulatory glucose and fatty acids. These exposures can activate various 

intracellular inflammatory pathways and lead to mitochondrial   dysfunction, reactive 

oxygen species (ROS), ER stress and the associated unfolded protein response that induce 

resistance to both leptin and insulin (141). ROS can have both stimulatory and inhibitory 

effects on insulin signaling. It was shown that under normal physiological conditions, optimal 

activation of the IR requires redox priming by IR mediated activation of NAD(P)H oxidase 

(NOX) in many cell types (142). In addition, mild bursts in intracellular ROS can activate the IR 

receptor independent of insulin, allowing for ROS mediated ligand activation bypass of IR 

signaling (143). In contrast, increased levels of ROS or prolonged exposure to oxidative stress 

have been shown to inhibit insulin signaling and to induce insulin resistance (144). Enhanced 

exposure of skeletal muscle to high levels of fatty acids in circulation can result in enhanced 

levels of intraymocellular triglyceride storage. Because intramyocellular lipid droplets are 

stored in close vicinity to mitochondria, which constitute the main intracellular source of 

ROS, intraymocellular trigycerides are very vulnerable to oxidation. Upon peroxidation 

of intramyocellular trigycerides toxic lipid species are generated, including diacylglycerol 

(DAG), ceramide and long-chain fatty acyl-CoA, which impair insulin signaling (144). Both 

enhanced influx, as a consequence of nutrient excess, as well as reduced efflux, as a 

result reduced oxidative capacity and mitochondrial dysfunction have been implicated in 

the accumulation of toxic intramyocellular lipids (145,146). In support of a role of reduced 

efflux due to mitochondrial dysfunction, non-obese, insulin sensitive first degree relatives 

of patients with type 2 diabetes were shown to display impaired ability to switch to fat 

oxidation after high fat intake (147), as well as higher levels of intramyocellular lipids and 

reduced oxidative capacity (148). These data implicate ROS and mitochondrial dysfunction 

in the development of insulin resistance.

It is unknown via which mechanisms insulin resistance is associated with a shortening 

of lifespan. If peripheral organs, such as skeletal muscle and adipose tissue become less 

responsive to insulin, euglycemia will be maintained by the capacity of the pancreas to 
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hypersecrete insulin so as to overcome insulin resistance at peripheral organs. Exposure to 

continuous surges of hyperinsulinemia may overstimulate other tissues that have remained 

normally responsive to insulin, such as the liver, resulting in a pro-atherogenic lipid  

profile(149). Other data implicate adiponectin in the association between insulin resistance 

and lifespan. Adiponectin, an anti-inflammatory adipokine secreted by adipose tissue (150) 

was found to be negatively correlated with adipocyte size and obesity (151). Interestingly, 

elevated adiponectin levels have been observed in long-lived mice, such as the Ames dwarf 

mice (152) as well as in long-lived humans, such as centenarians (153-155). Recently, effects of 

adiponectin on peripheral insulin sensitivity also implicate central effects on reduction of 

high fat diet induced hypothalamic inflammation and insulin resistance (156). 

 

Inflammation and the brain

Inflammation and Aging: Inflammaging
Inflammaging is characterized by the increase in chronic, low-grade inflammation in the 

absence of overt infection that occurs with aging (157). Inflammaging as well as the circulatory 

markers that characterize this state, including C-reactive protein (CRP), interleukine 6 (IL6), 

tumor necrosis factor alfa (TNF-alfa) and interleukine 1 beta (IL1beta) are strong risk factors 

for many age-related diseases and mortality. It is thought that part of these circulatory 

factors are produced locally, after which these leak into the circulation. Different sources 

that contribute to the state of inflammaging include the accumulation of cellular debris 

and organelle components, accumulation of senescent cells, immunosenescence, changes 

in the gut microbiome and deregulation of the coagulation system.

Macromolecules, cells and tissues are continuously damaged and repaired. Chronic 

inflammation is part of regular tissue remodeling as it facilitates tissue repair and turnover. 

However, a persistent inflammatory response can lead to tissue degeneration by activated 

leukocytes, cytokines, or collagen deposition. In literature, one key structure where links 

between inflammation and aging are emerging is the hypothalamus.

Hypothalamic inflammation
The hypothalamus is the seat of control of various metabolic and non- metabolic processes 

in the body, and is responsible for maintenance of homeostasis from early life through to 
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aging. Besides its role in the synthesis and secretion of neurohormones, the hypothalamus 

regulates energy balance, stress responsiveness as well as lipid and glucose metabolism. 

Diet-induced obesity has been shown to be associated with central leptin and insulin 

resistanc (158). High fat feeding has been shown to induce hypothalamic inflammation, 

which has been linked to the development of insulin resistance and obesity (158-160). In 2005 

De Souza et al demonstrated that 6 weeks of high fat feeding induced impaired functional 

and molecular activation of the insulin-signaling pathway, with accompanying expression 

of several proinflammatory cytokines (IL-1b, TNFa, and IL-6) and inflammatory responsive 

proteins in the hypothalamus (159). Moreover, hypothalamic inflammation was shown to 

decrease the efficacy of central insulin administration to inhibit lipolysis, even before 

the onset of peripheral insulin resistance in white adipose tissue (161). Recently, a series 

of experiments in mice has demonstrated that hypothalamic inflammation occurs rapidly 

after high fat feeding and is mediated by hyper activation of hypothalamic microglia which 

was associated with gliosis in the ARC nucleus and eventual reduction in the number of 

POMC neurons, which are key in the regulation of energy homeostasis and adiposity (162). 

Microglia are resident macrophages that play an important role in the clearance of 

cell debris via phagocytosis and the release of pro-inflammatory cytokines to recruit 

other immune responsive cells to the sites of injury in the CNS, including blood borne 

macrophages. It is pivotal for tissue homeostasis and repair, that the initial inflammatory 

immune response is followed by an active phase of resolution of inflammation and 

scar tissue. Recently, it has been shown that after insult, monocyte-derived M2-like 

macrophages are recruited to the site of injury and that these have an essential role as 

inflammation-resolving cells in recovery from acute CNS injury. The anti-inflammatory 

activity displayed by M2-like macrophages, notably their IL10 expression, is required for 

regulation of the activated microglia (163, 164). In addition, their expression of matrix degrading 

enzymes favors axonal regrowth by degradation of the glial scar (165). CNS specific T cells 

facilitate recruitment of blood borne M2-like macrophages to the CNS through the choroid 

plexus within the blood-CSF barrier (166). Age-related Th2 inflammation is associated with 

chronically elevated IL4 levels which can disrupt choroid plexus barrier functions and 

thus prevent the resolution of proinflammatory processes and induce a state of CNS 

inflammaging.
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Therapeutic measures and future prospects
Since brain insulin has been linked with aging, two possible mechanisms can be proffered 

for enhancing brain insulin action (Figure 4). Enhanced insulin efficacy might occur through 

measures aimed at minimizing inflammation; and enhanced delivery might be promoted to 

the brain areas that are crucial for healthy longevity.

FIGURE 6.4 | Insulin and the brain: therapeutic implications.

Hypothetical figure presenting two possibilities of enhancing brain insulin action. First, a way of increasing insulin 
concentrations in the brain is via enhanced delivery, such as delivery via the intranasal route which has been shown 
to have some beneficial effects. Second, insulin action could probably also be augmented by enhancing its efficacy, for 
example via resolution of brain (hypothalamic) inflammation.

Inflammation, including that occurring in the hypothalamus, has been linked to age-

related decline in insulin sensitivity. It has been shown that hypothalamic microglia 

hyperactivation is regulated by metabolic hormones (leptin, glucagon-like peptide 

1 (GLP-1)) and diet but not by body weight per se (167). Inflammaging may be treatable 

and preventable through changes in lifestyle. Interventions that are currently applied 

to reduce the state of low grade chronic inflammaging include low dosing of aspirin or 

statins, weight loss and exercise. Notably, a lower intake of calories and food that is rich 

in saturated fat and carbohydrates has been shown to reduce inflammaging (168). In mice, it 

was shown that hypothalamic inflammation can be resolved by central administration of 

omega3 and omega9 fatty acids after which body weight regulation and food intake were 

normalized (169). Physical exercise is known to be protective against numerous diseases and 

reduction of inflammation has been implicated in the health benefits conferred by exercise 
(170). Recently, in mice exercise has also been shown to protect against hypothalamic 

inflammation induced by high fat diet (171). Future research may focus on hypothalamic 

microglia as relevant targets for prevention and treatment of metabolic disorders.
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The strong blood glucose lowering effects of intravenously administered insulin have 

hampered research on the role of insulin in the brain. These hypoglycemic effects can be 

circumvented by intranasal administration of insulin, which is an innovative way to enhance 

insulin concentration in the brain without affecting insulin concentration in the circulation 
(172). Intranasal administration of insulin was shown to be safe and effective in numerous 

studies in healthy humans and in patients with metabolic disease or cognitive impairment 
(173). Sub-chronic intranasal insulin application in humans was shown to decrease food 

intake and weight gain (92) in healthy young men, and to improve declarative memory and 

mood (174). Moreover, sub-chronic intranasal insulin application in humans was also shown 

to decrease HPA activation in response to a social stress test. It was shown that insulin 

may also influence meal-induced thermogenesis and postprandial insulin levels (175). Future 

research may focus on unravelling the effects of intranasal insulin on other aspects of 

energy and glucose metabolism in different age groups. 

CONCLUSION

Insulin is the most powerful anabolic hormone discovered to date. Besides the well-

established action of insulin in peripheral organs, such as liver, muscle and adipose tissue, it 

is becoming increasingly clear that insulin affects important features of glucose metabolism 

via central mechanisms. Insulin signaling has been linked to longevity in organisms ranging 

from nematodes to mammals. While insulin is clearly a neuropeptide in nematodes, it is 

not yet clear how central insulin contributes to the differences in glucose metabolism 

that are observed in the context of conditions that are associated with accelerated aging, 

such as obesity, and delayed aging, such as healthy human longevity. However, novel data 

indicate that obesity is associated with reduced brain insulin action. Potential mechanisms 

that contribute to deficits in brain insulin action are impaired transport of insulin from 

the periphery to the brain and reduced brain insulin sensitivity, due to hypothalamic 

inflammation. In contrast, we speculate that healthy longevity is associated with preserved 

brain insulin action, and discuss potential ways of enhancing brain insulin action in old age. 

Given the increasing prevalence of population aging, improving brain insulin action may 

represent an important therapeutic option to facilitate health in old age.
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ABSTRACT

Repeated blood sampling, which is required for time series analyses of metabolites 

and/or hormones that show strong fluctuations in blood concentration over 

time, has a higher failure rate in older adults. We tailored existing venepuncture 

protocols towards use for 24 hour blood sampling (sampling frequency of 10 

minutes) in older adults. The following modifications were made:

•	 Pre-sampling: evidence based risk assessment of older adults

•	 During sampling: 

◦◦ Ultrasound- guided identification and characterisation of veins

◦◦ Use of 20-gauge arterial catheter with guide wire for venous access

◦◦ Measures to prevent and/or reduce unidirectional blood flow (fluid 

flow into but not out of the vein) included:

▪▪ Use of hot water bottles to dilate veins

▪▪ Use of small gauge syringes, shortening of the extension line, and 

slowing of the blood withdrawal rate to reduce pressure on veins

▪▪ Stimulation of movement of the arm or retraction of the IV 

cannula to relieve mechanical flow obstruction

•	 Post-sampling: prevention of bruising and prolonged bleeding
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METHOD DETAILS

Repeated blood sampling, a frequently used method in research, is required for time 

series analyses of metabolites and/or hormones that show strong fluctuations in blood 

concentration over time. However repeated blood sampling has a higher failure rate in 

older adults due to difficulty in establishing and maintaining venous access due to age- 

induced changes in the integrity of the skin, venous vasculature and valves. Therefore we 

customized pre-sampling, sampling and post-sampling procedures for continuous sampling 

in older adults. In our laboratory, the customized protocol was used for 24 hour blood 

sampling with a sample frequency of 10 minutes in a group of 41 elderly mean (range) age 

of 66 (52-76) years. With the customized protocol, the mean (standard deviation) number 

of missing samples was 6.3 (7.0) out of 144 (4.4%) over the whole study period. Thus, 

the customized protocol that is discussed in more detail below represents a useful and 

successful method for high frequency sampling of blood in healthy older adults.

FIGURE | Graphical abstract
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A. PRE-SAMPLING

1.	 Screening of  participants
ĸĸ Maintenance of IV access and blood withdrawal proved to be most 

problematic in subjects older than 75 years of age, since venous capacitance 

and compliance reduces with age (1).

Standard protocols 

According to the European guidelines (2), age range for blood donation is 18-65 

years. Above the age of 65 years, blood donation is allowed only at the discretion of 

the responsible physician (2). This medical discretion can be applied on an individual 

basis or through a systematic approach based on an appropriate risk assessment.

Adaptations made

A systematic risk assessment (Table 1) by a suitably qualified individual (physician) 

was done before inclusion of older subjects (≥ 65 years) for continuous/ repeated 

blood sampling.

TABLE 7.1 | Schematic overview of systematic assessment of older adults, to determine eligibility 
for frequent blood sampling.

Standard screening: Pay attention to: Reason for attention:
Medical history Previous contra- indications to blood do-

nation 
Contra-indications of placement of IV 
cannula 

Previous difficulty with venepuncture Frail veins, stiffened valves

Previous mastectomy/ relevant surgery

Previous fistula or vascular graft

Severe arteriosclerosis

History of chemotherapy

Medication use Anti-coagulants Increased bleeding risk causing bruises

Medications relevant to hormone(s) of 
interest

Tractus anamneses Palpitations These symptoms are indicators of 
underlying cardiac and brain hypo-per-
fusion, withdrawal of high amounts 
of blood can lead to damage to those 
tissue due to decreased oxygenation

Chest pain

Signs of TIA (neurological paralysis)

Medical examination Appearance of blood vessels Problems with insertion of IV cannula

Extensive scaring on one or both hands

Pulse To detect unknown cardiac problems

Blood pressure

Cardiac sounds
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Risks assessed:

Medical status: assessed through medical history, medication use, physical 

examination and laboratory investigations. We assessed for:

•	 General state of health, presence of medical conditions and use of medications 

◦◦ Acceptable systolic blood pressure was ≤ 180 mmHg and diastolic blood 

pressure ≤100 mmHg (2)

◦◦ Acceptable pulse of 50-100 (regular) beats per minute (2)

◦◦ Acceptable BMI of 18-30 kg/m2

◦◦ Absence of anaemia

•	 Assessment to exclude conditions that may interfere with maintenance of 

venous access such as:

◦◦ Extensive scaring on one or both hands

◦◦ Previous mastectomy

◦◦ Previous fistula or vascular graft

◦◦ Severe arteriosclerosis

◦◦ Previous history of chemotherapy use

2.	 Determination of  maximal amount of  blood per sam-
pling

ĸĸ There is presently no consensus as to the maximum amount of blood that can 

be withdrawn in older adults since blood donation guidelines are based on 

adults aged 18- 65 years.

Standard protocols 

Based on the European guideline (2) the maximum amount of blood that can be 

taken is dependent on the weight and sex of the person, to a maximum of 500 ml 

over a 24 hour period. No more than 15% of the estimated blood volume is to be 

collected as whole blood, because of the risk of adverse reactions (2).

Adaptations made

We calculated maximum blood volume that can be withdrawn based on the weight, 

height, age and gender using a validated formula developed by the International 

Council of Standardisation in Haematology (ICHS) (3).
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B. DURING SAMPLING

3.	 Venous cannulation: Identification 
ĸĸ In older adults, skin loses tone and elasticity and becomes more fragile and 

prone to bruising. Upon finding a suitable blood withdrawal site, loss of 

subcutaneous tissue in older adults made their veins less stable, less visible, 

prone to receding and rolling under the skin thus reducing available IV access 

sites. 

Standard protocols

Standard venepuncture and phlebotomy guideline involve visual identification of 

fore- arm veins (median cubittal and median veins) followed by venepuncture (4,5).

Adaptations made

Ultrasonography (US) was used for peripheral vein cannulation in subjects with 

difficult venous access to identify the peripheral vessels and guide the cannulation 

of the peripheral vein (6,7). US guidance was used for:

•	 Easier localisation of the vessel and its relation to surrounding anatomical 

structures

•	 Determination of vascular quality and tortious veins

•	 Presence and location of intravascular valves 

4.	 Venous cannulation: Access
ĸĸ In older adults more time is needed to find the most appropriate access site, 

since veins are more difficult to find, more tortious and veins have a tendency 

to collapse more due to degeneration of the vascular wall (8). 

Standard protocols

Inspection of the antecubital fossa in preparation for cannulation, skin preparation 

with 2% chlorhexidine and insertion of appropriate cannula. Pressure is applied in 

cases of failed cannulation.
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Adaptations made

In addition to the standard protocol, the following adaptations were implemented 

to improve success in older adults:

I.	 US- guided identification of the cephalic vein, basilica vein and median cubital 

vein.

II.	 Cannulation with a 20-gauge guide wire catheter, 8 cm in length, inserted 

with Seldinger technique (Arrow International, Reading, PA, USA). 

!! The choice to use arterial catheters is supported by recent literature 

reporting that the use of standard-length (3-5cm) catheters positioned 

in the deep brachial or basilica vein is frequently complicated by their 

dislodgment or dislocation (7). Furthermore, the use of a longer IV-catheter 

provides freer arm movement and will increase comfort in individual 

subjects. Moreover, the amount of catheter failure and dislocation 

compared to standard-length IV catheters in the deep brachial and 

basilica vein is lower (6,7). Keyes et al. (6) observed that the failure rate of 

peripherally inserted catheters was 8% within the first hour after venous 

cannulation. In a recent study, Elia et al. reported percentages of catheter 

failure of 45% vs 14%, [RR 3.2 (95% CI 1.4-7.3)], and dislocation of 42.5% 

vs 2.3% [RR 18.7 (95% CI 2.0-134.2)] when comparing standard-length 

to long IV catheters, inserted in the deep brachial and basilica vein (7).

!! Nicking the skin with a scalpel or the use of a dilatator is not necessary.

◦◦ Venepuncture and catheter introduction is an aseptic procedure 

necessitating the use of sterile gloves. Finger guidance of the shaft of the 

exposed needle is not required.

III.	 In subjects with prominent veins, the basilica vein was the preferred access 

route because the basilica vein has a lager diameter compared with the 

cephalic vein, is easier to access and more suited for frequent blood sampling 
(9). We cannulated with Arrow Catheterization Set (Product No. SAC 00820) 

without complications.
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FIGURE 7.1 | Schematic overview of a closed method for frequent 24 hour blood sample 
collection.

A. Continuous infusion B. Turn the left three way valve 90°, withdraw 5 ml of saline/heparin mixed with blood C. Turn 
the middle three way valve 90°, withdraw EDTA sample and place it directly on ice D. Turn the right three way valve 90°, 
withdraw serum sample and let it clot for at least 30 minutes E. Turn the right and middle three way valve 90° and empty 
the syringe filled with the saline/heparin mixed with blood F. Flush with saline and turn the left three way valve 90° and 
continue with infusion (return to position A.). 

5.	 Frequent blood withdrawal

Standard protocols

ĸĸ No published validated protocol was found for older adults. A previous study 

recommended addition of Heparin 100 IU/mL continuous saline infusion 

to prevent the IV system from clots and to reduce the number of catheter-

related phlebitis/occlusions (10).

Adaptations made

For detailed hormonal and metabolic profiling of older adults aged 55-78 years, we 

aimed at total blood withdrawal of 432 ml over a 24-hour period. Serum (2 ml) and 

plasma (1.2 ml) samples were withdrawn every 10 minutes, with replacement by 

480 ml of heparinized saline, using the following protocol (Figure 1):
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I.	 Continuous infusion of heparinized saline (0.9% NaCl).

II.	 For the preparation of the heparinized saline, 500 IU of heparin was added to 

500 ml of saline. This was infused over 24 hour via an infusion pump at a rate 

of 20 ml per hour.

III.	 Withdrawal of 5 ml of saline/heparin mixed with blood, without disconnecting 

the syringe from the blood withdrawal system.

IV.	 Placement of the 1.2 ml ethylenediaminetetraacetic acid (EDTA) Sarstedt 

S-monovette® (Nümbrecht, Germany) on the multiadaptor for S-monovette® 

(Nümbrecht, Germany) for blood sample withdrawal after which the blood is 

mixed gently with the EDTA and placed immediately on ice.

V.	 Placement of the 2 ml blood collection clotting tube BD (Franklin Lakes, USA) 

on the BD vacutainer®, (Franklin Lakes, USA ). The sample was withdrawn 

and mixed with the clotting activator by gently turning the tube five times, 

after which it was allowed to clot for at least 30 minutes at room temperature.

VI.	 Flushing of the blood from the 5 ml syringe back into the subject, to reduce 

the total amount of blood that will be withdrawn.

VII.	 Flushing of the blood withdrawal system (including the extension line) to 

remove diluted blood, using 5 ml saline(0.9% NaCl).

6.	 Maintenance of  IV access
ĸĸ In older adults, blood sampling was sometimes jeopardised by unidirectional 

blood flow (free flow of fluid into the vein but not out of the vein), with 

resultant impedance of sustained blood withdrawal. This is possibly due to 

reduced tone of the vessel wall, age- induced fibrosis of the wall of the veins 

and valve leaflets. 

Standard protocols

No validated guidelines were available for older subjects.

Adaptations made

•	 Create a relaxing enviroment to reduce stress for the participant

•	 The particpant should be allowed to move their arm freely

•	 Application of hot water bottles to increase the diameter of the vessel
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•	 Use of small gauge syringes (e.g. 2 ml syringes instead of 5 ml syringes) to 

reduce pressure on the vessel wall

•	 Obtaining blood samples very slowly e.g. using 1 ml/ 2 ml syringes

•	 Retraction of the IV cathether a few milimeters to change its position

C. POST SAMPLING 

7.	 Processing of  samples
ĸĸ Variable, sometimes prolonged clotting times in older adults

Standard protocols

There are different protocols depending on the hormone to be measured.

Adaptations made

For serum samples, blood was allowed to clot. Clotting time was very variable 

for older adults, ranging from approximately 15-70 minutes. Preferably within 60 

minutes of sampling, tubes were centrifuged at 4000 rotations /min at 4°C for 10 

minutes. Because of the clotting problems, re-clotting sometimes occurred in the 

serum samples after centrifuging. This was managed by manual removal of the clot 

from the sample tube followed by re-centrifuging.

After centrifuging, serum and plasma were pipetted into 500 µl Microvettes® 

Sarstedt (Nümbrecht, Germany), which were then stored first at -20°C and 

transferred to -80°C within 24 hours of blood withdrawal. Once frozen, samples 

were not allowed to thaw until laboratory analysis.

8.	 Removal of  IV cannula
ĸĸ Prolonged bleeding, bruising

Standard protocols

The WHO guidelines on drawing blood recommend inspecting the puncture site 

and if bleeding occurs then applying gentle pressure on the puncture site until 

bleeding has stopped. If no bleeding occurred it is recommended to apply a 

bandage (4).
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Adaptations made

For the prevention of bruising we applied gentle pressure to the puncture site for 

at least one minute. Thereafter participants were asked to apply gentle pressure for 

at least 2 minutes. A second inspection was made to check for bleeding, if bleeding 

occurred, gentle pressure was continued; if not then a bandage was placed. Extra 

attention was paid to older adults using anti-thrombotic medications.
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ABSTRACT

Few studies have included subjects with the propensity to reach old age in good 

health, with the aim to disentangle mechanisms contributing to staying healthier 

for longer. The hypothalamic-pituitary-thyroid (HPT) axis maintains circulating 

levels of thyroid stimulating hormone (TSH) and thyroid hormone (TH) in an 

inverse relationship. Greater longevity has been associated with higher TSH and 

lower TH levels, but mechanisms underlying TSH/TH differences and longevity 

remain unknown. The HPT axis plays a pivotal role in growth, development and 

energy metabolism. We report that offspring of nonagenarians with at least one 

nonagenarian sibling have increased TSH secretion but similar bioactivity of 

TSH and similar TH levels compared to controls. Healthy offspring and spousal 

controls had similar resting metabolic rate and core body temperature. We 

propose that pleiotropic effects of the HPT axis may favour longevity without 

altering energy metabolism.
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INTRODUCTION

Worldwide, the population of elderly is rapidly growing, with numbers expected to 

further increase in the coming decades. Although epidemiological studies have discovered 

specific lifestyle and genetic risk factors for cardiovascular disease, dementia and cancer, 

age is unequivocally the major common risk factor (1). With the expansion of the aging 

population, the prevalence of all major age related diseases will increase, including 

cardiovascular disease, diabetes mellitus type 2 and dementia. Most studies have included 

diseased subjects with the aim to identify risk factors for specific diseases (2). Only few 

studies have included subjects with a propensity to reach old age in good health, with the 

aim to disentangle mechanisms contributing to healthy human longevity and protection 

from disease. The Leiden Longevity Study (LLS) comprises nonagenarians with at least 

one nonagenarian sibling, their offspring and the offspring’s partners (3). Compared to 

their partners, offspring from nonagenarian siblings have a lower mortality rate, a lower 

prevalence of diabetes and cardiovascular disease (3) and are therefore well suited for 

studying the mechanisms underlying healthy human longevity. 

Numerous theories of ageing link energy metabolism to the ageing process. The 

“rate of living theory” postulates that the positive correlation between lifespan and size 

implicates species differences in resting metabolic rate (4). The mechanistically linked “free 

radical theory of ageing” proposes that free radicals generated as by-products of oxidative 

metabolism underpin the negative correlation between life span and resting metabolic 

rate (5). Other theories propose ageing to involve precocious depletion of functional stem 

cell reserves(6) which might be retarded by slowing tissue turnover rates. One physiological 

integrator that influences metabolism, growth, development and tissue turnover is thyroid 

signalling. In previous studies, we found that when nonagenarians were stratified for their 

propensity to reach advanced age, those with the lowest family mortality history score had 

the highest TSH levels and slightly lower levels of free T4 (fT4) and free T3 (fT3) (7). When 

offspring were compared to their partners, fT4 levels were similar, whereas TSH was higher 

and fT3 levels were slightly lower (8, 9). Moreover studies in the oldest old from the general 

population also link increased levels of TSH with reduced old age mortality (10).

In this study, we are the first that make use of frequent blood sampling in relation with 

familial longevity to study TSH secretion and TH levels over 24 hours, because TSH and 

fT3 were shown to have circadian rhythms (11). In addition, we investigate whether such 
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differences in TSH and/or TH concur with differences in energy metabolism, a physiological 

process that has been associated with longevity in model organisms and is known to be 

responsive to TSH/TH action.

METHODS

Participants
Between 2002 and 2006, 421 families with at least two long-lived Caucasian siblings,  

1671 of their offspring and 744 of the offspring’s partners were recruited in the Leiden 

Longevity Study, without any selection on health. Males had to be aged 89 years or above 

and females 91 years or above (3, 12). For the current study (Switchbox), between March 

2012 and July 2013, 135 offspring and partners from the LLS were measured at the study 

centre of the Leiden University Medical Centre. Inclusion criteria included being middle-

aged (55-77 years) and having a stable body mass index (BMI) between 19 kg/m2 and 33 

kg/m2. Participants were excluded if their fasting plasma glucose was above 7 mmol/l, if 

they had any significant chronic, renal, hepatic or endocrine disease, or if they used any 

medication known to influence lipolysis, thyroid function, glucose metabolism, GH/IGF-1 

secretion or any other hormonal axis. Moreover, participants were excluded if they had a 

recent trans meridian flight, smoking addiction, use of more than 20 units of alcohol per 

week and extreme diet therapies. Other exclusion criteria specific for the subgroup only, 

were difficulties to insert and maintain an intravenous catheter, anemia (hemoglobin < 7.1 

mmol/l), and blood donation within the last two months. Based on information obtained 

via telephone questioning, controls with a nonagenarian parent who had one or more 

nonagenarian siblings were also excluded. All women in this study were postmenopausal. 

The Switchbox protocol was approved by the Medical Ethical Committee of the Leiden 

University Medical Centre and was performed according to the Helsinki declaration. All 

participants gave written informed consent for participation.

Of the 135 subjects included, we excluded from analysis 17 subjects due to incomplete 

indirect calorimetry data and 6 subjects  due to incomplete core body temperature data 

(Supplementary Fig. 1). Thus, in total 112 subjects (61 offspring, 51 partners) were available 

for analysis (and are referred to as full study sample). Complete series of 24 hour blood 

samples were obtained for a subgroup of 38 participants (20 offspring, 18 partners).
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Continuous blood sampling
Participants were sampled in the same research room and received standardized feeding 

at three fixed times during the day (between 09.00h-10.00h, 12.00h-13.00h and 18.00-

19.00h), each consisting of 600 kcal Nutridrink (Nutricia Advanced Medical Nutrition, 

Zoetermeer, The Netherlands). No naps were allowed during the day and lights were 

turned off between 23.00h to 08.00h. A catheter was placed in a vein of the forearm of 

the non-dominant hand. Every 10 minutes, 1.2 ml of blood was collected in K3-EDTA tube 

and 2 ml in a serum-separator (SST)-tube. In total, 460.8 ml of blood was withdrawn from 

each participant.

Processing of  the samples 
After blood withdrawal, the K3-EDTA tubes were immediately placed on ice before 

centrifugation. Serum tubes were kept at room temperature and centrifuged when the 

samples were clotted, usually between 30-60 minutes. Samples were centrifuged at 3520 

RPM at 4°C for 10 minutes. The EDTA plasma and serum samples were stored in two 

aliquots of 500µl during the rest of the sampling at -20°C. After the sampling they were 

transferred to a -80°C freezer until analysis.

Chemical analyses
All measurements were performed at the Department of Clinical Chemistry and 

Laboratory Medicine, Leiden University Medical Centre, The Netherlands. All laboratory 

measurements were performed with fully automated equipment and diagnostics from 

Roche Diagnostics (Almere, The Netherlands). Aspartate Aminotransferase (AST) (Catalog 

number 11876848216), Alanine Aminotransferase (ALT) (Catalog number 11876805216) 

and creatinine (Catalog numbers R1 11875566216, R2 11875582216) were measured 

from a fasted late morning serum sample using the Modular P800 clinical chemistry 

analyser. TSH (Catalog number 11731459122), fT4 (Catalog number 6437281190), fT3 

(Catalog number 13051986190), and T3 (Catalog number 11731360122) were measured 

in serum by ElectroChemoLuminescence ImmunoAssay (ECLIA) using a Modular E170 

Immunoanalyzer.   The TSH method has been standardized against the 2nd IRP WHO 

Reference Standard 80/558. For each participant, all samples from one time series were 

measured with the same lot number in the same batch. For fT4 and fT3, all samples were 

measured in one batch. For TSH, measurements were divided over 10 batches. For each 
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couple, offspring and partner were measured with the same lot number and preferentially 

also in the same batch. For this study, the precision and quality of all assayed analytes met 

or surpassed the level of desirable quality specifications (13). The coefficients of variation 

(CVs) for AST, ALT, creatinine , and fT3 were all below their advised levels of 6.0% for AST, 

12.2% for ALT, 2.2% for creatinine, and 4.4% for T3. For TSH, fT4 and fT3 Randox controls 

(catalog numbers IA 3109 and IA 3111) were used to determine the CVs. For TSH, the CV 

ranged in our study between 1.41-4.16, which was well below the desired CV of 9.9%. 

For fT4, the CV range in our study was 2.41-3.49 and for fT3 2.16-2.91, both well below 

the upper CV limits for desired precision of these assays (fT4 ≤ 3.8 and fT3≤ 4.0). In our 

laboratory, the reference values for TSH were 0.3-4.8 mU/l, for fT4 10-24 pmol/l, for fT3 

3-8pmol/l and for T3 1.1-3.1 nmol/l. 

rT3 measurements 
All rT3 measurements were measured in the same batch for both the full study sample as 

well as for the subgroup. Serum rT3 levels were measured with in-house radioimmunoassays 

by the Laboratory of Endocrinology and Radiochemistry of the Academic Medical Centre 

in Amsterdam (14) with an intra-assay variation between 4-5% and an inter-assay variation 

between 5-9% and a detection limit of 0.03 nmol/l. The reference range of rT3 was 0.11-

0.44 nmol/l.

Measurements of  metabolism
On study day 1, between 12.00h and 13.00h,   participants had a 30 minutes indirect 

calorimetry session using a ventilated hood system (Care Fusion Canopy Jaeger Oxycon 

Pro, Houten, The Netherlands) after 14 hours of fasting. Participants were kept under 

standardized conditions, lying awake and emotionally undisturbed, completely at rest 

and comfortably supine on a bed, their head under a transparent ventilated canopy, in a 

thermally neutral environment. From the VO2 and VCO2 measurements, resting metabolic 

rate (RMR) was calculated using the formula 3.91 VO2 + 1.10 VCO2 – 1.93N (15).

Body composition was measured using a Bioelectrical Impedance Analysis meter at a 

fixed frequency of 50kHz (Bodystat® 1500 Ltd, Isle of Man, British Isles) (16). Participants 

wore the Equivital monitor (Equivital EQ02 SEM, Hidalgo, UK) for the measurements of 

core body temperature (CBT) for five consecutive days (Supplementary Fig. 2). 
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Data processing of  the core body temperature
In order to assess core body temperature, each participant swallowed one Core Body 

Temperature Capsule (Capsule REF 500-0100-02, Respironics Inc., Murrysville, PA, USA) 

at each of three consecutive days, during dinner time (Supplementary Fig. 2). The capsule 

measured the core body temperature at a frequency of 250 ms and was connected with 

the Equivital device by radio emission, with a maximum range of one meter. The acceptable 

core body temperature sensing range of the capsule is from 32ºC to 42ºC, according to 

factory settings. After a variable number of hours or days the core temperature capsule 

was discarded with the faces.

Means per 5 minutes were calculated based on measurements every 15 seconds, 

temperature measurements ≤35°C or ≥41°C were excluded, and the first 5 hours after 

ingestion of the pill were removed to limit the influence of intake of food on the core body 

temperature measurements before passage through the stomach (17).

Single measurements of  thyroid hormones 
Fasted blood samples were taken in the late morning for measurement of TSH, fT4 and 

fT3. 

TSH bioactivity 
For the in vitro measurement of TSH bioactivity we used the 09.10h K3-EDTA-samples 

of the 38 participants who were frequently sampled over 24 hours. We measured the 

biological activity of TSH in vitro according to our established protocol based on the 

recommendation of the American Thyroid Association Guide by measuring intracellular 

cAMP production of cultured Chinese hamster ovary cells stably transfected with the 

human TSH receptor (kindly provided by Dr. AC Bianco, Chicago, USA) (18, 19). The levels of 

cAMP were measured using a double-antibody radioimmunoassay kit (adenosine 3’5’cyclic 

monophosphate, PerkinElmer®, Massachusetts, USA).

Deconvolution analysis
The 24 hour TSH secretion was analyzed using a recently validated deconvolution 

method(20).
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Approximate entropy (ApEn)
ApEn of TSH was used as a regularity statistic to quantify the regularity or orderliness of 

consecutive serum TSH concentration measurements over 24 hours. Mathematical models 

and feedback experiments establish that pattern orderliness monitors feedback and/or 

feed-forward interactions within an interlinked axis with high sensitivity and specificity, 

both greater than 90% (21). Reduced pattern regularity typifies hormone secretion in 

puberty and ageing, during diminished negative feedback or fixed exogenous stimulation, 

and by autonomous neuroendocrine tumours (22).

Statistical analysis 
Descriptive statistics were used to summarize the characteristics of both study groups. Chi 

square test and t-test were used to describe differences between offspring and partners 

regarding sex, age, age of the parents, body composition, medical history, medication, 

creatinine clearance, liver function tests, smoking and alcohol use. To calculate differences 

in secretion between offspring and partner for the different thyroid status parameters, 

areas under the curves were calculated according to the trapezoid method using SigmaPlot 

for Windows Version 11.0 (Systat Software, GmbH, Erkrath, Germany). The areas under 

the curves were calculated over the 24 hours, during the day from 09.00h to 23.00h and 

during the night from 24.00h to 06.00h. Linear regression was used to compare total 

TSH secretion, levels of TH, T3, rT3, measurements of AUC’s, levels of cAMP/TSH ratio, 

AUCfT4/total TSH secretion, fT4/TSH ratio, fT4xTSH product, fT3/fT4 ratio, T3/rT3 ratio, 

AUC fT3/AUC fT4 ratio and parameters of the energy metabolism between offspring and 

partners adjusted for age and sex. When not normally distributed parameters were log 

transformed for analysis, and data are presented as geometric mean with 95% confidence 

interval. Because ApEn of TSH was still not normally distributed after log transformation, a 

non-parametric test was used. For all above mentioned analyses the Statistical Package for 

the Social Sciences program for Windows, version 20 (SPSS, Chicago, IL) was used. Graphs 

were made using GraphPad Prism version 5 (GraphPad, San Diego, CA).
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RESULTS

Baseline characteristics
Between 2002 and 2006, 421 families with at least two long-lived Caucasian siblings, 

were recruited in the Leiden Longevity Study, without any selection on health. Males 

had to be aged 89 years or above and females 91 years or above (3, 12). For the current 

study (Switchbox) we included 61 offspring and 51 partners in which we measured energy 

metabolism (the full study sample) and 20 offspring and 18 partners (subgroup) in which 

we sampled blood continuously over 24 hours.

TABLE 8.1 | Baseline characteristics of full study sample and subgroup.

Full study sample Subgroup

Offspring  
n=61

Partner  
n=51 P-value Offspring 

n= 20
Partner  
n= 18 P-value

Demographics

Male n (%) 28 (45.9) 27 (52.9) 0.46 10 (50.0) 10 (55.6) 0.73

Age (years) 65.9 (6.4) 65.9 (6.1) 0.95 65.6 (5.4) 64.6 (4.9) 0.52

Age mother (years)† 89.7 (10.3) 77.5 (15.3) <0.001 92.4 (7.9) 78.6 (13.9) 0.001

Age father (years)† 86.0 (15.1) 72.6 (11.5) <0.001 82.5 (18.9) 76.8 (9.2) 0.25

BMI (kg/m2) 25.6 (3.6) 26.5 (4.3) 0.22 25.4 (4.0) 25.5 (3.9) 0.91

Fat mass (kg)* 23.9 (6.6) 26.4 (9.8) 0.13 23.5 (7.1) 23.7 (7.8) 0.93

Fat free mass (kg)* 51.4 (11.8) 53.1 (10.4) 0.42 51.3 (12.0) 52.5 (11.4) 0.75

Medical history

Cardiovascular disease n (%) 2 (3.2) 7(13.7) 0.04 0 (0) 1 (5.5) 0.29

Malignancies n (%) 7 (11.5) 2 (3.9) 0.14 3 (15.0) 0 (0) 0.09

Osteoporosis/arthritis n (%) 5 (8.2) 5 (9.8) 0.77 1 (5.0) 2 (11.1) 0.49

Medication 

Statins n (%) 4 (6.6) 9 (17.6) 0.07 0 (0) 1 (5.6) 0.29

Anti-hypertensive n (%) 11 (18.0) 17 (33.3) 0.06 3 (15.0) 2 (11.1) 0.72

Laboratory results

Creatinine clearance (ml/min) 87.0 (21.2) 91.6 (27.1) 0.32 89.9 (18.7) 94.7 (22.0) 0.47

Aspartate Aminotransferase 
(U/l) 26.0 (8.9) 27.3 (13.1) 0.51 25.9 (6.2) 24.4 (6.9) 0.50

Alanine Aminotransferase (U/l) 25.0 (22.4) 24.4 (9.1) 0.86 23.4 (5.2) 23.1 (7.1) 0.88

Lifestyle

Smoking current n (%) 1 (1.6) 1 (2.0) 0.90 0 (0) 1 (5.6) 0.29

Alcohol > 20 units/week n(%) 5 (8.2) 4 (7.8) 0.93 1 (5.0) 2 (11.1) 0.49

Unless indicated otherwise, data are presented as mean (standard deviation). * Data were not available for 1 male 
partner due to technical problems. † missing data of 3 participants in the full study sample.
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The baseline characteristics of both the full study sample as well as the subgroup 

are presented in Table 1. In the full study sample as well as in the subgroup, the groups 

of offspring from long-lived families and partners were of similar age, sex and BMI. 

Participants were selected on the basis of the age of their parents. Consequently, in both 

groups mothers of offspring were significantly older (P < 0.001), and in the full study 

sample the age of the offspring’s fathers was significantly higher as well (P < 0.001). In line 

with previous findings(3), offspring had less cardiovascular disease.

TSH and thyroid hormones
Offspring from long-lived siblings had on average 0.8 mU/l higher serum concentrations 

of TSH at all time points over a 24-hour period (Fig. 1a). We calculated the area under 

the curve (AUC) to estimate hormone production over the 24 hour period, during the day 

period (9.00h-23.00h) and during the night (24.00h-06.00h). The mean (95% CI) TSH AUC 

over the 24 hour period was significantly (P = 0.009) higher in the offspring (56.1 (45.7-

66.5 mU/l)) compared to that of their partners (35.3 (24.4-46.3) mU/l) (Supplementary 

Table 1). Moreover, the mean (95% CI) TSH AUC was significantly higher during the day (P 

= 0.006) as well as during the night (P = 0.025) in the offspring compared to the partners 

thereof. The 24-hour profiles of fT4 (Fig. 1b) and fT3 (Fig. 1c) and the areas under the 

curves over the 24-hour period, during the day and night (Supplementary Table 1) did 

not differ between groups. We performed deconvolution analyses to quantify total TSH 

secretion over 24 hours on the basis of the TSH concentration profiles (20). Geometric mean 

(95% CI) total TSH secretion over 24 hours was significantly (P = 0.007) higher in the 

offspring (55.0 (43.9-68.9) mU/l) compared to partners (34.4 (27.1-43.7) mU/l).

To ensure that the subgroup represented the full study sample, we replicated the TSH 

and TH measurements in a fasted single late morning sample for the 112 subjects from 

the full study sample (Table 2). Again, we found significantly increased (P = 0.01) geometric 

mean (95% CI) serum concentrations of TSH in offspring (2.1 (1.8-2.3) mU/l) compared to 

partners (1.6 (1.4-1.9) mU/l), but no difference in TH serum concentrations.

Regularity of  consecutive serum tsh concentration
measurements over 24 hours

ApEn was used as a regularity statistic to quantify the regularity or orderliness of 

consecutive serum TSH concentration measurements over 24 hours, with a higher ApEn 
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indicating a greater irregularity (23, 24). Geometric mean (95% CI) ApEn of TSH was similar 

between offspring and partners ((1.26 (1.13-1.41) versus (1.15 (1.02-1.29) P = 0.22)).

Relationship between circulating TSH and ft4
In the human population, the HPT axis maintains circulating TSH and thyroid hormone 

levels in a physiological inverse relationship. We calculated the fT4xTSH product and the 

fT4/TSH ratio as measures to further characterize the relationship between circulating 

TSH and fT4 in offspring and partners. In both the full study sample as in the subgroup we 

found a significantly higher fT4xTSH product in offspring compared to partners (Table 2). In 

the full study sample and subgroup, fT4/TSH ratio was significantly lower in the offspring 

compared to the partner group (Table 2). In addition, in the subgroup, offspring had a 

significantly lower (P = 0.01) geometric mean (95% CI) AUC fT4/total TSH production ratio 

(6.1 (4.8- 7.8)) compared to partners (9.7 (7.5- 12.7)).

FIGURE 8.1 | Twenty-four hour profiles of TSH, fT4, fT3 and fT3/fT4 ratio in offspring from long-
lived families and partners.

In all the panels, data points represent means with standard error of the mean. The red lines depict 20 offspring and the 
blue lines depict 18 the partners. (a) Ten minutes measurements of TSH. Hourly measurements of (b) fT4 (c) fT3 (d) fT3/
fT4 ratio. The grey bars represent lights off periods (from 23:00-08:00).
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Estimates of  peripheral deiodination
A possible mechanism that could underlie the offspring’s increased TSH secretion is 

enhanced TH turnover due to increased uptake in tissues or hormone clearance. Amongst 

others, one process that could contribute to peripheral TH turnover is deiodination (25). 

To estimate conversion of fT4 into fT3, we calculated the fT3/fT4 ratio in both the full 

study sample and the subgroup (table 2). In both the full study sample as in the subgroup 

no significant differences in fT3/fT4 ratio were found between offspring and partners 

thereof. Moreover, we calculated the AUCfT3/AUCfT4 ratio in the subgroup only, as a 

more precise measure of deiodination over the whole 24h period. However, no significant 

difference was observed in mean (95% CI) AUCfT3/AUCfT4 ratio between offspring 

and partners (6.8 (6.3-7.2) versus (6.6 (6.1-7.0), P = 0.56)). Deiodinase 1 and deiodinase 

2 are responsible for the generation of T3 from T4, whereas deiodinase 3 is the major 

inactivating enzyme leading to an increase of reverse T3 (rT3). The ratio between T3 and 

rT3 (T3/rT3-ratio) is therefore regarded a more sensitive marker of the peripheral thyroid 

hormone metabolism (26-28). No significant difference was observed in T3/rT3 ratio between 

offspring and partners in both the full study sample as well as in the subgroup (Table 2). 

After exclusion of 1 female partner, who had a rT3 measurement above the reference 

range, no difference was found between offspring and partners in the mean (95% CI) T3/

rT3-ratio (6.8 (6.3-7.2) versus 6.5 (5.9-7.0) P = 0.39).

FIGURE 8.2 | In vitro TSH bioactivity in offspring from long-lived siblings and partners.

Red circles represent 20 offspring, blue triangles represent 18 partners. Solid lines represent (a) geometric mean with 
95% CI of TSH levels (mU/l) (b) geometric mean with 95% CI of cAMP/TSH-ratio. * P < 0.05; ns: not significant.
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TSH bioactivity
We determined TSH bioactivity in vitro to assess whether the offspring’s increased TSH 

secretion was a compensatory mechanism for reduced TSH bioactivity. We first assessed 

if the TSH levels in the sample in which we wanted to measure TSH bioactivity were higher 

in the offspring (Fig. 2a). Again, we found a significant (P < 0.02) higher mean (95% CI) TSH 

level in offspring (2.2 (1.7-2.8) mU/l compared to partners thereof (1.4 (1.1-1.8) mU/l). To 

determine whether the bioactivity of TSH molecules was different between the groups, 

the total amount of cAMP produced was adjusted for sample TSH concentrations, by 

calculating the cAMP/TSH ratio which was similar for offspring and controls (Fig. 2b).

TABLE 8.2 | Thyroid status in offspring from long-lived siblings and partners.

Full study sample* Subgroup

Offspring 
(n=61)

Partner 
(n=51)

P-value Offspring 
(n=20)

Partner 
(n=18)

P-value

Hormone levels (rv)

TSH (0.3-4.8 mU/l)† 2.1 (1.8-2.3) 1.6 (1.4-1.9) 0.01 2.2 (1.7-2.8) 1.4 (1.1-1.8) 0.02

fT4 (10-24 pmol/l) 16.1 (15.5-16.7) 16.5(15.9-17.1) 0.36 14.7(13.7-15.7) 14.5 (13.5-15.5) 0.78

fT3 (4.7-8.2 pmol/l) 4.7 (4.6-4.8) 4.6 (4.5-4.8) 0.49 4.2 (4.10-4.4) 4.1 (3.9-4.3) 0.36

T3 (1.1-3.1 nmol/l)‡ 1.66 (1.59-1.72) 1.62(1.55-1.68) 0.37 1.50(1.42-1.57) 1.48 (1.40-1.56) 0.72

rT3(0.11-0.44nmol/l)‡ 0.26 (0.24-0.28) 0.27(0.25-0.29) 0.30 0.18(0.16-0.20) 0.17 (0.15-0.19) 0.57

fT4xTSH product † 33.0 (29.0-37.4) 26.4(23.0-30.3) 0.02 31.7(25.0-40.0) 20.4 (15.9-26.2) 0.01

fT4/TSH ratio † 6.7 (5.2-8.6) 10.1 (7.7-13.2) 0.03 7.7 (6.7-8.8) 10.1 (8.7-11.8) 0.01

fT3/fT4 ratio 0.30 (0.29-0.31) 0.29(0.27-0.30) 0.20 0.30(0.28-0.32) 0.29 (0.27-0.31) 0.55

T3/rT3 ratio‡ 6.77 (6.28-7.25) 6.36(5.84-6.88) 0.26 8.84(7.80-9.88) 9.24(8.13-10.34) 0.60

Unless otherwise indicated data are displayed as means with 95% (CI) adjusted for age and sex. *data were not available 
in the full study sample for 2 offspring and 2 partners for analyses of fT4,  fT3, TSHxfT4 product, fT4/TSH ratio and fT3/
fT4 ratio; †geometric mean with 95% CI. ‡ data were not available for 4 offspring and 1 partner for analysis due to limited 
amount of blood. rv: reference values.
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FIGURE 8.3 | Parameters of energy metabolism in offspring from long-lived siblings and partners.

Red circles represent offspring (n=61 for full study sample; n=20 for subgroup) and blue triangles represent partners 
(n=51 for full study sample; n=18 for subgroup). (a) Mean (95% CI) resting metabolic rate (kcal/day).  (b) Mean (95% CI) 
resting metabolic rate per kg fat free mass (c) Mean (SEM) core body temperature per 5 minutes over 3 days in full study 
sample offspring (red line) and partners (blue line).  Grey blocks are the dark periods (24.00h - 07.00h). RMR: resting 
metabolic rate; FFM: fat free mass.* P ≤ 0.05; ** P  ≤ 0.01; ns: not significant. 
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Metabolism
Mean (95% CI) resting metabolic rate did not significantly differ between offspring and 

partners in the full study sample (960 (924-997) kcal/day versus (987 (947-1026) kcal/

day, P = 0.34)) nor in the subgroup (Fig. 3a). Adjustments for age and sex did not materially 

change the results. Moreover, resting metabolic rate per kg fat free mass (FFM) did not 

differ between offspring and partners in both groups (Fig. 3b). There was no difference in 

core body temperature over the 3 day period between offspring and partners in the full 

study sample (Fig. 3c) or in the subgroup.

DISCUSSION

In this study, we investigated if human longevity is associated with differences in TSH 

and/or TH and whether these concur with differences in energy metabolism because this 

process is responsive to TSH/TH action and has been associated with longevity in model 

organisms. The main findings of this article are that familial longevity is characterized by 

higher TSH secretion, in the absence of differences in TH levels and metabolism. 

The association of higher TSH with familial longevity is in line with our earlier observations 

in nonagenarians from the Leiden Longevity Study (7) and their offspring (9) as well as with 

earlier observations in Ashkenazi centenarians and their offspring (29). In line with the data 

described in this article, higher TSH in Ashkenazi centenarians and their offspring was not 

associated with lower concentrations of circulating thyroid hormone levels (29). In contrast, 

previously we did find slightly lower levels of thyroid hormones in offspring from long-

lived siblings (8) and we also found that nonagenarians from families with the lowest family 

mortality history score had relatively lower levels of thyroid hormones (7). However, these 

previous studies were performed using non-fasted single blood samples randomly taken 

over the day and there were no (7) or less stringent (8) selection criteria on health status of 

the participants, which both can influence TH levels. In addition, the observed differences 

between offspring and partners with respect to the thyroid hormones were very small (8). 

In the current study, to reduce confounding by health status, we used more strict inclusion 

criteria (as described in the methods) and to reduce confounding by sampling time, all 

comparisons of serum TSH and thyroid hormone measurements between groups were 

standardized for sampling time.
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The observation that despite increased levels of TSH, levels of TH were similar 

between groups aligns with the observation that energy metabolism was not different 

between groups. Metabolic rate is inversely associated with longevity in different animals 

and metabolism plays a central role in several ageing theories. In turn, administration 

of TH is well known to increase metabolic rate in diverse species, including humans. 

Recent studies in animals have also implicated central mechanisms in the effects of T3 on 

increased metabolism (30). We did not find differences in resting metabolic rate or core body 

temperature between the offspring and the partners in the full study sample nor in the 

subgroup. This is remarkable, since many ageing theories and longevity models in animals 

are related to changes in energy metabolism. These findings align with the observation that 

despite increased levels of TSH, levels of TH were similar between groups. Also the fT3/

fT4 ratio, as a proxy for conversion of fT4 into fT3 was comparable between offspring and 

partners both in the full study sample and in the subgroup. Moreover in the subgroup the 

AUCfT3/AUCfT4 ratio over the 24h period did not significantly differ between offspring 

and partners. 

Several possible mechanisms can contribute to the observed increase in TSH in the 

offspring group, including (i) reduced bioactivity of circulating TSH, (ii) diminished sensitivity 

of thyrotrophs to negative feedback by thyroid hormones, (iii) diminished responsiveness 

of the thyroid gland to TSH, and (iv) enhanced thyroid hormone turnover in peripheral 

tissues and (v) enhanced clearance of thyroid hormones from the circulation. 

The bioactivity of circulating TSH is known to differ depending on the degree of 

glycosylation and sialylation. A lower TSH bioactivity in the offspring would require higher 

concentrations of circulating TSH to maintain circulating thyroid hormone levels. In our 

study sample, TSH bioactivity, as reflected by the cAMP/TSH ratio in an in vitro activity 

assay, was similar in the offspring and partners.

To explore the possibility that the offspring might have higher TSH because of diminished 

sensitivity of thyrotrophs to negative feedback by thyroid hormones, we calculated the 

fT4xTSH product and found that it was higher in the offspring group. Previously, the 

fT4xTSH product has been used to quantitate the sensitivity of the thyroptrophs to 

feedback regulation by thyroid hormone and the degree of inherited thyroid hormone 

resistance (31). Although all subjects with inherited thyroid hormone resistance had higher 

serum concentrations of fT4 for corresponding TSH concentrations, the degree of thyroid 

hormone resistance differed depending on the type of mutation, which was reflected by 
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the fT4xTSH product (31). Thus, a higher thyrotroph T4 resistance index in the offspring 

might be indicative of reduced sensitivity of the thyrotrophs to feedback regulation by 

thyroid hormone. However, there are two observations that might argue against this 

interpretation. First, one would expect the increased TSH secretion to result in an increase 

in fT4 concentrations. However, in contrast to subjects with thyroid hormone resistance 
(31), circulating thyroid hormone levels were not higher in the offspring. Second, the 

ApEn of TSH secretion was not significantly different in the subgroup between offspring 

and partners. ApEn of TSH was used as a regularity statistic to quantify the regularity 

or orderliness of TSH secretion, with a higher ApEn indicating a greater irregularity. 

Mathematical models and feedback experiments have established that pattern orderliness 

monitors feedback and/or feedforward interactions within different hypothalamo-

pituitary target-organ systems with high sensitivity and specificity (23). With regard to TSH 

secretion, previous studies have shown that the ApEn of TSH secretion is greatly increased 

in patients with severe hypothyroidism, but not in subjects with subclinical hypothyroidism 

or in controls (24). Thus, in severe hypothyroid patients, the failure of the thyroid gland 

to produce sufficient amounts of thyroid hormone will lead to loss of thyroid hormone 

mediated feedback on TRH and TSH secretion, and this was reflected by an increase in 

the irregularity of TSH secretion (higher ApEn of TSH secretion). In contrast, in patients 

with subclinical hypothyroidism, thyroid hormone levels are within the normal range, and 

the ApEn of TSH secretion was unchanged, reflecting intact thyroid hormone mediated 

feedback on TRH and TSH secretion (32). 

An alternative interpretation for the increased fT4xTSH product in offspring is that it 

reflects higher serum concentrations of TSH for corresponding fT4 concentrations. This 

finding may thus hint more towards reduced responsiveness of the thyroid gland to TSH, 

driving production of TSH to maintain sufficient circulating fT4 and fT3 levels. We further 

explored the possibility that TSH secretion could compensate for reduced responsiveness 

of the thyroid gland by calculating the fT4/TSH ratio in the full study sample and the AUC 

fT4/total TSH production ratio. We found that these ratio’s were significantly lower in 

the offspring lending support to the possibility that their thyroid gland is likely to be less 

responsive to TSH than the thyroid gland of their partners.

A fourth possible mechanism underlying increased TSH secretion is enhanced TH 

turnover. The fT3/fT4 ratio, a proxy for conversion of fT4 into fT3 did not differ between 

offspring and partners. However, while circulating levels of fT4 and fT3 are kept within 
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narrow ranges, TH levels exhibit much wider variation within target tissues due to intense 

and highly regulated control of tissue- specific TH action by deiodinases, transporters and 

transcriptional co-regulators. Thus, we cannot exclude the possibility that TSH levels are 

increased in familial longevity due to increased TH turnover in target tissues. Although we 

did not have data on deiodinase activity in specific target tissues, circulating T3/rT3 ratio 

was shown to exhibit a strong and positive correlation with liver deiodinase 1 activity (26). 

In our study, no differences were found between offspring and partners in the T3/rT3 ratio. 

Taken together, enhanced TH turnover by increased peripheral turnover of TH is less likely 

to be an underlying mechanism of the increased TSH secretion.

It should be noted that the sample size of the current study is relatively small and 

that differences that did not reach statistical significance in our study sample might be 

clinically significant. The families included in the Leiden Longevity Study are genetically 

heterogeneous, and thus different mechanisms may be at play in different families and/or 

in different individuals.

A fifth possible mechanism underlying increased TSH secretion is that the offspring may 

have an enhanced rate of thyroid hormone clearance from the circulation, which would 

trigger the pituitary to secrete more TSH, stimulating the production of thyroid hormones 

to ensure appropriate circulating TH concentrations. Unfortunately, we did not have data 

on thyroid hormone clearance by the liver and kidneys to evaluate this possibility. 

Thus, our data cannot discriminate which mechanism is responsible for the altered 

thyroid status in familial longevity and what the physiological consequences are of the 

observed increased TSH secretion. Future studies should aim to disentangle the causes 

and consequences of the altered thyroid status by TSH and TH challenges.

Moreover, this study did not investigate other processes that might be influenced 

by differences in TSH and/or TH and that might be relevant for longevity. One such key 

process is tissue turnover. In adult mammalian tissues, damaged and worn-out mature 

cells are continuously being replaced during normal tissue homeostasis and in response 

to stresses and injury, a process that is critically dependent on the differentiation of self-

renewing, tissue-specific stem cells. Various theories propose that ageing implicates either 

depletion or failed differentiation of stem cells (6). The TSH receptor (TSHR), a G-protein 

coupled hormone receptor, plays an important role in growth and differentiation of thyroid 

follicular cells. However, TSHR expression is not limited to the thyroid. TSHR is also 

expressed on bone cells (33, 34) and other cells, including adipocytes, hepatocytes, skeletal 
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muscle cells, neuronal cells, astrocytes and mesenchymal stem cells (35-37). In mesenchymal 

stem cells TSH induces gene expression patterns that have been implicated in functions 

related to stem cell fate, including self-renewal, differentiation and maintenance (35). TSH 

is also involved in cellular differentiation in other cells with effects depending on the stage 

of differentiation, e.g. TSH stimulated early differentiation of preadipocytes but inhibited 

their proliferation and terminal differentiation (38). However, because of the physiological 

inverse relationship between TSH and thyroid hormones, and the critical role of thyroid 

hormone in development, the extrathyroidal effects of TSH in the skeleton and other 

tissues remain controversial (33). 

A strength of our study is that we frequently measured hormone levels over a 24 hour 

period. Therefore, we were able to standardize comparison of hormone levels between 

groups for clock time and were able to explore differences in total TSH secretion using 

deconvolution analysis. Another strength is that we simultaneously measured several 

physiological parameters known to be affected by thyroid hormones. Since we included 

offspring enriched for longevity and compared them with their their partners, we had a 

matched control group. One of the weaknesses of the study is that not all offspring are 

enriched for longevity causing us to underestimate actual effects. Moreover, the invasive 

nature and the high costs of hormone rhythm studies make it impossible to perform such 

studies using a large sample size and relative small but clinically significant differences 

between groups may not be detected. 

The principal findings of this study are that familial longevity is characterized by higher 

TSH secretion, in the absence of differences in TH concentration and in whole body energy 

metabolism. Taken together, these observations suggest that pleiotropic effects of the 

HPT axis protect long-lived families. Further in depth mechanistic studies should focus on 

disentangling these underlying mechanisms.

Supporting information
The Supplementary Material for this article can be found online at:  

http://www.nature.com/srep 

Supplementary Figure 1. Switchbox study sample selection process.

Supplementary Figure 2. Study time table for full study sample and the subgroup.

Supplementary Table 1. Thyroid status in offspring and partners.
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ABSTRACT

Subclinical hypothyroidism (SCH), defined as elevated thyroid stimulating 

hormone and normal thyroid hormone levels, and cognitive impairment are 

both common in older people. While the relation between overt hypothyroidism 

and cognitive impairment is well established, data on the association between 

SCH and cognitive impairment are conflicting. This systematic review and meta- 

analysis was performed to assess available evidence on the association of SCH 

with cognition in community dwelling, relatively healthy older adults.

PubMed, EMBASE, Web of Science, COCHRANE, CINAHL, PsycINFO 

and Academic Search Premier (January 1966 to April 1, 2015) were searched 

without language restrictions, as were references of key articles, for studies on 

the association between SCH and cognition in older adults (> 60 years). These 

studies were reviewed by two independent reviewers according to predefined 

criteria for eligibility and methodological quality, and data extracted using 

standardized forms.

Of the 844 reports initially identified, 270 remained after exclusion of 

duplicates. Of the 270, fifteen studies comprising 19,944 subjects, of whom 

1,199 had subclinical hypothyroidism were included. Data from the 15 studies 

was pooled, and meta- analyzed cross-sectionally for global cognition (MMSE), 

executive function, and memory, using random effects models. Pooled effect 

size (ES) for MMSE was -0.01 (95% CI -0.09, 0.08), with heterogeneity (I2) of 

55.1%. Pooled ES was <0.001 (95% CI -0.10, 0.09) for executive function (I2 

= 13.5%), and 0.01 (95% CI -0.12, 0.14) for memory (I2 = 46.9%). In addition, 

prospective analysis including four studies showed pooled ES of 0.033 (95% CI 

-0.001-0.067) for MMSE (I2 <0.001%), indicating that subclinical hypothyroidism 

was not significantly associated with accelerated cognitive decline.

This systematic review and meta-analysis provides no evidence that supports 

an association between SCH and cognitive impairment in relatively healthy older 

adults.
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INTRODUCTION

Overt adult onset hypothyroidism, which is marked by elevated thyroid stimulating hormone 

(TSH) levels and reduced levels of circulating thyroid hormones, has been associated with 

increased risk of deficits in specific cognitive domains including attention, concentration, 

memory, perceptual function, language, executive function and psychomotor speed (1-4). 

However, controversies persists as to whether subclinical hypothyroidism (SCH), defined 

as mild elevation of TSH in the presence of normal free thyroxine (fT4), is associated with 

these specific cognitive domains. This is especially relevant in the older adults, as the 

prevalence of subclinical hypothyroidism increases with age and is estimated to be up to 

22% in women aged more than 60 years and somewhat lower in men (5, 6).

Many studies have investigated whether subclinical hypothyroidism is associated 

with increased risk of cognitive impairment (7-21). However, the data are conflicting, and 

epidemiological studies that investigated this relationship have reported inconsistent 

findings. Furthermore, due to use of different TSH cut- off values, methodological 

differences, application of varying cognitive tests for different cognitive domains, and 

diverse reporting of results by these studies, the interpretability and comparability of their 

findings are hindered.

Here, we performed a systematic review of available evidence from both cross-

sectional and prospective studies on the association between subclinical hypothyroidism 

and cognition in the older adults. Furthermore, we performed a meta- analysis to quantify 

the magnitude of the associations between subclinical hypothyroidism and both global 

cognition as well as two specific cognitive domains, namely executive function and 

memory.

METHODS

Data sources and search strategy
A systematic literature search was conducted of articles published from January 1966 

to April 1, 2015 on the association between subclinical hypothyroidism and cognition in 

the elderly. PubMed, EMBASE, Web of Science, COCHRANE, CINAHL, PsycINFO and 

Academic Search Premier were searched (Datasheet 1). The design of the electronic search 
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strategy was done in consultation with an expert information specialist. A thorough search 

was conducted on the bibliographies of key articles in the field and these were included in 

this review. To avoid missing any relevant study in the search, broadly defined terms were 

used (Datasheet 1). Reference lists of key articles were also searched for relevant articles 

that could have been missed.

Study selection
Two independent reviewers (AAA and SWJ) screened the extracted citations for eligibility. 

To maximize the quality and comparability of the studies, general inclusion and exclusion 

criteria were defined a priori (Table 1). The titles, abstracts and later the full- texts of the 

search results were screened- the studies included were those that assessed the cognitive 

status of relatively healthy (community dwelling, and considered healthy by the authors 

of the original articles) elderly (aged 60 years and above) participants with subclinical 

hypothyroidism. 

Subclinical hypothyroidism is defined as elevated TSH and normal fT4 (22). However, 

controversies exist as to the upper limit of the TSH reference range. Several reviews 

suggest a TSH upper limit of 4.5 to 5.0 mU/L (22, 23), but some authors suggest that the 

upper limit of the TSH range should be reduced to 2.5 to 3.0 mU/L, based on a higher risk 

of progression to overt hypothyroidism and a higher prevalence of anti-thyroid antibodies 

than in euthyroid participants (24). In the absence of a consensus, the use of a specific 

TSH upper limit was not pre-specified in this systematic review to define subclinical 

hypothyroidism. Furthermore, fT4 values were considered normal if indicated as normal by 

the authors, even if data on fT4 were not presented.

Studies done on participants with depression (according to the Diagnostic and 

Statistical Manual of Mental Disorders (DSM) criteria), dementia, psychiatric symptoms, 

neurological disorders e.g. Parkinson’s disease, and other chronic systemic illnesses were 

excluded. Furthermore, participants using thyroid medications were excluded. Three 

relatively large studies that measured health status of participants with an elevated TSH 

were initially included. However, they were later excluded because assessment of mood, 

general and mental health status was done qualitatively, without specifying whether global 

cognition or specific cognitive domains were measured (25-27).
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TABLE 9.1 | Selection criteria for eligibility for inclusion or exclusion

Inclusion criteria Exclusion criteria
Human studies Animal studies

Median/mean age 60 or above Younger than 60

Subclinical hypothyroidism (SCH)- SCH not defined

• Elevated TSH and normal fT4;

• All self-defined subclinical hypothyroidism

- Elevated serum TSH in association with normal total 
or free T4 and T3 values

- High-normal TSH and abnormal response to TRH

-
Elevated serum TSH with normal thyroid hormone 
levels, without symptoms that could be explained by 
overt hypothyroidism

Relatively healthy elderly participants: Healthy as determined 
by the authors of the original articles

Full blown depression, psychiatric symptoms, 
neurological disorders as Parkinson’s disease or 
predefined dementia, substance abuse

Free living/ community dwelling Hospitalized patients

Original research articles  
Including prospective studies, randomized-controlled trials, 
etc. that provide baseline data

Systematic reviews, meta- analyses, reviews, 
conference abstracts, web pages.

Cognitive measure and domain specified Cognitive domain not well defined, e.g. ‘mood’, 
‘quality of life’, ‘mental health’ etc.

All languages

Duplicates

Data extraction and quality assessment
From each study that met the eligibility criteria, information was extracted about study 

design (prospective or cross-sectional), participant characteristics, criteria used to define 

subclinical hypothyroidism, cognitive tests applied and domains tested, and study results 

(effect estimates, variables included for adjustments, or matching procedures) using a 

standardized data- collection form. 

The two reviewers (AAA and SWJ) independently assessed the methodological quality 

of included studies using a pre- defined list of criteria (28, 29) (Datasheet 2). In total, 11 

key indicators were used to systematically assess study quality. These were 1) clarity 

of hypothesis, 2) population studied (convenience sample versus population-based, 

defined as a random sample of the general population, 3) clear definition of subclinical 
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hypothyroidism (indication of TSH cut-off and fT4 values that were used in the study), 

4) detailed description of study materials and methods, 5) validity of measurements 

and cognitive tests, 6) number of cognitive domains tested (global cognition, executive 

function and/ or memory), 7) clear description of statistical methods, 8) adjustments/ 

correction for potential confounders, 9) clear presentation of results, 10) generalizability 

to other populations, and 11) method of outcome adjudication (use of formal adjudication 

procedures, defined as having clear criteria for the outcome (cognitive impairment). A score 

of “0” (lacking), “1”(incomplete) or “2” (complete) was assigned to each of the key indicators 

per study, with a maximum total score of 22.

FIGURE 9.1 | Flowchart showing the literature search for the systematic review.
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Data synthesis and statistical analysis
Authors were contacted when necessary to request more detailed data on the association 

between subclinical hypothyroidism and cognition in older adults (10-12). The most 

adjusted estimates and SD/SE were used for analysis, where available. In instances where 

participants were divided into groups based on TSH values (tertiles/ quartiles), the mean 

TSH value for the whole group was used.

Data was qualitatively synthesized and assessed for the number of participants that 

were included, the definition of subclinical hypothyroidism applied, the cognitive tests that 

were used and the cognitive domains that were measured. Meta-analysis was done by 

comparing estimates from participants with subclinical hypothyroidism with those from 

euthyroid participants, using data from both cross- sectional studies and baseline data from 

prospective studies for the cross- sectional analysis. Thus, only studies that provided these 

estimates were included in the meta- analysis. Using Hedges method (30), pooled estimates 

with standard error were calculated first from cross- sectional analysis of available studies, 

and then for the prospective data, using the same approach. 

To make effect estimates comparable between studies, effect sizes (ES) were 

calculated from calculated means with standard deviation of participants with subclinical 

hypothyroidism compared to euthyroid participants. For studies that used > 1 cognitive 

test (9, 12, 14, 16, 17, 20), a pooled ES was calculated for each study. After calculating an ES for 

each study, a meta- analysis was performed using a random effects model. The random 

effects model was applied, because it takes into account the heterogeneity between the 

studies. All statistical analyses were performed using STATA version 10. Cochrane Q test 

and I2 index with a conservative p-value of 0.10 was used to evaluate the heterogeneity 

across individual studies. I2 values of < 25% was considered reflective of low, between 25 

and 50% of moderate and > 50% of high heterogeneity between studies.

RESULTS

Study selection
Of the 844 reports initially identified, 270 remained after exclusion of duplicates. Of the 

270 reports, 210 were excluded that were unrelated to the association between subclinical 

hypothyroidism and cognition in the elderly (Figure 1), leaving 60 articles for full text 
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analysis. Two more articles were selected from reference lists of relevant articles. Of the 

62 articles that were selected for detailed (full text) evaluation, full texts were not available 

for six studies. Additionally, ten studies were excluded because the participants were not 

considered healthy, another thirteen because the definition of subclinical hypothyroidism  

(high TSH and normal fT4) was not met and four because data was not available for 

systematic review (three were randomized controlled trials (RCTs) without baseline data, 

and one study that reported qualitative results). Furthermore, eight studies that did not 

measure cognition as endpoint were excluded- these either measured mental health by 

means of questionnaires, or studied depression. Six other studies were excluded because 

the mean/ median age of the participants was less than 60 years (Figure 1).

Two studies each were reported in Spanish and Dutch respectively, one in Italian and 

another in Czech. The researchers (AAA and SWJ) themselves translated the two Dutch 

articles into English. Another article was translated from Czech to English by the author 

himself (31). The other foreign language articles were translated to English by the researchers’ 

colleagues that spoke the language. These articles were all later excluded after full- text 

analysis. When similar data were published more than once (12, 32, 33), the article with the 

most definitive and extractable data was included (12). A study was later dropped because it 

studied the effect of subclinical hypothyroidism on demented and non-demented elderly 

using only clinical dementia rating, thus was incomparable with the other selected studies 

in terms of results (34). Fifteen observational studies met the eligibility criteria.

Study characteristics
Table 2 shows the characteristics of the nine cross- sectional and six prospective studies 

that were included in the review. In total, the 15 studies comprised 19, 944 participants, of 

whom 1,199 had subclinical hypothyroidism. The upper reference limit of TSH (TSH cut-off) 

to define subclinical hypothyroidism ranged from 3.6 mU/L to 10 mU/L. A total of 13 out 

of the 15 studies also reported fT4 measurement. The studies used varying cognitive tests 

to measure a wide range of cognitive domains. The cognitive domains that were covered 

included global cognition, executive function, memory, general intelligence, attention and 

concentration, visio- spatial organization, language, and cognitive or psychomotor speed. 

These cognitive domains were merged into three main domains, namely global cognition, 

executive function and memory, as shown in Table 3. The cognitive tests that were used 

for each of these cognitive domains are also presented in Table 3.
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Systematic review
In total, 1,199 participants with subclinical hypothyroidism were included in the systematic 

review. From the 15 studies in our systematic review, 12 studies indicated a lack of 

significant association between subclinical hypothyroidism and cognitive impairment in 

the elderly. These studies comprised 1,109 participants with subclinical hypothyroidism 

and therefore contributed 92.5% of the population sampled and to the outcome of the 

systematic review. Of the remaining three studies, two found an association, and one 

was inconclusive (13). The inconclusive study demonstrated an association between log 

transformed TSH levels with decreasing MMSE performance in hypothyroid participants, 

but it was not specified whether the observed association was with overt hypothyroidism 

or with subclinical hypothyroidism. This study was included in the systematic review but 

excluded from meta- analysis.

A total of two studies found an association between subclinical hypothyroidism 

and cognition in the elderly. The first study found (in 15 participants with subclinical 

hypothyroidism) that high TSH levels were associated with worse verbal memory and 

MMSE scores but not speed of performance (9). The second study found (in 42 participants 

with subclinical hypothyroidism) that performance in MMSE and Prose memory test were 

lower in participants with subclinical hypothyroidism compared to euthyroid participants 
(18). Performance in matrix test was also slightly lower in subclinical hypothyroidism, but 

this was not significant. Summarily, from the studies that observed a significant association 

between subclinical hypothyroidism and cognitive impairment, the cognitive domains 

affected were global cognition as assessed via MMSE; executive function as assessed via 

matrix test; and memory as assessed via auditory verbal learning test, prose memory test, 

and verbal fluency. The two studies combined comprised 57 participants with subclinical 

hypothyroidism and contributed only 4.75% to the overall population with subclinical 

hypothyroidism and to the outcome of the systematic review.

Meta- analysis
To assess whether subclinical hypothyroidism was associated with impairment of various 

cognitive domains, we analyzed MMSE separately as a measure of global cognition. Ten out 

of the 15 studies provided MMSE results either at baseline or at follow- up. The rest of the 

cognitive tests were categorized into tests of executive function or of memory, as shown 

in Table 3. Data from the 15 studies was pooled first for cross- sectional analysis, and 
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meta- analyzed separately for global cognition (MMSE), executive function, and memory. 

The pooled effect size (ES) for MMSE was -0.01 (95% CI -0.09, 0.08), with heterogeneity 

(I2) of 55.1% (Figure 2A). Pooled ES was < 0.001 (95% CI -0.10, 0.09) for executive function 

(I2 = 13.5%) (Figure 2B), and 0.01 (95% CI -0.12, 0.14) for memory (I2 = 46.9%) (Figure 

2C). These analyses indicated that available evidence does not support an association of 

subclinical hypothyroidism with worse performance in MMSE, executive function or global 

cognition.

Prospective analysis was done for MMSE in four studies from which prospective data 

was available (Figure 3). The pooled ES was 0.03 (95% CI -0.001-0.07) P = 0.055, with 

heterogeneity (I2) of <0.001%. Thus, subclinical hypothyroidism was not significantly 

associated with accelerated decline of global cognition, as assessed by MMSE. Due to 

the small number of available studies, prospective analysis was not done for executive 

function or memory.

Subgroup and sensitivity analyses
Subgroup analyses were performed on studies with similar TSH cut- off values, and in 

studies with similar study design (cross- sectional or prospective). The effect sizes of 

these different subgroups were essentially similar, indicating that in this meta- analysis, 

subclinical hypothyroidism was not significantly associated with cognitive impairment.
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TABLE 9.3 | Cognitive tests and domains used for meta- analysis

Cognitive domain Measures and cognitive tests 

Global cognition MEAMS, MMSE, MMMSE, 3MSE

Memory (including tests for 
language)

AN, AVLT, CRT, CVMT, DS, EBMT, FMT, IPALT, LDCT, LW, N-back test, PMT, 
PWLT, RCFT, SRT, WLT, RBP, RW, WLMT, WLRT, WMS, WRLRcT,  
Language:  AN, BNT, CFT, CVLT, COWAT, IT, OR, RW, WFT, WD, ZBT

Executive function

BD, FAB, DSST, GNG, LMN, MT, PM, RPM, SILS, TMT, WAIS, WFT, 

Attention and concentration:  
CST, DS, LNS, PASAT, SDMT, Stroop, TMTA&B

Visuo- spatial organization: 
CC, CoS, CPT, FR, JLO, HT, PCBD, ScT, SDMT, TMT(Part A), WAIS-R

Cognitive or psychomotor speed: 
DSCT, WAIS-R, TMT(Part A), WFT

AN: animal naming; AVLT: Auditory verbal learning test; BD: block design; BNT: Boston naming test; CFT: category 
verbal fluency test; COWAT: Controlled oral word; CPT: constructional praxis test; CRT: constructional recall test.; CST: 
concept shifting test;  CVLT: California Verbal Learning Test; CVMT: continuous visual memory test;  DS: digit spans 
forward and backward of WAIS-R; DSCT: Digit symbol coding test (from  WAIS); DSST: Digit symbol substitution test; 
FMT: Milner facial memory test;  EBMT: East Boston Memory Test; FAB: Frontal assessment battery; FR: figure rotation 
from the Schaie-Thurstone adult mental abilities test;  GNG: Go-No-Go;  HT: Hooper test;  IPALT: Inglis paired associates 
learning test;  IT: Isaacs set test of verbal fluency; JLO: Judgement of line orientation; LDCT: letter digit coding test;  LMN: 
Luria m’s and n’s;  LNS: Letter- number sequencing; LW: list of words;  3MSE: Modified MMSE (100 scores); MEAMS: 
Middlesex elderly assessment of mental state (12 scores); MMSE: Mini mental state examination (30 scores); MMMSE: 
Modified Mini-Mental State Examination;  MT: Matrix test; OR: oral reading; PASAT: paced auditory serial addition task; 
PM: Porteus maze; PMT: Prose memory test; PCBD: Picture completion and block design; PWLT: picture word learning 
test; RBP: Rivermead behavioral profile;  RCFT: Rey-Osterrieth complex figure test;  RPM: raven progressive matrices 
test;  RW: Rey’s words immediate and delayed recall;  ScT: scribble test;  SDMT: symbol digit modalities test;  SILS: 
Shipley Institute of Living scale; SRT: selective reminding test (Buschke); TMTA&B: trail making test A and B;  WAIS: 
Wechsler adult intelligence scale;  WAIS-R: Wechsler adult intelligence scale-revised;  WD: word discrimination;  WFT: 
word fluency test; WLMT: word list memory test; WLRT: Word list  recall test; WRLRcT: Word list  recognition test; WLT: 
word learning task; WMS: Wechsler memory scale;  ZBT: Zazzos barring test.
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FIGURE 9.2 | Forest plots depicting the cross-sectional associations observed between subclinical 
hypothyroidism (compared to controls) and cognitive performance in 10 studies, arranged 
according to the weight of the studies. 

Data was pooled from cross-sectional studies and baseline data of prospective studies A.) Association between subclinical 
hypothyroidism and global cognition as measured by MMSE, B.) Association between subclinical hypothyroidism and 
executive function, and C.) Association between subclinical hypothyroidism and memory. The pooled effect sizes are 
displayed as diamonds. MMSE: Mini-mental state examination.
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FIGURE 9.3 | Forest plots depicting the prospective analysis of associations observed between 
subclinical hypothyroidism and decline in global cognition as measured by MMSE, arranged 
according to the weight of the studies.

The pooled effect sizes are displayed as diamonds. MMSE: Mini-mental state examination.

DISCUSSION

On the basis of the findings of this systematic review and meta- analysis we did not find 

evidence supporting an association of subclinical hypothyroidism with cognitive impairment 

in relatively healthy, community- dwelling elderly. Out of 15 observational studies, only two 

small cross-sectional studies (9, 18) observed statistically significant associations between 

subclinical hypothyroidism and cognitive impairment, namely global cognition (MMSE), 

and memory. All other studies indicated a lack of association. No evidence was found 

that the lack of association between subclinical hypothyroidism and cognitive impairment 

was limited to unadjusted studies, or to studies of lower methodological quality. Meta- 

analysis of studies from which data for cross sectional analysis could be retrieved, revealed 

lack of association between subclinical hypothyroidism and global cognition (assessed 

by MMSE) as well as lack of association of subclinical hypothyroidism with memory and 

executive function. Subgroup analyses by type of study design showed a similar trend 

in the prospective cohort studies group compared with the cross-sectional studies. We 

also did not find evidence supporting an association of subclinical hypothyroidism with 
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cognitive impairment in a prospective analysis. However, the number of studies retrieved 

for prospective analysis was low and the study quality (assessed by scoring based on key 

indicators) varied. 

Our results are in line with previous focused reviews (35, 36) supporting a lack of 

association between subclinical hypothyroidism and cognitive impairment that largely 

drew upon the results from large population based studies (37). In contrast, another review 

conducted on the association between TSH and cognitive impairment in community 

dwelling and hospitalized elderly (38) reported some evidence supporting the association 

between subclinical hypothyroidism and cognitive impairment, which was driven by 

studies showing an association between thyroid hormones and dementia. Thus, previous 

observational studies on the association of cognition impairment and subclinical 

hypothyroidism have yielded conflicting results. Our finding of lack association between 

subclinical hypothyroidism and cognitive impairment is also in line with the results of two 

placebo controlled randomized clinical trials (36, 39) that showed no effect of treatment with 

T4 on cognitive endpoints in participants with subclinical hypothyroidism.

To our knowledge, this is the first meta- analysis to examine the cross- sectional and 

prospective associations between subclinical hypothyroidism and cognitive impairment 

using available evidence. By pooling the data from the 15 studies, a total of 19, 944 

participants, of whom 1, 199 had subclinical hypothyroidism were analyzed. This increased 

the power to detect potential associations and reduced the probability of false-negative 

results (18). Case-control and cross-sectional studies are more susceptible to bias, 

particularly selection bias for case-control studies (40). Although bias cannot be excluded, 

almost all the cross-sectional studies that fulfilled our quality criteria demonstrated the 

absence of a statistically significant association between subclinical hypothyroidism and 

cognitive impairment (13, 16).

Overt hypothyroidism has been associated with global cognitive impairment as well as 

with impairments in various cognitive domains, notably in memory and executive function. 

Because thyroid dysfunction can be seen as a continuum, it has been hypothesized that 

subclinical hypothyroidism might also be associated with mild cognitive impairment. The 

inverse physiological relationship between circulatory levels of TSH and thyroid hormones 

implies that in subclinical hypothyroidism, thyroid hormone action may be slightly reduced 

(even though circulatory thyroid hormones are still in the normal range), which might 

be associated with subtle defects in specific cognitive domains, including memory and 

executive function. Moreover, one might speculate that potential associations between 
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subclinical hypothyroidism and cognitive impairment are stronger when TSH is markedly 

increased (TSH > 10 mIU/L) as compared to mild or moderate increases. Similarly, it 

was found previously that associations between subclinical hypothyroidism and risk for 

coronary heart disease and mortality were strongest with a TSH concentration of 10 mIU/L 

or greater (41).

This analysis has four main limitations. Firstly, all data were obtained from observational 

studies, many of which are cross- sectional studies. There is a possibility of bias in the 

selection of included studies, bias and quality problems in the original studies, publication 

bias, heterogeneity, and confounding (29). To limit bias in the selection of included studies, 

broad inclusion criteria were used for studies that provided quantitative data on the risk of 

cognitive impairment in elderly participants with subclinical hypothyroidism. Furthermore, 

sensitivity analyses were performed according to differences between the studies and 

methodological study quality, as recommended (29, 42). Many of the original studies did 

not have statistically significant results, thus a meta- analysis was conducted to increase 

the power to find an association. Still, the negative conclusion of this systematic review 

and meta- analysis may be limited by inherent biases and differences in study designs (43). 

However, the sensitivity analyses performed did not suggest that the presented results 

meaningfully depended on differences in study designs or other study characteristics. 

Secondly, the possibility of misclassification of subjects as having subclinical 

hypothyroidism cannot be ruled out (43). In most of the studies, the diagnosis of subclinical 

hypothyroidism was based on single assessment of TSH, without repeated confirmatory 

TSH measurement. This could have resulted in inclusion of individuals with only transiently 

elevated TSH levels. Furthermore, none of the included studies used age-adjusted TSH 

reference ranges to enroll the subjects. Since increased age has been associated with an 

increase in the upper limit of the TSH reference range (44), the use of unadjusted reference 

ranges may have resulted in misclassification of some elderly participants as having 

subclinical hypothyroidism. This misclassification may have resulted in underestimation 

of the association between subclinical hypothyroidism and cognition. However, since the 

95% CI around the estimates are quite narrow and the misclassification is likely to be small, 

a large effect of subclinical hypothyroidism on cognition can be confidently ruled out.

Thirdly, the definitions of subclinical hypothyroidism and cognitive decline were 

slightly different between the studies. The use of different TSH cut-offs reflects the 

absence of consensus to define subclinical hypothyroidism (22, 23). Some studies used a TSH 

upper limit of less than 4.5 mU/L (9, 16), and the inclusion of those participants may have 



9

Subclinical hypothyroidism
 and cognition in older adults

203

blunted the effect of any observed associations, since they may not have had subclinical 

hypothyroidism (23). However, the sensitivity analyses pooling more homogeneous studies 

gave similar results indicating a lack of evidence supporting an association of subclinical 

hypothyroidism with cognitive impairment. However, one might speculate that potential 

associations between subclinical hypothyroidism and cognitive impairment might only be 

present when TSH is markedly increased (TSH > 10m IU/L). Future studies using individual 

participant data should be directed at analyzing available evidence for an association 

between subclinical hypothyroidism and cognition on based TSH categories, as was 

done previously for associations between subclinical hypothyroidism and coronary heart  

disease (41).

Fourthly, there were several differences in methodologies and choice of cognitive 

domains that were tested in the studies in this systematic review and meta- analysis. Thus, 

we cannot exclude the possibility that subclinical hypothyroidism might be associated with 

subtle defects in specific domains that can only be identified using highly specific cognitive 

tests and measures. Indeed, functional neuro- imaging studies in participants with 

subclinical hypothyroidism and markedly elevated TSH levels has revealed impairments 

in working memory and brain areas associated with executive function that reversed by 

treatment with T4 (44). However, the clinical relevance of such specific measures remains 

unclear. Moreover, different laboratory methods were used for the measurements of TSH 

and fT4. In addition, TSH has a distinct circadian rhythm and time of the measurements of 

TSH was not reported in the articles, which may have affected the results.

In conclusion, this systematic review and meta- analysis provides no evidence that 

supports an association between subclinical hypothyroidism and cognitive impairment 

in relatively healthy, community dwelling elderly. However, available prospective studies 

were limited. Thus, additional large, high- quality studies are needed that will allow for 

more extended analyses.

Supporting information
The Supplementary Materials for this article can be found online at: http://journal.

frontiersin.org/article/10.3389/fnagi.2015.00150 

Appendix 1. Search strategy

Appendix 2: Quality assessment of included studies
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ABSTRACT

The Equivital (EQ02) is a multi-parameter telemetric device offering both real-

time and/or retrospective, synchronized monitoring of ECG, HR and HRV, 

respiration, activity and temperature. Unlike the Holter, which is the gold 

standard for continuous ECG measurement, EQO2 continuously monitors ECG 

via electrodes interwoven in the textile of a wearable belt. We aimed to compare 

EQ02 with the Holter for continuous home measurement of ECG, heart rate 

(HR) and heart rate variability (HRV). 

Eighteen healthy participants wore, simultaneously for 24 hours, the Holter 

and EQ02 monitors. Per participant, averaged HR and HRV per 5 minutes from 

the two devices were compared using Pearson correlation, paired T-test and 

Blant-Altman analyses. Accuracy and precision metrics included mean absolute 

relative difference (MARD). 

Artefact content of EQ02 data varied widely between (range 1.93% to 

56.45%) and within (range 0.75% to 99.61%) participants. Comparing the EQ02 

to the Holter, the Pearson correlations were respectively 0.724, 0.955 and 

0.997 for datasets containing all data and data with <50% or <20% artefacts 

respectively. For datasets containing respectively all data, data with <50% or 

<20% artefacts, bias estimated by Bland-Altman analysis was -2.8, -1.0 and -0.8 

beats per minute and 24h MARD was 7.08, 3.01 and 1.5.  After selecting a three- 

hour stretch of data containing 1.15% artefacts, Pearson correlation was 0.786 

for HRV measured as standard deviation of NN intervals (SDNN). 

Although the EQ02 can accurately measure ECG and HRV, its accuracy 

and precision is highly dependent on artefact content. This is a limitation for 

clinical use in individual patients. However, the advantages of the EQ02 (ability 

to simultaneously monitor several physiologic parameters) may outweigh its 

disadvantages (higher artefact load) for research purposes and/ or for home 

monitoring in larger groups of study participants. Further studies can be aimed 

at minimizing the artefacts.
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INTRODUCTION

With cardiovascular diseases still representing a leading cause of death globally, continuous 

electrocardiography (ECG) measurement is becoming increasingly important. Continuous 

ECG measurements yields valuable information on heart rate (HR) and its variability (HRV) 

that can be measured at a beat-to-beat level. Their direct clinical importance has been 

demonstrated in numerous studies. HR is a major risk factor for morbidity and mortality in 

cardiovascular diseases (1, 2). Even in apparently healthy individuals, HR has predictive value 

for sudden cardiac death (3). Furthermore, control of HR has become the focus of drug 

development for cardiovascular diseases (4). In addition to HR, continuous measurement 

heart rate variability (HRV) serves as an index of cardiac sympathetic and parasympathetic 

activity (5). HR and HRV associates with cardiac (3), physiological (6), psychological (7, 8) and 

sleep- related disorders (9); and are being used as prognostic indicators for cardiac and non- 

cardiac diseases, such as idiopathic dilated myopathy (10), myocardial infarction (11), renal 

failure (12), end stage renal disease (13) and cancer (14).

ECG signals can be obtained from varying sources, such as Holter monitoring, bedside 

monitoring of vital parameters, systems for surface ECG, ergometric stress tests and 

systems for telemetry (15). Of these, the Holter monitor (Holter) is the gold standard for 

continuous ECG measurement. The Holter records ECG signals via electrodes attached to 

the chest. However, over the years different innovative devices that are able to comfortably 

monitor ECG simultaneously with other physiological parameters for a prolonged period 

of time in freely moving subjects have become available. The Equivital EQ02 Lifemonitor 

(EQ02,) is a convenient and safe wireless ambulatory device that continuously measures 

ECG, HR and HRV via a chest-worn sensor belt embedding textile-based electrodes. In 

addition to cardiac parameters, EQ02 also measure breathing rate, body position and 

movement (accelerometry), and skin and core body temperature, all synchronized and 

time- stamped to provide contextual significance for possible diagnostic, therapeutic or 

research purposes. Although EQ02 has been used in several studies, e.g. for ambulatory 

monitoring of pilots, athletes and military personnel, both under physiological and extreme 

environmental conditions (16-20), EQ02 has not yet been validated against the gold standard 

for measurement of cardiac parameters.
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Here for the first time, we compared the accuracy of EQ02 and Holter for continuous 

ECG, HR and HRV monitoring. The EQ02 and Holter were worn simultaneously for 24hours 

in home setting by an heterogeneous group of healthy male and female volunteers. Results 

were analyzed in point accuracy (including absolute and relative differences), monitor 

reliability and precision metrics for both devices.

METHODS

Ethics statement  
This study was approved by the institutional review board of Leiden University Medical 

Center (LUMC) under protocol P11.116. All study participants gave written informed 

consent.

Study participants
The present study was embedded in the Switchbox Study, which was a sub-study of the 

Leiden Longevity Study (LLS). The LLS was originally designed to investigate genetic and 

phenotypic biomarkers associated with human longevity. A more detailed description of 

the study design and recruitment strategy for switchbox study (21) and the LLS (22) has been 

described elsewhere. The present study population consisted of 18 healthy adult male and 

female volunteers from the local population. The only exclusion criterion was presence of 

obvious chest deformity, which would impair lifemonitor belt fitting.

Apart from the 18 subjects, artefact percentage was determined in all raw Holter 

recordings that were collected in the department of cardiology of the LUMC in 2014. 

In total, artefact data from ECG recording of 4143 persons were used. Apart from the 

percentage of artefacts contained in the recordings, no other data from these individuals 

were used.  Furthermore, similar raw artefact data were extracted from EQ02 recordings 

from 200 switchbox participants.

Experimental protocol
After body mass index and waist: hip ratio was measured, participants wore, simultaneously, 

the EQ02 monitor, a Holter and a Fitbit oneTM. These were turned on approximately 

concurrently. Participants undertook their usual daily activities, except swimming. They 

additionally kept a detailed diary of type and timing of all their activities.
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Study devices

EQ02 monitoring 
The EQ02 (Equivital EQ02, Hidalgo, UK) continuously measured ECG on two channels via 

three electrodes (table 1). The EQ02 monitoring system consists of a LM 1000 Lifemonitor 

sensor electronic module (SEM), Lifemonitor belts of varying sizes, a SEM lead and charging 

dock, a blue tooth USB dongle for laptop/ PC, and an Equivital Manager to configure SEMs 

and to download and export data. For this study, SEMs were configured in clinical mode, 

and data reported retrospectively at local time. Bluetooth connectivity was disabled and 

data transmission was at partial disclosure.

An appropriately sized lifemonitor belt held the SEM onto the subject’s body. Its textile- 

based electrodes were moistened with water before making contact with the participant’s 

skin. SEMs were charged for approximately one hour after 12 hours of recording. Upon 

study completion, SEM data was uploaded onto the Equivital manager; from where date- 

and time- stamped ECG, inter-beat interval and summary data of vital signs were extracted 

and exported.

Holter ECG monitoring
The Holter (SEER MC Holter monitor, GE Healthcare, USA) measured ECG on three 

channels. The Holter consisted of seven electrodes; color- coded lead wires and a battery 

operated, digital ECG recorder. Before placement of electrodes, participants’ skin were 

prepared with alcohol and 3M red dot 2236 trace prep (3M Healthcare, Canada) to remove 

nonconductive skin layer and reduce skin impedance and eventual artefacts. Color- coded 

leads were clipped on to 3M electrodes (type 2271, 3M Healthcare, Canada) and placed 

as shown in figure 1.
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TABLE 10.1 | Technical characteristics of the EQ02 and Holter monitors

Holter Equivital (EQ02) lifemonitor

Acceptance Gold standard Relatively new device

Parameters measured ECG only
ECG, breathing rate, tri-axial accelerometry, skin 
temperature, core body temperature and energy 
expenditure, all fully synchronized.

Data presentation Retrospective Real- time (live) and retrospective (date- and 
time- stamped).

Recording modes Ambulatory Ambulatory and Clinical

Recording time Usually 24- 48 hours
Fully charged battery lasts 24- 48 hours*. The 
internal memory of the recorder stores up to 50 
days of data.

Channels 3 2

Electrodes 7 3

Type of Electrodes Stick- on Textile electrodes

Skin preparation Necessary

(Removal of non-  
conductive skin layer) None 

Convenience
Can be cumbersome due to multiple 
lead wires, sensor pads, clips and/or 
re- enforcing tapes, carry-case

Easy to wear belt

Analysis software MARS Vivosense

*For this study, the monitors were charged after 12 hours of use

Fitbit oneTM wireless activity and sleep tracker
The Fitbit oneTM (Fitbit, San Franscisco, USA) was worn on the waist (belt) during the 

day for tracking activity (step-counts) and on the sleep wrist- band at night for tracking 

sleep length and number and durations of awakenings. Upon study completion, data was 

downloaded via Fitbit dashboard. Sleep efficiency was extracted as a composite of time 

to fall asleep, number of awakenings and restless periods, total time in bed and the actual 

sleep time (23).

Data management
While data extracted from EQ02 were automatically time- and date stamped (date, time in 

hr., min., sec. & ms.), Holter data were not. Data from both devices were synchronized based 
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on the Equivital time stamp, by selecting aberrations (non-sinus beats) in two consecutive 

heart beats from the Holter that corresponded to those from EQ02, mostly around the 

start of the recording. Five-minute trends (averages) of HR, RR and HRV parameters from 

synchronized data were then extracted for analysis.

Data management: Holter monitor
Holter ECG data were analysed using MARS ambulatory Holter ECG analysis system 

(GE Healthcare, Milwaukee, WI, USA). After extraction, an exportable file was visible on 

MARS, which contained the annotations ‘N’ (normal sinus-rhythm), ‘V’ (ventricular-beat), 

‘S’ (supraventricular-beat) or ‘X’ (artefact) (figure 1A). The software recognized and grouped 

QRS complexes on similarity. This process was manually checked and corrected when the 

recognition of QRS-location was faulty or the sinus/non-sinus labeling was wrong. 

EQ02 data management: Vivosense
Raw ECG data from EQ02 was analyzed using Vivosense modular physiological monitoring 

and analysis platform (Vivonoetics, San Diego, USA). EQ02 data were visualized with 

Cardiac layout (figure 1B), for inspecting each ECG channel and derived R- wave markings, 

and artefact identification. This layout also contains accelerometer data channels for 

contextual interpretation. 

The EQ02 unit provided two leads of ECG measurements that shared a common 

reference. These were denoted as SEM_ecg1 (primary raw ECG signal) and SEM_ecg2 

(secondary raw ECG signal) respectively. Vivosense processed and performed QRS 

detection on both channels to generate two sets of R- wave markings. We chose SEM_ecg1, 

which was then scaled and filtered by Vivosense, as primary source ECG for derivation of 

RR, HR, and HRV parameters. 

Artefacts in the ECG signals were identified and annotated. Artefacts were defined as 

(i) distorted signals and/ or (ii) segments of signal in which the different waves of the ECG 

complex could not be clearly identified. Vivosense offers an algorithm that automatically 

marks and calculates artefact percentage (figure 1B), and no-, low-, medium- and high- 

artefact cleaning/ noise reduction options. The automatic artefact-marking algorithm 

takes into account the minimum and maximum allowable heart rates, presence of ectopic 

beats, maximal interpolation length and signal noise. After removal of charging times, 

Vivosense automatic cleaning of the data in this study was performed by selecting the 
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timeframe to be cleaned, setting the sensitivity level of the automatic cleaning algorithm 

at medium noise filtering, and setting the minimal and maximal allowable HR limits to 30 

and 220 beats per minutes respectively. 

In addition, complete manual cleaning of EQ02 data was done for one participant, 

involving the time- intensive process of relocating incorrectly automatically recognized 

QRS-complexes to correct locations, and manually identifying and excluding artefacts. 

Furthermore, Vivosense software calculated and displayed eight HRV indices, namely, 

average of NN-intervals (ANN), standard deviation of NN-intervals (SDNN), standard 

deviation of 5-minute averages of NN-intervals (SDANN), standard deviation of successive 

differences of NN-intervals (SDSD), square root of the mean squared differences of 

successive intervals (RMSSD), mean of the standard deviation of 5-minute NN-intervals 

(SDNNi), number of adjacent NN-intervals with a difference less than 50ms (NN50) and 

ratio of NN50 to total number of NN-intervals (pNN50).

Accuracy, precision and reliability metrics
The point accuracy of EQ02 was measured in terms of the relative difference (RD) and 

absolute relative difference (ARD) of HR measurements to assess respectively the bias 

(relative to the Holter) and the average error. The RD was calculated using the formula 

[(EQ02 HR – Holter HR)/Holter HR]. The ARD was calculated using the formula [|EQ02 

HR – Holter HR|/Holter HR]. We additionally determined the mean absolute relative 

difference (MARD) of all paired points. The mean and standard deviation (SD) of MARDs 

from all 18 participants were computed for each synchronized 24h HR measurement, to 

assess respectively the accuracy and precision of EQ02 HR measurements.

Statistical analysis
Of the original 5182 paired data points of 5- minute HR averages from 18 participants, 

4736 (91.4%) remained after exclusion of charging times. From these, three datasets 

were made containing: 1) raw data (all 4736 data points) 2) filtered data containing <50% 

artefacts (4059 (85.5%) data points) 3) filtered data containing <20% artefacts (3677 

(77.6%) data points).

To analyze the strength of the linear relationship and agreement between both devices, 

synchronized data from both devices were analyzed with Pearson correlation analysis and 

Bland-Altman plots for all three datasets. To explore possible determinants of artefacts, 
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we stratified data based on sex, day and night, and tertiles of waist: hip ratios, tertiles of 

activity. The artefact distribution in strata was compared using Chi-square (X2) test. The 

association between BMI and artefact load was assessed using linear regression.

The per-participant estimates of HR and HRV derived from EQ02 and Holter monitors 

were compared with paired t-tests. For all paired points, RD, ARD and MARD were 

determined using aforementioned formulae. 

Graphs were drawn using GraphPad Prism version 5 (GraphPad, San Diego, CA). All 

statistical analyses were performed using SPSS v.20 (SPPS Inc., Chicago, U.S.A.). Two-sided 

p-values below 0.05 were considered statistically significant.

RESULTS

Heart rate
Characteristics of study participants are summarized in table 2 and described in details per-

person in supplementary table 1. The mean age of the participants was 27.6 years (range 

19-57 years); 10 (55%) were males. The activity pattern of the participants was variable, 

ranging from 5,017 to 14,265 steps taken in 24 hours. Medical history showed that 

none of the participants had persistent chest pain, tiredness, dyspnea, lightheadedness, 

palpitations, cardiovascular diseases, hypertension, endocrine or other diseases. Two 

participants had hypothyroidism, for which they used levothyroxine (data not shown).

Different components of the cardiac cycle, including p-waves were clearly identifiable 

in the ECG tracings from both the EQ02 and Holter (figure 1).

TABLE 10.2 | Subject characteristics

Demographics N=18

Male n(%) 10(55)

Age, years 27.6(9.4)

Weight, kg 72(10.2)

BMI, kg/m2 22.5(2.4)

Waist: hip ratio 0.81(0.1)

Sleep (total hours) 580.2(156)

Step counts (total (mins) in 24 hours) 9635(2916)

% artefacts in raw EQ02 data* 19.0(14.7)

Data represent mean with standard deviation unless stated otherwise. 
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FIGURE 10.1 | Analysis software for Holter and EQ02 data management.

Figure 1A. shows the Holter monitor including its electrodes, lead wires, and its analytical software. Annotated tracings 
from the Holter can be seen on the MARS software. Figure 1B shows the EQ02 unit, consisting of the lifemonitor belt 
on which are three textile- based electrodes. ECG tracings are visualized on the cardiac layout of Vivosense software.
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Artefact management
As shown in table 2, the average artefact percentage of the 24h EQ02 data was 19% 

(SD 14.7). However, marked differences existed in data quality (supplementary table 1) 

between participants (range 1.93% to 56.45%) and within participants (range 0.75% to 

99.61%). Individual 24h graphs of Holter and EQ02 heart rate measurements of each of 

the 18 participants are shown in supplementary figure 1.

Figure 2 shows hourly averages of HR from the Holter, and EQ02 before cleaning, 

and after medium and high sensitivity cleaning for three representative participants with 

average artefact percentages over 24 hours of 1.93%, 56.45% and 22.15% respectively. 

Artefact percentages were variable throughout the day, but higher just around charging 

times, and lowest at night. At lower artefact percentages, there was good concordance 

between the EQ02 and Holter HR. In contrast, at higher artefacts percentages, there was 

discordance between the EQ02 and Holter HR values that persisted after applying the 

Vivosense automatic cleaning methods. 

In addition, 24h EQ02 data for the participant in figure 2C was cleaned manually, which 

took 24 hours. Manual cleaning did not eliminate the discordance between Holter and 

EQ02 data at high artefacts percentages.

EQ02 sensor performance
Figure 3 display the Pearson correlation coefficients of HR measured using EQ02 and 

Holter for the three datasets sorted on artefact percentage. Pearson correlations were 

0.724 for all data, and 0.955 and 0.997 for the datasets containing <50% and <20% 

artefacts respectively.

EQ02 point accuracy, mean accuracy and precision metrics
The point accuracy for EQ02 across the three datasets of varying artefact percentages are 

shown as RD and ARD distributions in figure 4A and B. For all data, 2246 of 4542 (49%) 

paired RD points had negative RD values. From the datasets containing <50% artefacts 

and <20% artefacts, respectively, 1802 of the 3882 (46%) and 1359 of the 3118 (43.6%) 

paired RD points had negative RD values. From the distribution of RD and ARD values 

shown in figure 4, the distribution of the underestimation extended over a broader range 

of HR values at higher artefact percentages.  
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FIGURE 10.2 | 24h HR measurements by EQ02 and Holter.

Hourly averages of HR measured simultaneously using the EQ02 and Holter monitors for three participants (A, B and 
C). Raw EQ02 and automatically cleaned EQ02 data using the medium and high artefact sensitivity options of the 
Vivosense software are displayed. Artefact percentages over 24hours (above each graph) and per hour (right y-axis) are 
presented.

As an indicator of mean accuracy and precision of the EQ02, the MARD in EQ02 HR 

data relative to Holter HR over 24h are presented for the three data sets in figure 4C. The 

24h MARD was 7.08±17% for all data, 3.01±10.55% for data containing <50% artefacts 
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and 1.5±10.51% for data containing <20% artefacts. As depicted by the SD of the MARD, 

while the precision did not markedly differ between <20% (SD 10.51) or <50% artefacts 

(SD 10.55), precision decreased at >50% artefacts (SD 17).

Agreement between devices
Bland- Altman plots of paired HR values from both devices are presented in figure 5, for 

the three datasets. Compared to the Holter, HR was on average lower when derived from 

EQ02, with respectively a mean (95% CI) difference of -2.8 (-29.8 to 24.3) beats per minute 

(bpm) for all data, -1.0 (-16.1 to 14.14) bpm for data <50% artefact and -0.8 (-13.5 to 11.8) 

bpm for data <20% artefacts. 

FIGURE 10.3 | Pearson correlations of HR measured by EQ02 and Holter.

Both R2 and Pearson correlation coefficients are shown for (A) all data, and filtered data containing (B) <50% artefacts 
and (C) < 20% artefacts.
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FIGURE 10.4 | Accuracy, precision and reliability of the EQ02 HR measurements.

The distribution, as a function of Holter values, of the relative difference (RD, panel A) and absolute RD (panel B) between 
each EQ02 HR measurement and its corresponding Holter HR value, for all data, and filtered data containing <50%  and 
< 20% artefacts respectively. Panel C: MARD between EQ02- and Holter- derived HR values.
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FIGURE 10.5 | Bland- Altman plots of HR measured by EQ02 and Holter.

Each dot represent paired (EQ02- Holter) HR values derived from all participants. The bias of the measurements 
(represented as solid lines) and the ± 1.96 SD (dotted lines) are presented for the measurements obtained for all data (A), 
filtered data containing <50% (B) artefacts and < 20% artefacts (C).
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Evaluation of  artefacts
In order to evaluate the artefact burden of the EQ02, we compared the artefact content 

of 24h Holter ECG recordings from 4,143 subjects with raw EQ02 data from 200 subjects. 

The average artefact percentage from the 4143 holter recordings was 2.95%, whereas the 

average artefact percentage from the 200 EQ02 recordings was 12.76%. Thus, the mean 

difference in artefact percentage in raw EQ02 compared to raw holter ECG was 10%. For 

the Holter, 77.9% of the 4,143 raw Holter ECG recordings had artefact percentage of ≤ 5%, 

whereas 65.5% of the 200 raw EQ02 ECG recordings had artefact percentage of ≤ 5%. The 

distribution of the artefacts is presented in figure 6.

Next, we evaluated possible sources of artefacts for the EQ02 recordings, including 

sex, waist: hip ratio, daytime versus nighttime (during which participants were asleep), 

activity (step counts) and BMI. The mean (SD) artefact percentages of male participants 

(19.4% (11.4)) was not significantly different (P=0.348) from that of females (15.9 (17.9)). 

When participants were divided into tertiles based on waist: hip ratio (w:h), tertile 1 (w:h 

range 0.71-0.76) had mean (SD) artefact percentage of 7.5 (3.5); tertile 2 (w:h range 0.77-

0.83) had mean (SD) artefact percentage of 16.4 (6.0) while tertile 3 (w:h range 0.87-0.92) 

had mean (SD) artefact percentage of 29.7 (18.5) (P=0.014). 

During the day, 62.9% of the data contained <20% artefacts, 17.15% contained 20-

50% artefacts and 19.9% had 50-100% artefacts. In contrast, during the night, 82.7% of 

the data contained <20% artefacts, 12.4% contained 20-50% artefacts whereas 4.9% had 

50-100% artefacts. Thus, there was considerably more artefacts during daytime compared 

to nighttime (p<0.001). 

Furthermore, we also evaluated if activity of the participants, as measured using number 

of step counts taken during the study, had a bearing on artefacts percentage. Participants 

were divided into tertiles based on step counts, representing low activity (tertile 1, with 

5017-8228 steps), medium activity (tertile 2 with 8229-11439 steps) and high activity 

(tertile 3 with 11440-14265 steps) respectively. For tertile 1 (least active), 73.3% of the 

data contained <20% artefacts, 11.8% contained 20-50% artefacts, and 14.9% of the data 

from the least active people contained 50-100% artefacts. For tertile 2 (medium active), 

66.2% of the data contained <20% artefacts, 14.7% contained 20-50% artefacts, and 

19.0% of the data contained 50-100% artefacts. Thus, there was comparatively more 

artefact in tertile 2 compared to tertile 1 (p<0.001). Similar significant result was obtained 

for comparison of tertile 3 (most active) to tertile 1 (p<0.001). 
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Finally, we assessed the association between BMI and artefact percentage. No 

significant association was found between BMI and artefact content of the EQ02 ECG 

recordings (P=0.256), data not shown.

Heart rate variability
Figure 7 graphically displays 10-minute averages of different HRV parameters for 

one participant (serial number 11, with overall average artefact percentage of 5.23%). 

Comparing HRV parameters from the two devices, the Pearson correlations were 0.967 

for ANN, 0.393 for SDNN, 0.285 for rMSSD, 0.680 for SDANN and 0.982 for pNN50 for 

the 24-hour data. However, after selecting a three-hour stretch of data containing minimal 

artefacts (1.15% artefacts), the Pearson correlation for ANN remained the same. Except 

for pNN50 with Pearson correlation of 0.967 for 3- hour data, the Pearson correlation 

coefficients of the other HRV parameters improved to 0.786 for SDNN, 0.868 for rMSSD 

and 0.991 for SDANN for the 3 hour data with minimal artefacts (figure 8).

DISCUSSION

The EQ02 is a wireless device which can be used for monitoring multiple parameters, either 

real-time/live or offline/retrospectively. This is the first study to investigate the accuracy 

of EQ02 for continuous ECG measurement by comparing EQ02 with the gold standard 

(Holter). The major findings of this study are: 1) EQ02 is a convenient device for continuous 

measurement of ECG and its derivatives; 2) marked differences were observed in data 

quality between and within participants; 3) at lower artefacts percentages, HR and HRV 

measurements from EQ02 and Holter measurements were highly correlated; 4) artefacts 

percentages were lower during nighttime, when waist: hip ratio was lower, and at lower 

activity/ movement levels, as measured by step counts taken during the study. 

EQ02 is relatively easy to wear in a home setting during habitual activities due to the 

design of the belt system with textile electrodes (the absence of wires).  The use of wireless 

fabric electrodes in the a wearable belt provides comfort that makes the system suitable 

for prolonged and/ or frequent recordings (24). However, this also imposes a limitation 

because textile electrodes are more prone to motion artefacts which interfere with R-wave 

detection (25). Since textile– based electrodes do not have adhesives or clips, the instability 
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and misplacement of the electrodes can be a possible source of the relatively higher 

artefact percentages that we observed for the ECG recording from the EQ02 monitor. 

This validation study found marked differences in EQ02 data quality between and within 

participants, as determined by the percentage of artefacts. We found more artefacts 

just before EQ02 charging times. For this study, the EQ02 was charged for one hour for 

every 12 hours of use. Removal and replacement of the monitor around charging times 

is a possible reason for the increased artefacts around charging times. Known sources 

of artefacts for cardiac telemetric devices include electrode movement with respect to 

the skin interface (disrupting electrochemical equilibrium); muscle contraction resulting in 

unwanted electromyographic contamination that may share the desired signal frequency 

band; vocalizations; temperature changes; sensor-cross-talk; optical path length changes 

and electromagnetic induction (25, 26). In literature, artefact load of cardiac telemetric devices 

have also been attributed to body movement, temporary impairment of skin electrode 

contact, loose electrode connections, broken leads, skeletal myopotentials, and ambient 

noise (27). In line, we also found that higher artefacts were found at higher activity levels, 

since this involves increased body movement.

FIGURE 10.6 | Comparison of artefact content of raw Holter data to raw EQ02 data.

Bar chart showing content and distribution of artefact in raw (uncleaned) 24h Holter ECG recordings from 4,143 subjects 
with raw EQ02 data from 200 subjects. The average artefact percentage from the holter recordings was 2.95%, whereas 
the average artefact percentage from that 200 EQ02 recordings was 12.76%. AP: artefact percentage.
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FIGURE 10.7 | 24- hour EQ02 and Holter HRV profile.

Average NN, SDNN and rMMSD of a participant over 24h, as recorded by the Holter (red) and EQ02 (blue).
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FIGURE 10.8 | Comparison between HRV parameters measured by EQ02 and Holter.

Correlation between ANN, SDNN, RMSSD and pNN50 in a participant from both devised over 24hr (A,B, C, D) and in a 
sub- selection of 3-hour data with artefact percentage 1.15% (E, F, G and H). 
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We demonstrated that at low artefact percentages, EQ02 can be used to reliably monitor 

ECG and its derivatives (HR, HRV) in relatively healthy participants. This is in accordance 

with a previous study (19) that compared HR derived from EQ02 and Polar S810i HR 

monitors under 10 minutes each of standing, lying and sitting. However, at higher artefact 

percentages (50% and higher), we found discordance between the EQ02 and Holter, 

which did not improve after application of the automatic cleaning options provided by 

Vivosense. Correlations improved by selecting data with <50% artefact or <20% artefacts. 

Similarly, HRV parameters (SDNN, RMSSD and pNN50) also showed markedly improved 

correlations after selection on a three- hour stretch of data with minimal artefacts. This 

further strengthens the finding that the quality of EQ02 is best at low artefact percentages. 

This agrees well with observations made by investigations into other mobile devices (28, 

29). For example, a validation study of the Actiheart found that HR values from Actiheart 

were in good agreement with those of other HR monitors during rest, but errors increased 

during exercises of higher intensity (28). During high intensity movements, mobile devices 

are more prone to artefacts, in comparison to during rest. In line, whilst investigating 

potential determinants of artefacts, we found that artefact percentages were lower at 

lower activity levels (fewer step counts), at night, in subjects with lower waist: hip ratio 

and also somewhat lower in females. At night, participants were lying supine and mostly 

asleep which might result in better contact with electrodes and/ or decreased movement. 

Participants with lower waist: hip ratio also had significantly lower artefact percentages 

possibly because of better fitting of the Equivital belt. This could also have been the case in 

females, since female participants wore an extra layer of underwear over the Equivital belt, 

which might have potentially reduced belt displacements. This suggest that the artefact 

content of the EQ02 would most likely be attributable to motion artefacts and/or impaired 

skin- electrode contact. 

One main limitation of our study is that it was conducted in eighteen relatively healthy 

participants without overt cardiac disease. A strength was that ECG was measured 

continuously and simultaneously using both devices over 24hours. More studies are 

needed to validate the EQ02 in specific groups, such as in the elderly, in large population 

studies and in patients with known cardiac disease. However, the susceptibility of the 

EQ02 to artefacts should be taken into account in such studies. Before application of 

Holter monitors, skin preparation is normally done with alcohol/KCl and red dot to remove 

nonconductive skin layer and reduce skin impedance to minimize artefacts. Perhaps 
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employing skin preparation techniques could also aid in minimizing artefacts with EQ02 

recordings. 

Summarily, we compared continuous ECG from EQ02 to the Holter over 24hours. 

Skin preparation, as well as clips used before application of the Holter electrodes prevents 

artefacts, whereas artefact management of EQ02 was done after data acquisition. We 

found that there was, on average, good agreement between HR and HRV values derived 

from EQ02 and Holter. However, its accuracy and reliability depended on the presence 

and quantity of artefacts. Presently, the artefact load of EQ02’s ECG recordings exceeds 

that of the Holter. This would pose a serious limitation to its clinical use in individual 

patients, especially for measurements that are especially sensitive to artefacts. On the 

other hand, if artefacts can be properly managed, the EQ02’s ability to monitor (live and/or 

retrospective), synchronize and store cardiac and other physiological parameters may offer 

potential benefits for home monitoring and/ or research purposes, as it could be useful 

for extensive continuous recording of ECG, HR, HRV and other physiologic data in large 

population studies.

Supporting information
The Supplementary Material for this article can be found online at: 

http://journal.frontiersin.org/article/10.3389/fphys.2016.00391/full 

Supplementary Table 1. Detailed characteristics of the study participants

Supplementary figure 1. 24h graphs of Holter and EQ02 heart rate measurements of 

individual study participants
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ABSTRACT

Age related cardiac changes occur in everyone, but not at the same rate. Here, 

we compared heart rate rhythms and their variability in offspring from long-lived 

siblings enriched for familial longevity (offspring) versus age-matched controls, 

and in young versus older adults. Heart rate (HR) and heart rate variability 

(HRV) were continuously measured over three consecutive days in a total of 

28 offspring, 23 age-matched aged controls and 19 young controls (mean age 

65, 66 and 23 years respectively). To take the differences in the awake/ sleep 

rhythms into account, HR and HRV were calculated during 24h, and also during 

awake and self- reported sleep periods separately.

Heart rate rhythms and HRV were not different in offspring compared to 

middle- aged controls. While the difference between HR during awake and sleep 

periods (HRawake – HRsleep), was not different between offspring and controls, the 

young participants had a higher difference compared to middle- aged controls 

(P<0.001). The mean (standard error (SE)) standard deviation of NN intervals 

(SDNN) over 24- hours was higher in young  (108.5 (6.3)) compared to the older 

adults  (83.7 (6.3)) (P=0.01). Similar results were obtained for NN50 and pNN50 

over 24h and also during awake and sleep periods. 

Thus, we observed beat-to-beat heart rate variability were increased with 

age but not with familial longevity. 
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INTRODUCTION

Cardiovascular health, like many other biologic processes, is modified by time. Age- 

associated changes in cardiac autonomic function (autonomic dysfunction) (1) have been 

linked with increased risk for a number of cardiac outcomes, including left ventricular 

hypertrophy, hypertension, heart failure, ventricular arrhythmias and sudden cardiac  

death (2-6). Autonomic dysfunction has been suggested as a common pathway leading to 

increased morbidity and mortality from cardiovascular diseases (7). Changes in cardiac 

autonomic function can be non- invasively estimated by quantifying sympathetic and 

parasympathetic inputs by measuring beat-to-beat changes in heart rate (heart rate 

variability (HRV)). 

Existing literature show that HRV is believed to decline with age (8, 9). Although 

age related changes occur in everyone, these do not occur at the same rate (10). Since 

cardiovascular ageing is influenced by genetic, lifestyle and environmental factors, 

it thus would be imperative to investigate heart rate rhythms in relation to ageing and 

longevity, since longevity has a genetic component. Epidemiological studies in both model 

organisms and humans have focused on identifying mechanisms of healthy longevity, and 

the autonomic nervous system has been identified as playing a role, since it has been 

implicated in the onset of many adverse cardiovascular events.

The Leiden Longevity Study (LLS) was designed to investigate factors associated with 

human longevity (11). Offspring of long- lived nonagenarian siblings, who are predisposed to 

become long-lived were included. Their partners with whom most have had a relationship 

and shared environment for decades, were included as age- and, environment- matched 

controls. These offspring carry 50% of the genetic advantage of their long- lived parent 

and were shown to have a 35% lower mortality rate compared to their birth cohort (11), and 

thus are genetically enriched for exceptional longevity. Offspring were observed to have a 

lower prevalence of cardiovascular diseases, myocardial infarctions, hypertension, type 2 

diabetes, as well as preserved insulin sensitivity and resistance to cellular stress, compared 

to controls of similar chronological age (11-13). Most studies of the association between 

heart rate variability and age have included subjects based on calendar age. We aimed to 

decipher whether heart rate and its variability is also modified by familial longevity as well 

as calendar age.
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Here for the first time, we investigated associations of continuously measured 72- hour 

heart rate rhythms and HRV with propensity for longevity, and (chronological) age.

METHODS

Ethics statement
The present study was approved by the Medical Ethical Committee of Leiden University 

Medical Center under protocol P11.116. All investigations were conducted according to 

the principles of the Declaration of Helsinki. All study participants gave written informed 

consent. 

Study participants
Participants for the current study were derived from the Switchbox study, which is a satellite 

study of the Leiden Longevity Study (LLS). The LLS is a family based study consisting of 421 

families with at least two long-lived siblings (men ≥ 89 years, women ≥ 91 years) of Dutch 

descent, without any selection on demographics or health (14). 

For the present study, 28 offspring from long-lived siblings and 23 middle- aged controls 

(partners from offspring) from the LLS were included. Inclusion criteria for Switchbox study 

included being aged 55–77 years, having a stable body mass index (BMI) between 19 and 33 

kg/m2 and having no significant chronic disease or medication use known to influence any 

hormonal axis. To enhance the contrast in familial longevity between groups, controls with 

a nonagenarian parent who had one or more nonagenarian siblings were excluded (based 

on telephone questioning). Exclusion criteria have been described in details elsewhere (15). 

Additional inclusion criteria specific for this study were being free- living during the 5- day 

study period, and having good quality ECG recordings. Good quality ECQ recordings was 

defined as having ≤ 20%  average artefacts on 5-day ambulatory ECG recording. 

Additionally, we further recruited 19 young healthy volunteers from the general 

population via advertisement, using the same exclusion criteria that were used for the 

middle- aged participants, except for age, which was set at 18 – 30 years. 
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Experimental protocol
At the study center, height, weight, body composition, and waist and hip circumference 

were measured, and body mass index (BMI) was calculated. Body composition was 

measured using a bioelectrical impedance analysis (BIA) meter at a fixed frequency 

of 50kHz (Bodystat® 1500 Ltd, Isle of Man, British Isles). Timing and duration of sleep 

was assessed using detailed diaries that were filled in by the participants, as well via the 

Pittsburg sleep quality index (PSQI) questionnaire (16) that was filled in by the participants 

during the study.

Fasted blood samples were collected for baseline measurement of glucose, HbA1c, 

cholesterol and HDL cholesterol. After blood withdrawal, the serum tubes were kept at 

room temperature to clot and immediately centrifuged when the samples were clotted. 

Serum was aliquoted into 500μl tubes and promptly stored at -80°C. HbA1c was measured 

on a Primus Ultra 2 HPLC analyzer (Trinity Biotech, Bray, Ireland), using Boronate affinity 

separation. Glucose levels were measured using fully automated equipment with the 

Hitachi Modular P800 from Roche Diagnostics (Almere, the Netherlands). Coefficient of 

variation for measurements ranged between 0.9–3.0%.

ECG monitoring 
Each participant was assigned to an Equivital EQ02 lifemonitor, which was worn over five 

consecutive days. The EQ02 (Equivital EQ02, Hidalgo, UK) continuously measures ECG, 

as well as breathing rate, skin and core body temperature, and tri- axial accelerometry. 

ECG was measured on two channels via three electrodes. The EQ02 monitoring system 

consisted of an LM 1000 Life monitor sensor electronic module ((SEM), Life monitor belts of 

varying sizes, a SEM lead and a charging dock, and an Equivital Manager to configure SEMs 

and to download and export data. For this study, SEMs were configured in clinical mode, 

and data reported retrospectively at local time. A lifemonitor belt, whose size was chosen 

based on the participant’s body size and fit held the SEM onto the participant’s body.  It’s 

fabric (lycra) -based electrodes were moistened with water before making contact with the 

participant’s skin (14). SEMs were disconnected from the belt after 12 hours of recording, 

for charging for approximately one hour, after which SEMs were reconnected. Upon study 

completion, SEM data was uploaded onto the Equivital manager; from where date- and 

time- stamped ECG data (raw and in mV), inter-beat interval (in sample period and in 

milliseconds), and summary data of all vital signs were extracted and exported. Circadian 

HR and HRV were calculated from the ECG.
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Data and artefact management 
Raw data from EQ02, which were automatically time- and date stamped (date, time in hr., 

min., sec. & ms.), was extracted from the EQ02 using the Equivital manager and uploaded 

to the Vivosense modular physiological monitoring and analysis platform (Vivonoetics, 

San Diego, USA). Via the cardiac layout, EQ02 data were visualized for inspection of each 

ECG channel and derived R- wave markings. This layout also contained accelerometer data 

channels for contextual interpretation and artefact identification, raw SEM waveforms and 

quality control. 

After removal of charging times, the ECG data was cleaned using automatic cleaning 

methods in Vivosense, by selecting the timeframe to be cleaned, and the automatic 

cleaning module and setting the lower HR limit to 30 and the upper limit to 220. For the 

analysis contained in this study, only files containing less than 20% artefacts were selected 

for HR analysis and files with less than 2% artefacts were used for HRV analysis. Thus, 

data from days 2-5 was used for the HR analysis, whereas the 24- hour data with than 2% 

artefacts were used for HRV analysis.

Five-minute trends (averages) of HR, RR and HRV parameters in time domain were 

extracted for analysis. Five- minute HR averages of less than 30 beats per minutes were 

considered non- physiological (probably caused by undetected artefacts) and excluded 

from analyses. Furthermore, eight HRV indices, namely, average of NN intervals (ANN), 

standard deviation of NN intervals (SDNN), standard deviation of 5 minute averages of NN 

intervals (SDANN), standard deviation of successive differences of NN intervals (SDSD), 

square root of the mean squared differences of successive intervals (RMSSD), mean of the 

standard deviation of 5 minute NN intervals (SDNNi), number of adjacent NN intervals 

with a difference less than 50ms (NN50) and ratio of a NN50 to total number of NN 

intervals (pNN50) were extracted from Vivosense for analysis .

 

Statistical analysis
All data are presented as mean with standard errors (SE). Groups were compared using 

linear mixed effects models, with adjustment for sex. To take the differences in awake/ 

sleep rhythms into account, we studied first the continuous rhythm over three days and 

then the rhythms during awake periods and sleep periods separately, based on the self- 

reported sleep data provided by the participants. Differences between HR on awake 

and sleep periods were compared between offspring, partner and young using unpaired 
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T-tests with Welch’s correction. All statistical analyses were performed using SPSS v.20 

for Windows (SPPS Inc., Chicago, IL, U.S.A.). Graphs of 24h HR and HRV trajectories were 

drawn using GraphPad Prism version 5 (GraphPad, San Diego, CA). Two-sided p-values 

below 0.05 were considered statistically significant. 

RESULTS

Characteristics of the young individuals from the general population and middle- aged 

individuals with propensity for longevity and their age-matched controls from the Leiden 

Longevity Study are summarized in table 1. To study the relation between heart rate rhythms 

and familial longevity, participants were selected on the basis of the age of their parents. 

Thus the parents of the offspring were significantly older than those of the middle- aged 

controls (P<0.001) and those of the young controls of whom most parents are still alive 

(P<0.001). The mean age and cardiovascular risk factors were not significantly different 

between the middle aged controls and the middle aged participants with propensity for 

longevity. 

The number of females was lower in the middle aged with propensity for longevity (46%) 

compared to middle aged controls (56.5%) and to the young group (63.2%). All subsequent 

analyses were therefore adjusted for sex. In all groups, BMI and serum parameters were all 

within the normal range.

Heart rate rhythms
The heart rate rhythms were measured continuously over three consecutive days. Figure 

1 shows the 3-day heart rate rhythms for one representative offspring enriched for 

familial longevity (Figure 1A), one representative middle-aged control (Figure 1B), and one 

representative young participant (Figure 1C).
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TABLE 11.1 | Description of study subjects

Leiden Longevity Study General population

Middle- aged  
Offspring 
N=28

Middle- aged  
Controls 
N=23

Young  
Controls 
N=19

Age of parents*

Age of father 90.0 (9.2) 72.8 (12.6) 57.1 (6.4)

Age of mother 88.25 (10.0) 76.7(17.6) 54.7 (3.4)

Anthrometrics

Age, years 65.38 (6.7) 65.7 (6.9) 22.9 (2.1)

BMI kg/m2 25.65 (3.9) 26.4 (4.4) 23.2 (2.4)

Lean mass 52.9 (10.9) 51.1 (9.4) 58.1 (11.0)

Fat, kg 23.3 (7.0) 26.6 (10.1) 14.6 (4.9)

Female (%) 13 (46.4) 13 (56.5) 12 (63.2)

Serum parameters

Glucose, mmol/l 5.5 (0.4) 5.5 (0.5) 4.9 (0.4)

HbA1c, mmol/mol 34.8 (2.0) 35.6 (39)

Cholesterol, mmol/l 5.9 (0.9) 5.7 (0.9) 4.7 (0.9)

HDL cholesterol 1.8 (0.6) 1.7 (0.6) 1.7 (0.5)

Cardiovascular risk

Alcohol n(%) 1 (3.6) 1 (4.3) 2 (10.5)

Systolic BP 151.3 (18.5) 155.7 (19.9) 119.2 (13.0)

Diastolic BP 91.3 (10.7) 91.0 (10.8) 75.5 (8.73)

Anti-hypertensives 4 (14.3) 5 (22.7) 0 (0)

CVD n(%) 1 (3.6) 2 (8.7) 0 (0)

Activity

Working full time n(%) 16 (57.1) 16 (69.6) 19 (100)

Hours worked per day 5.7 (8.2) 4.4 (2.1) 8 (1.3)

Sleep duration(hours) 7.58 (0.93) 7.28 (0.96) 7.82 (1.19)

Motion** 36.7 (66.8) 36.7 (52.7) 37.6 (58.9)

Data presented as mean (standard deviation) unless otherwise stated. BMI: Body mass index. CVD: cardiovascular 
disease.
* Age of parents indicate age at death or age at moment the questionnaire was taken.
**Motion indicate mean tri-axial body movement per five minutes as measured by the equivital monitor.
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FIGURE 11.1 | 3-day heart rate rhythm of one representative participant each from the offspring, 
middle- aged controls, and the young.
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Heart rate: familial longevity
To test if heart rate rhythm is modified by familial longevity, we compared the continuously- 

measured 5- minute HR averages in offspring enriched for longevity to those of age- 

matched controls. As shown in table 2, the mean HR for the three- day period, and 

during awake and sleep periods was not significantly different in offspring compared to 

age-matched controls. The mean HR over the entire three days and when stratified to 

awake and sleep periods was 70.8, 76.1 and 62.6 beats per minute (bpm) respectively 

for the offspring and 71.4, 75.2 and 62.6 bpm respectively for the middle- aged controls. 

We further measured the difference between HR during awake and sleep periods, as a 

measure of fitness and adaptability. The mean (HRawake – HRsleep) difference in HR did not 

significantly differ in offspring compared to controls (P=0.150).

TABLE 11.2 | Mean heart rate in groups that differ in familial longevity or calendar age.

Leiden Longevity Study General population P-value* P-value**

Middle- aged 
Offspring 
N=28

Middle aged 
controls  
N=23 

Young  
controls 
N=19

Heart rate (HR)

Over 3- days 70.80 (1.4) 71.43 (1.8) 70.15 (2.0) 0.760 0.633

Awake 76.13 (1.7) 75.22 (1.9) 78.03 (2.2) 0.803 0.335

Sleep 62.56 (1.2) 62.61 (1.6) 59.72 (1.8) 0.798 0.229

HRawake – HRsleep 13.57 (2.1) 12.61 (2.5) 18.31 (2.7) 0.150 <0.001

Data presented as mean with standard error.  
* P-value for difference between offspring with propensity for longevity and middle aged controls.  
**P-value for difference between young and middle aged controls. 
All analyses were adjustment for gender.

Heart rate: Chronological age
Table 2 also shows the result of the comparison of continuously- measured 5- minute HR 

averages in young participants and middle aged control participants, to assess if heart rate 

rhythm is modified by chronological age. The mean HR for the three- day period, during 

awake and during self- reported sleep periods was not significantly different in young 
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compared to middle aged controls. The mean HR over the entire three days and when 

stratified to awake and sleep periods was 71.4, 75.2 and 62.6 bpm respectively for the 

middle- aged controls and 70.2, 78.0 and 59.7 bpm respectively for the young controls. 

However, when the difference between HR during awake and sleep periods was compared 

in young versus middle aged controls, the mean (HRawake – HRsleep) difference in young 

was significantly higher in young compared to middle aged controls (P<0.001).

Heart rate variability
The differences in variability in 24h heart rate between offspring compared to middle- aged 

controls and middle- aged controls compared to young was assessed using five parameters 

of heart rate variability, namely SDNN, RMSSD, SDNNi, NN50 and pNN50. The results are 

presented in table 3.

Heart rate variability: familial longevity
To assess which parameters of heart rate variability associated with familial longevity, 

we compared HRV parameters between offspring and middle- aged controls, as shown 

in table 3. For the whole 24- hour period, the mean SDNN, RMSSD SDNNi and SDANN 

were consistently but not statistically significantly lower in the offspring compared to 

middle- aged controls. Conversely, NN50 and pNN50 seemed to be higher in the offspring, 

although not statistically significant. SDNN, RMSSD, NN50 and pNN50 showed a trend of 

increased variability during self- reported sleep- time compared to awake periods, in both 

offspring and middle- aged controls.

Heart rate variability: Chronological age
We also compared parameters of heart rate variability in middle- aged controls to young 

controls in order to test which parameters of 24- hour HRV associated with chronological 

age. As  depicted in table 3, there were no significant differences in RMSSD, SDNNi and 

SDANN in middle- aged controls compared to young controls, neither during the full 24- 

hour period, nor during awake or sleep- time. On the other hand, after adjustment for sex, 

younger participants had higher mean (standard error (SE)) SDNN compared to the older 

adults (108.5 (6.3) versus 83.7 (6.3), P=0.011. Similar difference was seen in SDNN during 

awake periods but not during sleep. 
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TABLE 11.3 | Parameters of 24- hour heart rate variability in groups of different calendar age and 
familial longevity

Leiden Longevity Study General population P-value* P-value**

Middle- aged 
Offspring 
N=10

Middle aged 
Controls  
N=12

Young Controls 
N=12 

Measure of total HRV 

SDNN

24hr 76.8 (8.1) 83.7 (6.3) 108.5 (6.3) 0.634 0.011

Awake 72.7 (7.6) 78.2 (6.6) 104.3 (6.7) 0.685 0.011

Sleep 81.1 (12.5) 95.5 (1.5) 112.0 (11.3) 0.511 0.307

Measures of short- term HRV

SDNNi

24hr 276.6 (99.5) 403.5 (213) 575.9 (238) 0.438 0.598

Awake 207.0 (133) 486.9 (131) 196.5 (160) 0.137 0.157

Sleep 403.8 (146) 248.0 (516) 1054.2 (513) 0.336 0.265

SDANN

24hr 124.5 (65.2) 235.5 (66.2) 171.9 (71.5) 0.329 0.542

Awake 72.5 (77.0) 279.2 (76.0) 122.2 (86.5) 0.120 0.103

Sleep 220.6 (106) 93.6 (117.3) 270.2 (116) 0.399 0.291

Measures of vagal activity

RMSSD

24hr 68.5 (11.6) 83.6 (9.2) 95.4 (9.2) 0.427 0.368

Awake 61.7 (11.3) 78.0 (10.0) 90.0 (10.1) 0.367 0.406

Sleep 76.8 (17.2) 95.9 (15.4) 98.5 (15.1) 0.482 0.905

NN50

24hr 96.1 (25.7) 79.4 (21.7) 192.8 (21.9) 0.652 0.002

Awake 84.2 (25.7) 78.9 (27.7) 181.3 (24.7) 0.887 0.009

Sleep 110.0 (32.2) 82.3 (27.2) 200.8 (27.4) 0.553 0.007 

pNN50

24hr 0.160 (0.042) 0.112 (0.036) 0.297 (0.037) 0.422 0.002

Awake 0.122 (0.039) 0.109 (0.039) 0.255 (0.040) 0.808 0.018

Sleep 0.207 (0.054) 0.121 (0.045) 0.340 (0.045) 0.276 0.003

Data presented as mean with standard error. *P-value for difference between young and middle aged from the general 
population, with adjustment for gender. ** P-value for difference between middle aged from the general population and 
middle- aged with propensity for longevity. All analyses were adjustment for gender.
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FIGURE 11.2 | 24h HRV parameters (SDNN and pNN50) in offspring, middle aged controls and 
the young.



11

Ch
ap

te
r 1

1

248

Also, younger participants showed higher NN50 and pNN50 values, which was found 

from the 24hr analysis and also when stratified for awake and sleep period. The mean (SE) 

pNN50 in young compared to older adults was 0.297 (0.037) versus 0.112 (0.036), P= 

0.002 during the 24h period, 0.255 (0.040) versus 0.109 (0.039), P=0.018 during awake 

periods, and 0.340 (0.045) versus 0.121 (0.045), P= 0.003 during self- reported sleep time. 

The differences in SDNN and pNN50 in young compared to older adults are visualized in 

figure 2. 

DISCUSSION 

We report two main findings. First, mean 3- day heart rate was not different in offspring 

compared to middle- aged controls, or in middle- aged controls compared to younger 

participants. However, difference between HR during awake and sleep periods (HRawake 

– HRsleep), as a measure of fitness and adaptability, was higher in young compared to 

middle- aged controls. Secondly, we observed significantly higher values of SDNN, NN50 

and pNN50 in young compared to older adults, and the difference in the latter two HRV 

parameters were consistent both during awake and sleep periods. 

Cardiovascular events are known to increase with age. It is well established that the 

autonomic nervous system, which acts as control system for the body’s visceral system, 

associates with cardiovascular mortality, including sudden cardiac death (3, 8, 9, 17). Heart 

rate is controlled on a beat- to- beat basis by the combined effects of the sympathetic 

and parasympathetic system. Continuous measurement of HR and its variability provides 

a non- invasive way to measure autonomic activity. In our study, we measured HRV in the 

time domain. In young compared to older adults, we found that increased variability in 

SDNN, NN50 and pNN50. The SDNN is considered as the most global measure of HRV 

because it captures total HRV while being insensitive to small measurement errors (17, 18). 

Since the SDNN is a measure of total HRV, it is not surprising that we found higher SDNN 

in younger compared to older participants. This is in line with previous studies that show 

that HRV decreases with increasing age (3, 8, 17). The differences have been ascribed to a 

decline in parasympathetic activity and possible sympathetic nervous system (8). In line, we 

found differences also on NN50 and pNN50, which are measures of vagal activity.
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Concerning heart rate, we did not find significant differences in heart rate in the main 

study sample, neither in offspring compared to controls, or in the controls compared to 

young. While the difference between HR during awake and sleep periods (HRawake – HRsleep), 

was not different between offspring and controls, the young participants had a higher 

difference compared to middle- aged controls. This could be a reflection of the difference 

in behaviour and activity patterns, since young participants worked longer hours per day, 

and moved more, in comparison with the offspring and middle aged controls. The ability to 

maintain comparatively higher heart rate during the day and lower heart rate during sleep 

periods could thus suggest that the young had comparatively more adaptable day- night 

heart rate rhythms, or more preserved global autonomic nervous system (1).

To our knowledge, this is the first study where continuously measured heart rate and 

its variability were compared in offspring enriched for familial longevity and age- matched 

controls. Previously, offspring have been shown to differ from partners in many cardio- 

metabolic parameters compared to controls of similar calendar age (12, 13, 19) However, 

in both the main and full study samples, we found no difference in HRV parameters in 

offspring enriched for familial longevity and controls. In a previous study in which healthy 

participants aged 10 – 99 years were included, HRV parameters were found to decrease 

with age, and it was concluded that persistently high HRV could be predictive of longevity 
(20). In line, we also found that HRV was lower in older compared younger participants. 

However, this was not the case in offspring enriched for longevity and age- matched 

controls. Thus, our findings that heart rate and its variability did not differ would suggest 

that familial longevity may not be characterized by changes in the autonomic nervous 

system. This may be in line with previous arguments that HRV studies in older adults could 

be confounded by increasing erratic rhythms, and so, difference found in previous studies 

may not be due to longevity (21,22).

A strength of this study is that the heart rate and its variability was continuously 

recorded over 5 consecutive days, during the home setting of the participants. A limitation 

of this study is that we only examined cross-sectional associations and so, our findings 

are only descriptive. Another limitation is the small sample size. Using continuous ECG 

measurement, we observed beat-to-beat heart rate variability were increased with age but 

not with familial longevity. These findings possibly offer more insight into the association 

between different parameters of heart rate variability and aging. Sufficiently powered 

follow-up studies are needed to evaluate cause or consequence in the relation between 

parameters of heart rate variability and aging.
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In this thesis, we examined three interacting systems that have been identified as 

contributing to a slower pace of ageing, namely the glucose/ insulin metabolism (part I), 

thyroid (HPT) axis (part II), and the autonomic nervous system (part III). In this chapter, 

the key findings of the studies will be discussed, and the results put into the context of 

scientific literature. Finally, directions for future practice and research will be discussed. 

KEY FINDINGS 

In this thesis, we found that familial longevity is associated with more pronounced 

relation of insulin parameters with microstructural brain parameters, and by higher TSH 

secretion, in the absence of differences in metabolism. In addition, familial longevity was 

not associated with differences in heart rate and its variability as a proxy for the autonomic 

nervous system. Using specialized MRI techniques (MTI), we showed that subtle changes 

in microstructural brain parenchymal homogeneity in relation to insulin can be detected, 

even in brain tissue that appears normal on conventional MR imaging sequences. From 

our studies, peripheral insulin action seemed to be a stronger indicator of micro- structural 

(perhaps early) brain integrity than glucose in normo-glycemic older adults. Furthermore, 

we found that intranasal application of insulin improved brain perfusion in parietal grey 

matter, occipital gray matter and in the thalamus. Our results strengthen the growing body 

of evidence that the brain plays a key role in glucose regulation.

GENERAL DISCUSSION AND  
FUTURE PERSPECTIVES

In literature, IGF-1/glucose/Insulin signaling (IIS), the hypothalamic/pituitary/thyroid (HPT) 

axis and the autonomic nervous system have been identified as part of the key modifiers of 

the rate of ageing. Elasticity, robustness and precision of these processes, as co- ordinated 

by the brain are proposed to be critical to a slower pace of ageing. Conversely, dysregulation 

in one or more of these systems would accelerate the pace of ageing. 
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Glucose/ insulin and longevity
With the global population ageing, there has been an astonishing increase in the prevalence 

of obesity (1), metabolic syndrome (2), type 2 diabetes (3) and neurodegenerative diseases (4). 

Insulin resistance is a shared feature in these diverse pathologies (5-9). Besides regulating 

peripheral glucose homeostasis, insulin is an important neuromodulator that contributes to 

neurobiological and other processes (10, 11). 

From the magnetization transfer imaging studies, we showed that peripheral insulin 

action seemed to be a stronger indicator (than glucose) of micro- structural (perhaps early) 

brain integrity in older adults without diabetes. Higher insulin parameters were associated 

with measures of decreased myelin and axonal integrity, and these associations were 

more pronounced in offspring and “younger” older adults in whom glucose-regulatory 

compensatory mechanisms are probably more intact. Theoretically, the inverse association 

between peripheral parameters of glucose metabolism and microstructural brain 

parenchymal homogeneity can be due to either loss of brain integrity as a consequence 

of defects in glucose regulation, or explained by defects in glucose metabolism being a 

consequence of deficits in brain integrity.

Due to paucity of experimental studies in humans on the effects of insulin in the brain, 

the exact mechanism through which insulin relates to brain function remains unclear. To 

possibly account for our findings, we therefore propose two candidate mechanisms, which 

we would refer to as ‘ageing brain effect’ and ‘ageing insulin effect’.

The first candidate mechanism is the ‘ageing brain effect’ (figure 1A). It is becoming 

clearer that the brain plays an important role in the regulation of peripheral glucose and 

insulin action (6). Age related brain changes (reduced integrity of myelin and axons, and 

shrinkage of large neurons) are accompanied by reduction in brain volumes and function. 

Brain control of glucose levels may also be affected, for which the body may compensate 

by higher peripheral insulin secretion by the pancreas. Thus, age induced reduction in brain 

integrity is proposed to be the trigger for increased peripheral insulin resistance. 

The second candidate mechanism is the ‘ageing insulin effect’ (figure 1B), in which 

reduced brain integrity is proposed to occur as a consequence of peripheral insulin resistance. 

Here, due to ageing, peripheral tissues such as muscles and adipose tissues become less 

sensitive to insulin, leading to increase in circulating glucose levels (12). To compensate for 

this, more insulin is secreted peripherally to maintain tight glucose control (13). Thus, the 

brain may become overstimulated or insulin resistant as a consequence of chronically 



12

Ch
ap

te
r 1

2

256

elevated peripheral insulin levels, both of which could result in reduced brain integrity (5, 14). 

Both candidate mechanisms ultimately result in peripheral hyper-insulinaemia. To protect 

the brain from overstimulation of neuronal insulin signalling by chronic hyper-insulinaemia, 

brain insulin receptors may be down regulated, resulting in central insulin resistance. The 

inferred inverse relation between peripheral and CSF insulin levels in humans supports this 

hypothesis (15, 16). Central insulin resistance may also have adverse consequences, as insulin 

signalling pathways are important for regulation of neuronal growth and differentiation 

and insulin has neuro-protective roles against neuronal apoptosis induced by oxidative 

stress (17). Thus, deficits in central insulin action may further aggravate decreased brain 

integrity.

FIGURE 12.1 | Schematic diagrams showing the possible trajectories for the effect of ageing on 
the relationship between insulin and the brain.

Panel 1A shows the ‘ageing brain’ effect, in which peripheral insulin resistance occurs due to ageing- induced diminished 
brain function, which is then compensated for by increased insulin production. The second candidate mechanism is the 
‘ageing insulin’ effect (panel 2B), in which ageing- induced decrease in insulin sensitivity in peripheral tissues stimulates 
the pancreas to secrete more insulin. The subsequent continued brain stimulation by chronically elevated insulin levels 
eventually lead to decreased brain integrity.

Previous studies have shown that selective administration of insulin to the brain can 

have beneficial effects on brain (cognition, memory) and peripheral (weight control, food 

intake and palatability, body fat) function (18-23). However, the mechanisms through which 

insulin does this remains unclear. We showed that intranasal insulin led to increased 
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perfusion in the parietal and occipital grey matter regions, and in the thalamus of older 

adults. However, the functional and clinical implications of this increased perfusion remain 

unclear. Future studies can be aimed at deciphering this, and establish the link (if any) 

between increased perfusion and the previously known and other beneficial effects of 

intranasal insulin. The data from our intranasal insulin study and previous studies show 

that insulin can be safely delivered to the brain through the intranasal route, without 

affecting circulating glucose and insulin levels. Further studies are also required whereby 

insulin is targeted at the brain of persons with metabolic disturbances, such as type 2 

DM, to investigate whether intranasal insulin can rescue some of their existing metabolic 

disturbances.

Thyroid axis and longevity
Thyroid hormones (TH) influence a wide range of peripheral and brain-related functions 

including cognition and regulation of energy homeostasis. Like the glucose/ insulin axis, 

the hypothalamic-pituitary-thyroid (HPT) axis plays a critical role in the maintenance of 

energy homeostasis (intake and expenditure) by acting on metabolic tissues. TH levels 

tend to decline during ageing, and higher thyroid stimulating hormone (TSH) levels have 

been associated with longevity in humans. In our study, we looked at the mechanism 

underlying the link between TSH/TH and longevity. Although serum levels of TSH were 

higher in offspring from long-lived families at every 10- minute time point during 24 hours, 

TH did not differ between the groups. We also assessed energy metabolism in relation 

with familial longevity in humans, since metabolism has been associated with longevity 

in different animal models and plays a central role in different ageing theories. Familial 

longevity was not associated with differences in energy metabolism. Experimental studies 

are needed to explore how higher TSH levels are  related with familial longevity.

Besides TH having marked influences over brain structure and function, their hyper- and 

hypo- secretion adversely affect neuronal production and survival, dendritic arborisation 

and other neuroplastic events, and neurotransmitter supply, all of which are reflected in 

disruptions of cognitive performance and mood and emotional states as well as circadian 

rhythms and sleep. Since subclinical hypothyroidism (SCH), considered as early thyroid 

failure, might also influence brain structure and function, we reviewed existing literature 

on the relation between SCH and cognition in older adults. No evidence was found to 

support the association between SCH and cognition. The review however showed that 
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epidemiological studies on SCH have used different TSH cut- off values. There is therefore 

a need for standardisation of reference ranges in all ages, and for age- appropriate reference 

ranges when evaluating thyroid dysfunction in the elderly. 

Heart rate and its variability in longevity
Heart rate and its variability patterns are believed to change with age, likely due to a change 

in autonomic control of the central nervous system. Using the validated Equivital (EQ02) 

lifemonitor, our studies confirmed that heart rate during sleep increased with calendar 

age. Three heart rate variability parameters (SDNN, NN50 and pNN50) also increased with 

calendar age, over the 24- hour period, and when analysed during daytime and sleep-

time separately. However, such differences were not found when offspring enriched for 

longevity were compared to controls of similar age. Thus, our findings that heart rate and 

its variability did not differ between groups would suggest that familial longevity may not 

be characterized by changes in the autonomic nervous system. This may be in line with 

previous arguments that HRV studies in older adults could be confounded by increasing 

erratic rhythms, and so, differences found in previous studies may not be due to longevity 
(24, 25). Future studies can be aimed at disentangling this.

REFLECTIONS ON HUMAN  
LONGEVITY:  
DOES THE BRAIN (CROSS) TALK 
WITH THE PERIPHERY?

In model organisms such as Caenorhabditis elegans and Drosophila, solid evidence has shown 

that certain brain neurons can mediate environmental influences on ageing, and longevity 

can be induced by neural manipulation of pathways such as insulin or IGF-1 signaling (IIS) 
(26-31). Similar to insulin or IGF-1 signaling, the thyroid axis (HPT), via thyroid hormones (TH) 

also regulates neural development. The central nervous system is particularly dependent 

on TH for normal maturation and peripheral and brain function (32, 33). TH plays a critical 

role in longevity. In mice, a negative correlation has been demonstrated between thyroid 

hormones and ageing (33), and a combination of reduced TH and IGF-I signaling results 

in the long-lived phenotype (32, 33). In humans, a link has been repeatedly demonstrated 
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between the thyroid axis and longevity (34-37). Furthermore, experiments suggest that 

the brain can rapidly influence insulin sensitivity, in an age- related manner, through the 

autonomic nervous system (ANS) (38-42). Thus, these metabolism-controlling signals (IIS, 

HPT and ANS) are linked via reciprocal controls involving the brain and periphery, and 

determine an organism’s capacity to adapt to changing environments and to ageing.

The hypothalamus is known to have fundamental roles in growth, development, 

reproduction, metabolism and lifespan. The hypothalamus, via its reciprocal projections 

to other brain regions and the periphery, is central for the neuroendocrine interaction 

between the central nervous system and the periphery. Insulin, via the hypothalamus, is 

considered a link between the adaptive feeding (brain regulated) and changing energy 

requirements (periphery regulated). Insulin, a signal reflecting energy availability and 

reserves, provides direct negative feedback to hypothalamic nuclei that control energy 

and glucose homeostasis, both centrally and peripherally. Likewise, via hypothalamic 

control, metabolic homeostasis and ageing is integrated by thyroid hormones, possibly via 

effects of TH on membrane composition, inflammatory responses, stem cell renewal and 

synchronization of other physiological responses (33). 

With the expansion of population ageing, numerous works in literature have focussed 

on neuro-endocrine features of ageing and longevity. Our studies contribute to existing 

knowledge of the crosstalk between the brain and periphery. For example, we showed 

that familial longevity is associated with more pronounced relation of insulin parameters 

with microstructural brain parameters, and by higher TSH secretion, in the absence of 

differences in metabolism. Building on our finding of differential TSH secretion with 

longevity, future studies can be aimed at deciphering the mechanisms underlying the 

increased TSH secretion with longevity potential. This could be via challenge experiments 

using recombinant TSH to decipher the thyroidal and extra- thyroidal effects of TSH, its 

mechanisms of action, and potential therapeutic effects.

Selective administration of insulin to the brain has been previously shown to have 

diverse central and peripheral effects, including beneficial effects on cognition, memory, 

weight control, food intake and palatability, body fat, etc. (18-23). Our studies also show 

that intranasal insulin increased perfusion in the parietal and occipital brain regions in 

older adults. Future studies can be aimed at testing the short- and long-term effects of 

intranasal insulin and the consequent functional and clinical implications, especially in 

persons with impaired glucose metabolism. Since resetting the hypothalamic programing 
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has been shown to accelerate or decelerate the ageing process in mice (43), further studies 

can thus be aimed at deciphering if resetting the hypothalamic programing can be attained 

in humans, using insulin that is specifically targeted to the hypothalamus. One way to 

measure such brain effects could be via non- invasive techniques such as measurement 

of blood oxygen level dependent (BOLD) brain responses, which would allow mapping of 

brain activities during functional MRI studies.  

Indeed, as regards human longevity, the brain cross-talks with the periphery, via (but 

not limited to) its reciprocal connections with the metabolism-controlling signals (IIS, HPT 

and ANS). The links between these neuro- endocrine axes can be explored to find new 

therapeutic measures and strategies for slowing the pace of ageing, thereby facilitate 

health in old age.
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NEDERLANDSE SAMENVATTING

In dit proefschrift zijn drie interacterende systemen bestudeerd die allen invloed hebben 

op de snelheid van het verouderingsproces in mensen: het glucose/insuline metabolisme 

(deel I van dit proefschrift), de schildklier as (deel II), en het autonome zenuwstelsel (deel 

III).

Deel I van dit proefschrift begint met hoofdstuk 2. In dit hoofdstuk laten wij zien dat 

metingen van interstitieel glucose zoals bepaald met de   “Continue Glucose Monitor” 

(CGM) sterk overeenkomen met veneuze glucose waarden. Echter, was er grote variatie in 

de ‘per- persoon’ Pearson correlatie coëfficiënten van de glucose bepalingen met de CGM. 

Bovendien waren de berekende maten van glycemie en glycemische variabiliteit lager met 

de CGM. 

Hoofdstuk 3 en 4 beschrijven de relatie tussen maten van glucose metabolisme en 

maten van macro- en micro-structurele hersenintegriteit in ouderen met diabetes. We 

hebben gebruik gemaakt van Magnetization Transfer Imaging (MTI), een techniek die het 

toe laat om subtiele veranderingen in micro-structurele breinparenchym homogeniteit 

te detecteren, welke met conventionele MRI technieken niet zichtbaar zijn. Dit maakt 

MTI een gevoelige techniek om leeftijds- en ziekte gerelateerde veranderingen in het 

breinparenchym te detecteren. In hoofdstuk 3 laten we zien dat alhoewel hogere bloed 

glucose waardes geassocieerd zijn met macro-structurele schade, verminderde insuline 

gevoeligheid juist sterker associeert met verminderde micro-structurele homogeniteit 

van het breinparenchym. In hoofdstuk 4 tonen we aan dat hogere insuline parameters 

geassocieerd waren met verminderde myelinisatie en axonale integriteit, en dat deze 

associatie sterker was in nakomelingen van lang levende families en in “jongere” ouderen 

waarbij de glucose regulerende compensatie mechanismen beter intact zijn. Hoofdstuk 

3 en 4 laten beiden zien dat insuline, in vergelijking met glucose, mogelijk een sterkere 

indicator is voor veranderingen in micro-structurele (mogelijke vroege) brein integriteit in 

ouderen zonder diabetes.

Hoofdstuk 5 beschrijft een gerandomiseerde, dubbel blinde, placebo gecontroleerde 

cross-over trial, waarbij 40 IU insuline of placebo werd toegediend via een nasale verstuiver. 

Deze procedure kan veilig worden toegepast omdat er hierbij geen insuline in de perifere 

circulatie terecht komt, hetgeen ook bleek uit de observatie dat er geen toename was in 

circulerende waarden voor glucose en insuline in vergelijking met placebo. In hoofdstuk 5 

tonen we aan dat intranasaal toegediend insuline leidt tot een toename in brein perfusie 
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bij ouderen. Hoofdstuk 6 geeft een overzicht van de huidige kennis over glucose, insuline, 

veroudering en het brein.

In deel II, evalueren wij de schildklier as als één van de systemen die het 

verouderingsproces moduleren. Ten gevolge van het sterke circadiaanse ritme in de 

afscheiding en de korte halfwaardetijd van schildklier stimulerend hormoon was het 

noodzakelijk om herhaaldelijk bloed af te nemen om de secretie van schildklier stimulerend 

hormoon te kunnen berekenen.   

In hoofdstuk 7, hebben wij bestaande venapunctie protocollen aangepast   om 24 

uurs bloed afname,  met elke 10 minuten een afname, toe te kunnen passen  in ouderen. 

Pragmatische aanpassingen werden gemaakt om voor, gedurende en na de bloedafnames 

de veiligheid en de effectiviteit van afname te garanderen. In hoofdstuk 8 bestuderen we 

de TSH afscheiding en schildklier hormoon waardes gedurende 24 uur in nakomelingen uit 

lang levende families en hun partners zonder familiaire aanleg voor langlevendheid. Wij 

tonen hiermee aan dat familiare langlevendheid word gekarakteriseerd door een hogere 

TSH afscheiding zonder veranderingen in het energie metabolisme.

Hoewel het algemeen bekend is dat schildklier hormonen de brein functie beïnvloeden, 

blijft het controversieel of subklinische hypothyroïdie ook een effect heeft op cognitie. 

Om hier meer helderheid over te krijgen beschrijven wij in hoofdstuk 9 een systematische 

meta-analyse van gepubliceerde studies over de relatie tussen subklinische hypothyroïdie 

en cognitieve functie in ouderen. Cross-sectionele en prospectieve analyses laten beiden 

geen associatie zien tussen subklinische hypothyroïdie en cognitieve functie in ouderen.

In deel III, bestuderen wij het autonome zenuwstelsel door meting van hartslag en 

hartslag variabiliteit als indicatoren van sympathische en parasympatische cardiale 

activiteit.

In hoofdstuk 10, valideren wij de werking van de “Equival EQ02 Lifemonitor” (EQ02), 

een gebruiksvriendelijk en veilig draadloos systeem wat de mogelijkheid biedt om continue 

ECG, hartslag en hartslag variabiliteit te meten, in vergelijking met de Holter monitor welke 

als de gouden standaard wordt gezien voor ambulante ECG metingen. Wij laten zien dat 

alhoewel er opvallende verschillen zijn in data kwaliteit in metingen tussen en binnen 

deelnemers, de hartslag en hartslag variabiliteit metingen van de EQ02 en de Holter 

monitor metingen zeer sterk correleren bij lage artefact percentages. 

In hoofdstuk 11 maken wij gebruik van de EQ02 om de cardiale ritmes te karakteriseren 

in relatie tot chronologische leeftijd en familiaire langlevendheid met behulp van continue 
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metingen van hartslag en hartslag variabiliteit in jongeren in vergelijkingen met ouderen, en 

in nakomelingen van langlevende  families in vergelijking met deelnemers van vergelijkbare 

leeftijd maar zonder familiare geschiedenis van langlevendheid. Wij tonen aan dat 

familiare langlevendheid niet is geassocieerd met grote verschillen in cardiale parameters. 

Daarentegen vonden wij verschillen in parameters van totale hartslag variabiliteit en van 

vagale activiteit bij jonge deelnemers in vergelijking tot ouderen. 

Samenvattend laten de resultaten in dit proefschrift zien dat het brein een belangrijke 

rol speelt in de regulatie van het glucose en insuline metabolisme, dat insuline een sterke 

indicator lijkt voor micro-structurele (mogelijk vroege) verandering in brein integriteit in 

normoglycemische   ouderen en dat intranasaal toegediend insuline een positief effect 

kan hebben op brein perfusie en BOLD signalen in specifieke brein gebieden. Familiare 

langlevendheid is geassocieerd met een meer uitgesproken relatie tussen insuline 

parameters en micro-structurele brein parameters en met een hogere TSH afscheiding 

zonder veranderingen in het energie metabolisme. Daarnaast is familiare langlevendheid 

niet geassocieerd met veranderingen in hartslag en hartslag variabiliteit als maat voor het 

autonome zenuwstelsel.
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