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Morphometric characteristics of tibial nerve 
and their relationship with age

Shahram Oveisgharan,1,2 Armand Collin,3,4 Jingyun Yang,1,2 Sue E. Leurgans,1,2

Veronique VanderHorst,5 David A. Bennett,1,2 Julien Cohen-Adad,3,4,6,7

Osvaldo Delbono8 and Aron S. Buchman1,2

Peripheral nerve comprises a crucial component of the distributed motor/sensory system. However, there is a paucity of data on per
ipheral nerve morphology derived from large numbers of older adults. This study aimed to quantify the morphometric characteristics 
of myelinated nerve fibres of the tibial nerve obtained from deceased community-dwelling older adults and examine their association 
with age. The tibial nerves were obtained from consecutive autopsies of older adults without a history of diabetes who were partici
pants of the Rush Memory and Aging Project, an ongoing longitudinal clinical-autopsy study. A nerve fascicle, obtained from a fixed 
popliteal segment of the tibial nerve, was separated from the blood vessels and adipose tissue for postmortem examination under an 
optical microscope. Morphometric characteristics of the myelinated nerve fibres were automatically segmented and quantified using 
our open-source software AxonDeepSeg. The participants (N = 140) had a mean age of 92.0 years (SD = 5.4) at death, and 72.1% 
(N = 101) were women. We examined 754 247 myelinated nerve fibres, with an average 5387 (SD = 3436) nerve fibres per partici
pant. The average diameter of myelinated nerve fibres was 4.9 µm (SD = 3.1), axon diameter was 2.0 µm (SD = 1.4), myelin thickness 
was 1.4 µm (SD = 0.96) and the g-ratio (ratio of axon diameter to myelinated nerve fibre diameter) was 0.45 (SD = 0.17). The rela
tionship between axon diameter and myelin thickness was nonlinear. Myelin was thicker in larger axons up to a diameter of 8 µm, 
beyond which myelin thickness plateaued. Older age at death was associated with smaller myelinated nerve fibres, smaller axons 
and thinner myelin. However, age at death was not correlated with myelinated nerve fibre density and was not associated with the aver
age of g-ratio. The association between older age and smaller myelinated nerve fibres was largely attributable to a lower percentage of 
myelinated nerve fibres >8 µm. We conclude that the smaller tibial myelinated nerve fibres observed in older adults may reflect axonal 
atrophy rather than degeneration and regeneration of the myelinated nerve fibres. Further research is needed to investigate the path
ologies and molecular mechanisms underlying these age-related morphometric changes and their clinical implications in older adults.
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Graphical Abstract

Introduction
Peripheral nerves consist of motor, sensory and autonomic 
fibres that connect central control systems to end organs, 
such as skeletal muscles and sensory receptors. Although 
clinical electrophysiologic studies show age-related changes 
in conduction velocity and signal amplitude, few studies 
have documented the morphological characteristics of per
ipheral nerves in large numbers of older adults. This knowl
edge gap impedes research efforts that seek to prevent 
age-related changes in the musculoskeletal system.

Each myelinated nerve fibre is composed of an axon en
circled by myelin. Morphometric characteristics, including 
myelinated nerve fibre diameter, axon diameter, myelin 

thickness and g-ratio (ratio of axon diameter/myelinated 
nerve fibre diameter,1 which is an index of myelination), pro
vide critical insights into the health of peripheral nerves. There 
is a paucity of data on the morphometric characteristics of 
peripheral nerve in older adults, with most available data dat
ing back half a century and drawn either from animal models 
or from studies that included few adults over 75 years old. 
Additionally, prior human studies focused primarily on the 
sural nerve, an exclusively sensory nerve.1 Similarly, few stud
ies have examined the relationship between age and morpho
metric changes in peripheral nerves.2 Such studies either 
examined nerves in aged animals,3-5 mostly rats and mice, 
or were human studies6-9 that compared morphometric char
acteristics of the nerves in older adults with young adults or 
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children. Such earlier work did not focus on age-related 
changes that occur in later life, when neurodegenerative 
changes are common. Moreover, published studies reported 
inconsistent findings about the association between age and 
morphometric characteristics of the nerves.6-9

Myelinated nerve fibres are critical for the rapid transmis
sion of both motor and proprioception impulses. Schwann 
cells make and are crucial for maintaining the myelin that en
circles myelinated axons. Myelination of nerve fibres is made 
possible via an interaction between axons, Schwann cells and 
the extracellular matrix.10,11 One component of the inter
action is the signals that are sent from axons to Schwann cells, 
such as the neuregulin-1 (NRG1)/erb-b2 receptor tyrosine ki
nase 3 (ERBB3) pathway.12 In fact, the NRG1/ERBB3 path
way is crucial for determining whether an axon is 
myelinated as well as the degree of myelination. In reverse, 
Schwann cells release factors including neurotrophins (such 
as nerve growth factor and brain-derived neurotrophic factor) 
that upon binding to receptors on the axonal membrane lead 
to the release of NRG1.13 In addition, Schwann cells are cru
cial for maintaining axons as without supporting Schwann 
cells axons will retract and degenerate.14 Morphometric stud
ies of peripheral nerves are critical to advance our understand
ing about the complex inter-relationship between axons and 
Schwann cells by studying the association between axonal 
diameter and myelin thickness, studying g-ratio and studying 
the molecular mechanisms that underlie the relationship be
tween axons and myelin.15 The paucity of morphometric 
data on large numbers of older adults may account in part 
for the knowledge gaps about the biology driving degener
ation of peripheral nerves in aging adults.

Given that the numbers of adults over 80 years old are 
growing rapidly, it is imperative to obtain morphometric 
characteristics of peripheral nerves that include both motor 
and sensory nerves. Such data are essential for understanding 
diverse aging phenotypes affected by altered peripheral nerve 
structure and functions. To fill these knowledge gaps, we 
quantified morphometric characteristics from postmortem 
samples of the tibial nerve from participants in the Rush 
Memory and Aging Project (MAP),16 an ongoing 
community-based clinical–pathological study of chronic con
ditions of aging. The two primary objectives of the current 
study were to summarize the morphometric characteristics 
of the tibial nerve at the time of death and to examine the as
sociations of the morphometric characteristics with age. We 
examined only the myelinated nerve fibres because they are 
crucial for mobility that is commonly impaired in aging 
adults, and because our novel method was not trained or 
scaled for quantification of unmyelinated axons.

Methods
Participants
MAP16 began in September 1997 by recruiting older adults 
living in retirement centres, subsidized housings and personal 

accommodations across northeastern Illinois. The eligibility 
criteria were being without known dementia and consenting 
to annual clinical visits, blood draw and postmortem autopsy 
that included the tibial nerve. An Institutional Review Board 
of Rush University Medical Centre approved the study (the 
approval number is L86121802), and all participants signed 
informed consent and an Anatomical Gift Act for organ do
nation. The staff performing the autopsy and collecting the 
postmortem tissues were blinded to the clinical data collected 
before death. For the current study, participants with dia
betes mellitus were excluded as they might have subclinical 
diabetic polyneuropathy. The analytic sample consisted of 
the first 140 consecutive nondiabetic older adults with com
pleted quantification of the morphometric characteristics of 
the postmortem tibial nerve.

Tibial nerve preparation and optical 
image acquisition
The median postmortem interval was 6.8 h (IQR: 5.8–8.5). 
At autopsy, bilateral tibial nerves were dissected at the pop
liteal fossa and fixed for histological analysis in a solution 
containing 4% paraformaldehyde, 1.0% glutaraldehyde in 
0.1 M cacodylate buffer at pH 7.4. A segment of the fixed 
tibial nerve was examined in the current study after its 
macroscopic blood vessels and adipose tissue were removed 
using fine forceps under a stereomicroscope.

A nerve fascicle was carefully dissected while preserving 
the perineurium and then embedded in Spurr resin.17,18

Five microtome thick sections (500 nm) were stained with 
Toluidine Blue18 and mounted on a microscope slide with 
a coverslip using Permount mounting medium (Fisher 
Chemical, Pittsburgh, PA). The nerve sections were imaged 
digitally using an Olympus Slideview VS200 optical micro
scope (Olympus Corp, Breinigsville, PA) at 40× objective 
magnification with further 20× or higher digital magnifica
tion (Fig. 1). We examined the entire available surface area 
of the nerve, which was quantified using NDP.view2 soft
ware (Hamamatsu, Bridgewater, NJ). The quantified surface 
area was used for the calculation of myelinated nerve fibres 
density, which was equal to the number of myelinated nerve 
fibres/surface area (mm2).

Image analysis
We used a deep learning approach, rather than a traditional 
image segmentation algorithm, for segmenting axon and 
myelin because this approach can learn the hidden structure 
of the tissue by itself, and it is not necessary to hand-select the 
features.19 Segmentations and morphometric analyses were 
performed using the open-source AxonDeepSeg (ADS) soft
ware,19 and the model was trained using the medical image 
analysis framework ivadomed.20 To train the model, images 
of the nerve sections of three participants were initially used. 
Two participants were selected based on contrast to reflect 
the basic features of the entire dataset. A third participant 
was chosen for its large myelin infoldings and histological 
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alterations representative of other individuals. The manually 
corrected masks from these three subjects covered more than 
4.9 million pixels and included 3560 myelinated nerve fibres. 
This data was divided into training, validation and testing 
sets with 75%, 15% and 10% of the whole dataset, respect
ively. For memory efficiency, images were then divided into 
512 × 512 patches with 32-pixel overlaps. The training 
was performed over 400 epochs (the number of times the en
tire dataset was passed through the learning algorithm) using 
a cyclic learning rate and a batch size of six patches. The loss 
function that led to the best results was a multiclass variation 
of the traditional Dice loss, which provides an average value 
over both classes of axon and myelin. Data augmentations 
were used at train-time including random affine and elastic 
transforms. Training was performed on a Nvidia Tesla 
P100-SXM GPU, but the final segmentation inference was 
done on a regular CPU.

We opted to utilize the U-Net architecture, widely recog
nized for its effectiveness in biomedical image segmentation. 
To train the model, we used hyperparameter optimization by 
applying ∼30 variations of hyperparameters including differ
ent network depth (3 or 4), learning rate scheduler 
(CosineAnnealingLR or CyclicLR), number of epochs (200, 
300 or 400), loss function (DiceLoss or MultiClassDiceLoss), 
and other hyperparameters. The final model was a 2D convo
lutional U-net of depth 4 with a dropout rate of 25% and a soft
max final activation. The size of the model’s input was 512 ×  
512 with a stride of 480 pixels in both directions. It achieved 
the best performance on the validation set for the myelin class 
and was subsequently used to perform the final segmentation of 
the whole dataset. Evaluated on the held-out testing set, this 
model achieved a pixel-wise accuracy of 0.9767, a Dice score 
of 0.8797, a precision of 0.8833 and a recall of 0.8788. This 
model adequately segments most myelinated nerve fibres for 
this image domain (Fig. 1). It is publicly available at https:// 
github.com/axondeepseg/model_seg_human_axon-myelin_bf.

Morphological metrics were automatically extracted from 
the segmentations using AxonDeepSeg based on the areas 
of the segmented axons and myelin. The equivalent diameter 
of the axons is computed as the diameter of a circle with the 
same area. Similarly, the equivalent diameter of the whole 
myelinated nerve fibre is used to estimate myelin thickness. 
The software can then estimate the g-ratio based on these in
ner and outer diameters. The formulas for calculating the 
morphometric characteristics were21:

Axon diameter = 2

���������������
axon area

π

􏼐 􏼑􏽲

, 

Myelinated nerve fiber diameter

= 2

�����������������������������������
(axon area + myelin area)

π

􏼒 􏼓􏽳

, 

g-ratio =
axon diameter

myelinated nerve fiber diameter
, 

Myelin thickness

=
(myelinated nerve fiber diameter − axon diameter)

2
.

In a prior study, AxonDeepSeg showed excellent accuracy in 
counting myelinated nerve fibres, in segmenting axon and 
myelin and in calculating axon diameter, myelin thickness 
and g-ratio compared with the gold-standard manual meth
od.22 The experimental results can be closely recreated 
from the training set. Random data augmentation transfor
mations applied to the training data and random initial 
weights could cause minor variability in performance, but 
the model could be trained again with the same configuration 
and achieve almost identical results on the test set. 
Furthermore, the inference process is deterministic such 

Figure 1 Segmentation of the myelinated nerve fibres of the tibial nerve obtained from an 84-year old decedent. Panel A shows 
the overview of the nerve cut in the raw image (×40 objective and ×20 digital magnification with a total magnification of ×800; the scale bar 
indicates 120 µm); Panel B shows the close-up of the highlighted region of interest (further 6.67 digital magnification with a total magnification of 
5333×; scale bar indicates 60 µm); Panel C shows the segmentation with the axon in white and the myelin in grey. Measurements are automatically 
extracted from this mask. For staining, nerve sections on a microscope slide were exposed to 1% Toluidine Blue on a hot plate. When the outer 
edges of the Toluidine Blue began to dry, the slides were removed from the hot plate and rinsed with deionized water for 30 s each. For tibial nerve 
preparation and optical image acquisition, see Methods.
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that segmentation and morphometrics values are perfectly re
producible when using the model weights.

Age and other covariates
Age at death was calculated using date of birth, obtained 
from interview at study entry, and the date of death obtained 
at autopsy. Sex, race/ethnicity and education data were also 
obtained at study entry.

Diabetes mellitus was present if a participant reported a 
history of a clinical diagnosis of diabetes mellitus or the 
use of antidiabetic medications at any visit before death. 
Histories of four vascular diseases (stroke, myocardial in
farction, heart failure and lower extremities claudication) 
and two vascular risk factors (hypertension and smoking) 
were also obtained from self-report. A summary variable, 
number of vascular diseases, was calculated as the number 
(0 to 4) of the vascular diseases present in a participant.

Body mass index was calculated using measured weight 
and height. At each annual visit, blood was drawn and exam
ined at Quest Laboratories for measuring creatinine level, 
which was used for estimation of glomerular filtration rate 
using the 4-variable Modification of Diet in Renal Disease 
formula.23,24

At each annual visit, 21 neuropsychological tests were ad
ministered that were scored by a custom-made algorithm and 
then reviewed by a neuropsychologist to determine the pres
ence of cognitive impairment. After death, a clinician experi
enced in the care of dementia reviewed data from all clinical 
visits and adjudicated the presence of dementia before death 
according to the established criteria.25

Statistical analysis
The analyses planned for this study were deriving the morpho
metric characteristics of the myelinated nerve fibres, examining 
the relationship between axon diameter and myelin thickness, 
and testing the association between age and the morphometric 
characteristics. Because the scatter plot of myelin thickness ver
sus axon diameter indicated a nonlinear association, we used a 
generalized additive mixed model that could accommodate the 
observed nonlinearity rather than using a planned linear model. 
Examining the association between age and the distribution of 
the myelinated nerve fibres by their diameter or between age 
and g-ratio of the myelinated nerve fibres classified by their dia
meters was also not a planned analysis.

Nerve characteristics
We regarded the myelinated nerve fibres as the unit of ana
lysis. We used descriptive statistics to summarize the morpho
metric characteristics of the myelinated nerve fibres and used 
the Spearman correlation coefficient to examine correlations 
between the characteristics. As the scatter plot of the axon 
diameter and myelin thickness of the myelinated nerve fibres 
suggested a nonlinear association, we did not use the regular 
linear regression model to examine the association of axon 
diameter with myelin thickness. Instead, we used generalized 

additive mixed models that allow flexible associations be
tween two variables using non-parametric regression while 
accounting for the correlation between observations by in
cluding random effects.26 We used the gamm function from 
mgcv package27 in R, with axon diameter as the model term 
and myelin thickness as the outcome. A random intercept 
was included by specifying participant as a random effect, ac
counting for intra-subject correlation between myelinated 
nerve fibres within each participant.

Age and nerve characteristics
In order to study associations of age-at-death without bias 
created by the extreme variation in the numbers of myelin
ated nerve fibres quantified per person, we reduced the 
data to either person-specific averages or we selected a sam
ple of 100 myelinated nerve fibres at random for each person. 
The two methods were used in different models. For ex
ample, to examine the association between age and the diam
eter of myelinated nerve fibres, we used person-specific 
average of the diameter of the myelinated nerve fibres. 
However, we used 100 randomly selected myelinated nerve 
fibres for each individual to examine whether age at death 
was associated with g-ratio of small myelinated nerve fibres.

Linear regression models

We first calculated the person-specific average of the mor
phometric characteristics, such as the axon diameter, by de
termining the mean axon diameter of all myelinated nerve 
fibres separately for each participant. Then, we used linear 
regression models to examine the association between age 
at death and person-specific averages, with sex and other po
tential confounders included as covariates. Linear regression 
models were also used to study the association between age 
at death and myelin nerve fibre density.

Compositional data analysis

Next, we used compositional data analysis28 to examine the 
association of age at death with the distribution of myelin
ated nerve fibre diameters. For each participant, we calcu
lated the percentage of myelinated nerve fibres in each of 
the six diameter groups (I: 0 to <2, II: 2 to <4, III: 4 to <6, 
IV: 6 to <8, V: 8 to <10, VI: ≥10 µm). The sum of the percen
tages for the six groups was 100% in each individual. For ex
ample, an average participant had the following distribution 
of the myelinated nerve fibres: I: 10%, II: 40%, III: 20%, IV: 
10%, V: 10%, and VI: 10%, totaling 100%. To be used in a 
compositional data analysis, one of the categories was the 
reference (e.g. category I), and five ratios were computed 
for each participant by dividing the percentage of the myelin
ated nerve fibres in each of the categories II to VI by the per
centage of the myelinated nerve fibres of category I. The five 
ratios were log-transformed and were examined in relation 
to age at death. A generalized additive model for location, 
scale and shape (GAMLSS) was utilized to assess the associ
ation between age at death (the model term) and the five log- 
transformed ratios as the outcome, controlled for sex. The 
model included both fixed effects and random effects, with 
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a random intercept for each participant. The response vari
ables were modeled using a normal distribution family 
with default settings for the mean (identity link) and the 
standard deviation (log link), allowing for heteroscedasti
city. The analysis was done using the gamlss package in R.29

Use of GAMLSS model to examine age and g-ratio

We used a similar GAMLSS model to examine the associ
ation between age at death and myelinated nerve fibre 
g-ratio. For the latter, we randomly selected 100 myelinated 
nerve fibres per participant to optimize computational effi
ciency. In addition to age at death, model covariates included 
sex, the six diameter groups of the myelinated nerve fibres 
(with the largest group, ≥10 µm, as the reference), and the 
five interaction terms between age at death and the myelin
ated nerve fibre diameter groups. The outcome was the 
g-ratio of myelinated nerve fibres.

Data preparation and linear regression models were done 
in SAS version 9.4, and generalized additive mixed models, 
compositional data analyses and the heteroscedastic linear 
regression analyses were performed in R version 4.2.2. A 
P-value of < 0.05 was considered statistically significant, 
and no multiple comparison correction was done.

Results
Demographic and clinical 
characteristics
The participants (N = 140) had an average age of 90 years at 
the time of death, and 70% were women. Additional clinical 
characteristics are summarized in Table 1.

Morphometric characteristics of tibial 
nerve
A total of 755 287 myelinated nerve fibres were examined 
(Supplementary Fig. 1). Of those, 1040 myelinated nerve fibres 
were excluded because of invalid estimated numbers, such as 
negative myelin thickness or g-ratio greater than 
1. Therefore, 754 247 myelinated nerve fibres were included 
in the further analyses, with an average of 5387 myelinated 
nerve fibres per participant (SD = 3,436, range: 299 to 19 892).

The average diameter of myelinated nerve fibres was 4.9 µm 
(SD = 3.1, range: 0.26–21.9), and the average diameter of ax
ons was 2.0 µm (SD = 1.4, range: 0.26–15.6). Figure 2 shows 
the distributions of the diameters of myelinated nerve fibres 
and axons. Most myelinated nerve fibres measured between 3 
and 5 µm, and the majority of axons had a diameter near 
2 µm. Contrary to previous findings, we did not observe a bi
modal distribution of myelinated nerve fibre diameters.6

The average myelin thickness was 1.4 µm (SD = 0.96, range: 
0.0–8.7). We examined the relationship between axon diameter 
and myelination thickness.1 On average, larger axons had thick
er myelin (ρ = 0.73, P < 0.001). However, inspection of the 
scatter plot (Fig. 3A) revealed a nonlinear relationship between 

them. To model this nonlinear association, we randomly se
lected 100 myelinated nerve fibres per participant and applied 
generalized additive mixed models. The analysis confirmed a 
nonlinear relationship (Fig. 3B), with an estimated effective de
grees of freedom of 7.5 (P < 0.001), compared to a linear mod
el’s single degree of freedom. Axon diameter explained 57.4% 
of the variance in myelin thickness. Myelin thickness increased 
with axon diameter up to 4 µm at a rate of 0.5 µm per 1-µm in
crease in axon diameter. Between 4 and 8 µm, the rate of in
crease slowed to 0.125 µm per 1 µm increase in axon 
diameter. For axons >8 µm, myelin thickness plateaued and 
did not increase further.

Prior studies have suggested that a g-ratio between 0.6 and 
0.7 is optimal for the fastest conduction of action potentials.1

As illustrated in Fig. 2, the average g-ratio was low (mean =  
0.45, SD = 0.17, range: 0.02–1), with only 3.0% (n = 22  
483) of myelinated nerve fibres falling within the optimal 
g-ratio range.

Age and myelinated nerve fibre 
diameter
We examined the relationship between age at death and the 
person-specific average for each morphometric nerve charac
teristic. Older age at death was associated with smaller mye
linated nerve fibres (ρ = −0.22, P = 0.008) (Fig. 4). In a linear 
regression model controlling for sex, age at death was related 
to myelinated nerve fibre diameter (estimate = −0.041, SE =  
0.014, P = 0.004). Based on estimates from the model, we 

Table 1 Characteristics of study participants (N = 140)

Characteristics

Mean (SD),  
Median (IQR),  

n (%)

Demographic
Age at death (years), mean (SD) 92.0 (5.4)
Female, n (%) 101 (72.1)
White ethnicity 138 (98.6)
Years of education, mean (SD) 15.1 (2.7)
Clinical at the last visit
Hypertension, n (%) 94 (67.1)
Smoking history, n (%) 50 (35.7)
Body mass index, mean (SD) 25.5 (4.3)
Number of vascular diseases, median (IQR) 1.0 (0.0–1.0)

Stroke, n (%) 31 (22.1)
Myocardial infarction, n (%) 28 (20.0)
Heart failure, n (%) 17 (12.1)
Claudication of lower extremities, n (%) 33 (23.6)

Dementia, n (%) 59 (42.1)
Lab
Glomerular filtration rate (ml/min/1.73 m2), mean (SD) 59.9 (16.0)
Person-specific average of myelinated nerve fibre 

diameter of tibial nerve, mean (SD) (μm)
4.9 (0.9)

Person-specific average of axon diameter of tibial 
nerve, mean (SD) (μm)

2.1 (0.4)

Person-specific average of myelin thickness of tibial 
nerve, mean (SD) (μm)

1.4 (0.3)

Person-specific average of g-ratio of tibial nerve, mean 
(SD)

0.46 (0.04)
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calculated the effect size of age at death (Supplementary 
Table 1). The model’s intercept was 4.9, and the estimate of 
the association between age and the person-specific average 
of diameter of myelinated nerve fibres was −0.04. The above 
numbers indicate that the average of diameters of myelinated 
nerve fibres in an average 92-year-old individual was 4.9 µm 
and in a 97-year-old individual was 0.02 µm (5*-0.04) or 4% 
less, equal to 4.7 µm. The association persisted after adjust
ing for vascular risk factors and diseases (Table 2). 
Furthermore, we examined whether sex modified the associ
ation between age at death and myelinated nerve fibre diam
eter by adding an interaction term between age at death and 
sex to the linear regression model. The interaction term was 
not significant (estimate = 0.059, SE = 0.035, P = 0.093), in
dicating the association between age at death and myelinated 
nerve fibre diameter did not differ by sex.

We next examined whether the association between older 
age at death and smaller myelinated nerve fibres was because 
of smaller axons or less myelination. In three separate linear 
regressions with person-specific averages of axon diameter, 

myelin thickness and g-ratio as the outcomes, older age at 
death was associated with both smaller axons and less mye
lination but not with g-ratio (Table 2; Fig. 4). These associa
tions remained consistent after controlling for vascular risk 
factors and diseases (Table 2).

Age and the distribution of 
myelinated nerve fibres by diameter 
groups
In the prior analyses, older age was associated with a lower 
mean of the person-specific average of myelinated nerve fibre 
diameter. However, as illustrated in Fig. 2, myelinated nerve 
fibre diameters do not follow a uniform distribution. 
Therefore, we examined whether age at death was associated 
with distribution of myelinated nerve fibre diameters. We ca
tegorized myelinated nerve fibres into six diameter groups, 0 
to <2, 2 to <4, 4 to <6, 6 to <8, 8 to <10, and 10 µm or lar
ger (Supplementary Table 2). We used compositional data 

Figure 2 Distribution of morphometric characteristics of tibial myelinated nerve fibres from older decedents. Histogram of 
754 247 myelinated nerve fibres obtained at autopsy from the tibial nerves of 140 older decedents illustrating their distribution by the diameter 
of the myelinated nerve fibre (A), axonal diameter (B), myelin thickness (C), and g-ratio (D). For example, the panel A illustrates that most of the 
myelinated nerve fibres were 3–5 µm in diameter, and there is a unimodal, not a bimodal, distribution of the myelinated nerve fibres by their 
diameter.
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analysis to assess the association of age at death with the dis
tribution of myelinated nerve fibres across the diameter 
groups. Our analysis indicated that older age at death was 
associated with a lower percentage of myelinated nerve 
fibres in the groups >8 µm (Table 3): [Age × (percent of mye
linated nerve fibres 8 to <10 µm/percent of myelinated nerve 
fibres <2 µm): estimate = −0.035, SE = 0.013, P = 0.008; 
Age ×  (percent of myelinated nerve fibres ≥10 µm/percent 
of myelinated nerve fibres <2 µm): estimate = −0.037, 
SE = 0.016, P = 0.019]. These significant interaction terms 
had negative estimates indicating that older age was asso
ciated with lower percentage of the myelinated nerve fibres 
in the 8 to <10 µm or ≥10 µm category.

Examination of the dispersion submodel indicated that age 
at death was not associated with higher or lower variance in a 
specific group of myelinated nerve fibre diameter because the 
interaction terms between age at death and diameter groups 
were not significant (Supplementary Table 3). However, 
when we removed the interaction terms, older age at death 
was associated with more variance (estimate = 0.019, SE =  
0.004, P < 0.001) in the percentages of the myelinated nerve 
fibres across the six diameter groups (Supplementary 
Table 4), indicating greater variability in the myelinated 
nerve fibres size with aging.

Age and myelinated nerve fibres 
density
In prior analyses, older age at death was associated with a 
smaller person-specific average of myelinated nerve fibre 

diameter, primarily due to lower percentages of large- 
diameter myelinated nerve fibres (>8 µm). The lower percen
tages in large myelinated nerve fibres could be attributed to 
either the loss of large myelinated nerve fibres or their atro
phy, resulting in smaller myelinated nerve fibres. To indirect
ly distinguish the two possibilities, we examined the 
association of age at death with myelinated nerve fibre dens
ity. Myelinated nerve fibre density had a mean of 4993.4 
count/mm2 (SD = 2076.2, range: 594.1–9898.7) and was 
not associated with age at death (Spearman ρ = 0.06, P =  
0.460). Moreover, in a linear regression model controlling 
for sex, age at death was not associated (estimate = 3.1, 
SE = 34.6, P = 0.928) with myelinated nerve fibre density 
(Supplementary Fig. 2). These findings suggest that the asso
ciation of age at death with smaller myelinated nerve fibres is 
more likely due to the atrophy of large myelinated nerve 
fibres rather than their loss.

Age and g-ratio of myelinated nerve 
fibre diameter groups
One hypothesis explaining the association between older age 
and smaller myelinated nerve fibres is the accumulation of re
generated myelinated nerve fibres, which are characterized 
by small sizes, thin myelin, and high g-ratios. If this hypoth
esis holds true, with older age at death, we would expect to 
see higher g-ratios in small-diameter axon groups. We used 
a heteroscedastic linear regression model to examine the re
lation between age at death and g-ratio of myelinated nerve 
fibres, categorized by diameter, using 100 randomly selected 

Figure 3 Associations of axon diameter with myelin thickness in tibial myelinated nerve fibres from older decedents. Scatter 
plot of the 754 247 myelinated nerve fibres, obtained from the tibial nerves of 140 older decedents, illustrating the association between axon 
diameter and myelin thickness is shown in A. Each dot represents one myelinated nerve fibre. The included line derived from a least-square linear 
regression model (myelin thickness (µm) = 0.393 + 0.506 × axon diameter(µm)) shows that the regression line does not fit the data when large 
axons are considered, and the scatter plot suggests that a nonlinear model should be examined between the two variables. B shows the 
association between axon diameter and myelin thickness derived from a generalized additive mixed model, using the gamm function from mgcv 
package27 in R, that allows flexible associations between two variables by using non-parametric regression while accounting for the correlation 
between observations by using random effects.26 The analysis was performed on 14 000 myelinated nerve fibres, 100 randomly selected 
myelinated nerve fibres from 140 participants. The y-axis is the estimated myelin thickness, and the x-axis is the axon diameter. The curve, derived 
from the generalized additive mixed model, illustrates the nonlinear association between axon diameter and myelin thickness: myelin gets thicker 
as axon diameter increases until 8 µm, above which myelin thickness is not correlated with axon diameter. The shaded area around the curve 
indicates 95% confidence interval of myelin thickness.
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myelinated nerve fibres per participant. The results (Table 4) 
indicated that, although the small-diameter group (myelin
ated nerve fibre diameter <2 µm) had larger mean g-ratio 
than the larger-diameter groups, the association of older 

age at death with g-ratio in this group was in the opposite 
direction (estimate = −0.003, SE = 0.001, P = 0.035). For 
example, for every 5 years older age at death, the average 
g-ratio in the <2 µm group was lower by 0.015. 

Figure 4 Scatter plots of age at death in relation to person-specific averages of myelinated nerve fibre characteristics of tibial 
nerve. The four scatter plots, including data of 140 participants, illustrate the association between age at death and person-specific averages of 
myelinated nerve fibres diameter (A), axonal diameter (B), myelin thickness (C) and g-ratio (D). Each dot represents a participant’s age at death 
(x-axis) and one of the person-specific averages of the morphometric characteristics calculated over a mean of 5387 (SD = 3436) tibial myelinated 
nerve fibres per participant. The included lines are derived from the least-square linear regression models (A: person-specific average of 
myelinated nerve fibres diameter (µm) = 8.588 + (−0.040)  × age-at-death (year); B: person-specific average of axon diameter (µm) = 3.291 +  
(−0.013) × age-at-death (year); C: person-specific average of myelin thickness (µm) = 2.648 + (−0.013) × age-at-death (year); 
D: person-specific average of g-ratio = 0.376 + (0.001) × age-at-death (year)). The regression lines indicate that older age at death was associated 
with smaller myelinated nerve fibres shown in A, smaller axons in B, thinner myelin in C, but not associated with g-ratio in D.

Table 2 Association of age at death with the person-specific averages of the morphometric characteristics of tibial 
nerve controlled for sex and other characteristics

Model terms

Estimate (SE), P-value

Myelinated axon diameter Axon diameter Myelin thickness g-ratio

Ref: Age at death −0.041 (0.014), 0.004 −0.014 (0.006), 0.017 −0.013 (0.004), 0.003 0.001 (0.001), 0.185
Model 1: Ref. + hypertension −0.039 (0.014), 0.007 −0.013 (0.006), 0.032 −0.013 (0.005), 0.004 0.001 (0.001), 0.174
Model 2: Model 1 + smoking −0.039 (0.014), 0.008 −0.013 (0.006), 0.034 −0.013 (0.005), 0.005 0.001 (0.001), 0.188
Model 3: Model 2 + Body mass index −0.039 (0.014), 0.008 −0.013 (0.006), 0.036 −0.013 (0.005), 0.005 0.001 (0.001), 0.177
Model 4: Model 3 + Vascular diseases −0.038 (0.014), 0.009 −0.013 (0.006), 0.039 −0.013 (0.005), 0.005 0.001 (0.001), 0.185
Model 5: Model 4 + glomerular filtration rate −0.039 (0.014), 0.007 −0.014 (0.006), 0.017 −0.013 (0.004), 0.003 0.001 (0.001), 0.185

The cells’ entries are derived from 24 separate linear regression models. For each model, the terms included are described in the left column and the outcome is one of the 
person-specific morphometric characteristics shown at the head of the columns 2 through 5. All the models were controlled for sex.
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Furthermore, age at death was not related to the g-ratio in 
other small-diameter groups (2–4 and 4–6 µm). These find
ings suggest that the association between older age at death 
and smaller myelinated nerve fibres is not due to the accumu
lation of regenerated small myelinated nerve fibres with thin
ner myelin and larger g-ratio.

Sensitivity analyses
Although the image analysis software was trained for the seg
mentation and quantification of myelinated nerve fibres, the 
calculated g-ratio derived from the software’s measurements 
was equal to one in 5.0% (n = 37 729) of the myelinated 
nerve fibres, an indication of no myelin, possibly because of 
thin myelin, errors caused during tissue preparation, or soft
ware errors. In a series of sensitivity analyses, we excluded the 
myelinated nerve fibres with g-ratio = 1 and repeated the 

analyses. The main findings did not change (Supplementary 
Tables 5–8,Supplementary Figs 3–6): the average diameter 
of the myelinated nerve fibres was 5.2 µm (SD = 0.9), the 
average g-ratio was 0.42 (SD = 0.02), axon diameter and 
myelin thickness showed a nonlinear correlation, age at death 
was related to smaller myelinated nerve fibres but was not re
lated to g-ratio or myelinated nerve fibre density. Moreover, 
older age at death was associated with a smaller fraction of 
large-diameter myelinated nerve fibres (>8 µm) but not asso
ciated with higher g-ratio at small-diameter myelinated nerve 
fibres, an indirect measure of regenerated myelinated nerve fi
bres. Similarly, in separate series of sensitivity analyses we re
moved myelinated nerve fibres with a diameter < 1 µm (n =  
32 707) or an axonal diameter < 0.8 µm (n = 66 550), which 
are theoretically more representative of unmyelinated rather 
than myelinated nerve fibres. Excluding these small nerve fi
bres from our analysis did not change the study’s main find
ings (Supplementary Tables 9–16; Supplementary Figs 7–14).

Discussion
We employed machine learning methods to quantify mor
phometric characteristics for more than 750 000 myelinated 
nerve fibres from postmortem tibial nerves, obtained from 
140 deceased community-dwelling older adults participating 
in a longitudinal clinical-autopsy cohort study. Consistent 
with previous research, we observed a wide range of myelin
ated nerve fibre diameters, from <2 µm to >10 µm. A non
linear association between axon diameter and myelin 
thickness emerged, with myelin thickness increasing along 
axon diameter up to 8 µm, beyond which it plateaued. As ex
pected, older age was associated with smaller myelinated 
nerve fibres, smaller axons, and thinner myelin. However, 
the g-ratio, a measure used to assess axonal myelination, 
was not associated with age. Further analyses suggested 
that the association of older age with smaller myelinated 
nerve fibres was primarily driven by a relative loss of myelin
ated nerve fibres >8 µm, rather than by increased regener
ation of smaller myelinated nerve fibres. Future studies are 

Table 4 Association of age at death with g-ratio of tibial 
myelinated nerve fibres classified by their diameter

Model terms Estimate (SE), P-value

Intercept 0.429 (0.003), <0.001
Age at death 0.000 (0.001), 0.634
Sex −0.009 (0.002), <0.001
Myelinated nerve fibres <2µm 0.358 (0.007), <0.001
Myelinated nerve fibres 2 to <4 µm −0.017 (0.003), <0.001
Myelinated nerve fibres 4 to <6 µm −0.011 (0.003), <0.001
Myelinated nerve fibres 6 to <8 µm −0.015 (0.004), <0.001
Myelinated nerve fibres 8 to <10 µm −0.019 (0.004), <0.001
Myelinated nerve fibres ≥10 µm REF
Age × Myelinated nerve fibres <2 µm −0.003 (0.001), 0.035
Age × Myelinated nerve fibres 2 to <4 µm −0.001 (0.001), 0.130
Age × Myelinated nerve fibres 4 to <6µ m −0.000 (0.001), 0.760
Age × Myelinated nerve fibres 6 to <8 µm 0.001 (0.001), 0.097
Age × Myelinated nerve fibres 8 to <10 µm 0.002 (0.001), 0.028

The second column data are derived from a heteroscedastic linear regression model for 
the outcome g-ratio with the model terms listed in the left column. To account for the 
correlation between the 100 randomly selected tibial myelinated nerve fibres from each 
participant that were used in the analysis, a random effect for participant was included in 
the model. The analysis indicates that in the target myelinated nerve fibre group with a 
diameter <2 µm, older age was not associated with a higher g-ratio, an indirect evidence 
of more regenerated myelinated nerve fibres.

Table 3 Association of age at death with the percentage of tibial myelinated nerve fibres of different diameters

Model terms Estimate (SE), P-value

Intercept 1.313 (0.042), <0.001
Age at death 0.001 (0.007), 0.862
Sex 0.016 (0.056), 0.771
Percent of myelinated nerve fibres 2 to <4 µm/percent of myelinated nerve fibres <2 µm REF.
Percent of myelinated nerve fibres 4 to <6 µm/percent of myelinated nerve fibres <2 µm −0.659 (0.070), <0.001
Percent of myelinated nerve fibres 6 to <8 µm/percent of myelinated nerve fibres <2 µm −1.605 (0.070), <0.001
Percent of myelinated nerve fibres 8 to <10 µm/percent of myelinated nerve fibres <2 µm −1.758 (0.080), <0.001
Percent of myelinated nerve fibres ≥10 µm/Percent of myelinated nerve fibres <2µm −1.618 (0.095), < 0.001
Age × (percent of myelinated nerve fibres 4 to <6 µm/percent of myelinated nerve fibres <2 µm) −0.007 (0.012), 0.573
Age × (percent of myelinated nerve fibres 6 to <8 µm/percent of myelinated nerve fibres <2 µm) −0.018 (0.012), 0.130
Age × (percent of myelinated nerve fibres 8 to <10 µm/percent of myelinated nerve fibres <2 µm) −0.035 (0.013), 0.008
Age × (percent of myelinated nerve fibres ≥10 µm/percent of myelinated nerve fibres <2 µm) −0.037 (0.016), 0.019

The second column numbers are derived from a heteroscedastic normal distribution log-ratio regression model with the model terms listed in the left column and the outcome is ratio 
of the percentage of myelinated nerve fibres in 2 to <4, 4 to <6, 6 to <8, 8 to <10, or ≥10 µm to percentage of myelinated nerve fibres with the size of 0 to <2 µm.
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needed to uncover the underlying pathologies and molecular 
mechanisms of these morphologic findings and their poten
tial links to physical function impairment in older adults.

Though impaired mobility is common in older adults and 
loss of ambulation ranks as the second most feared conse
quence of aging after dementia, the age-related morphologic 
changes in peripheral nerves of older adults have been under
studied. Although nerve biopsies can be obtained from older 
adults, the biopsies have typically focused on the sural sen
sory nerve whose biopsy does not impair clinical function ex
cept for limited distal sensory loss in the foot. Nonetheless, 
due to the invasiveness and side effects associated with sural 
nerve biopsies,30 few studies include large numbers of older 
adults across the full health spectrum since sicker and frail 
older adults are generally unable to participate in studies re
quiring travel to specialized labs or tertiary medical centres. 
While harvesting postmortem nerves can circumvent some of 
these limitations, few autopsy series collect mixed peripheral 
nerves at the time of autopsy as specialized expertise is re
quired for processing and assessing peripheral nerves.

Previous studies examining the morphometric characteris
tics of human peripheral nerves have generally been small 
(n ≤ 35) and included few (n ≤ 5) adults older than 75 
years.6-9 Moreover, most studies have focused on the sural 
nerve, highlighting the knowledge gap about nerves linking 
the CNS with motor-related phenotypes. The current study 
extends prior studies by providing morphometric character
istics of a mixed-peripheral nerve in 140 older adults. 
Additionally, by leveraging advanced technologies and stat
istical methods, we were able to sample many myelinated 
nerve fibres from each peripheral nerve and provide new in
sights into the relationship between axon diameter and mye
lin thickness, as well as the association between age and the 
morphometric characteristics of the myelinated nerve fibres.

The mean myelinated nerve fibre diameter in our study 
was 4.9 µm, and we found that older age was associated 
with smaller myelinated nerve fibre diameter. A prior study 
reported a larger mean myelinated nerve fibre diameter 
(6.3 µm).8 However, that study focused on a sensory nerve 
in the upper extremity and included no participant over the 
age of 60. Several mechanisms have been proposed to ex
plain age-related atrophy of myelinated nerve fibre diameter. 
One hypothesis focuses on the increased regeneration of 
myelinated nerve fibres to compensate for the age-related 
loss of anterior horn cells and dorsal root ganglion cells.2,9

Yet, compensatory regenerated myelinated nerve fibres are 
small, with thin myelin and a high g-ratio.31 Contrary to 
this hypothesis, our analysis showed that older age was not 
associated with either the average g-ratio or a higher g-ratio 
in small myelinated nerve fibres. These findings suggest that 
age-related reduction in myelinated nerve fibre size may re
sult from processes other than axonal regeneration, poten
tially reflecting axonal shrinkage without disruption of the 
motor or sensory cell bodies, similar to the reduction in mus
cle fibre area in disuse. Smaller myelinated nerve fibres and 
smaller axons may be due to loss of neurofilaments,32 the 
major determinants of axonal diameter,33 decline in nerve 

trophic factors such as nerve growth factor receptors,32

slower axonal transport34 that provide nutrients by antero
grade transport from soma to axons and provide trophic fac
tors to soma by retrograde transport, lower nerve perfusion 
because of more vascular resistance with advancing age,35

degeneration of target organs (such as muscle fibres36 or der
mal sensory organs37) that provide crucial trophic factors 
that maintain structural elements of the peripheral nerve, 
or inadequate activation of repair signals in aged Schwann 
cells.38 The sympathetic branch of the autonomic nervous 
system innervates the vasa nervorum, which is essential for 
maintaining the structure and function of myelinated nerve 
fibres. Age-dependent deficits in sympathetic innervation 
have been reported to lead to sarcopenia as a consequence 
of alterations in the function of myelinated motor 
axons.39-42

Most probably, the mechanisms described above act grad
ually over years and may manifest linear or nonlinear43 ef
fects on longitudinal trajectories of the morphometric 
characteristics of the nerves. In addition, there should be re
silience factors44 against these age-related mechanisms af
fecting myelinated nerve fibres calibre. In fact, the observed 
age-related axonal atrophy may be due to degenerative 
changes exceeding the buffering capacity of resilience fac
tors.45 As examples, education46 and early-life cognitive en
richment47 are resilience factors in aging-related cognitive 
decline caused by Alzheimer’s disease pathology. Yet, even 
adults with many years of education develop dementia 
when the burden of Alzheimer’s disease pathology exceeds 
the resilience capacity of education. Similarly, modifiable 
life style factors such as physical activity may provide resili
ence against age-related axonal atrophy. Therefore, the cur
rent findings need to be replicated in more diverse 
populations of older adults and complemented with longitu
dinal in vivo data collection. This approach can elucidate the 
time course, biology and reversibility of changes in the 
morphology of peripheral nerves in old age.

We found that the major group of myelinated nerve fibres 
whose numbers decreased with advancing age was those 
>8 µm. This was also confirmed by the absence of the bi
modal distribution of myelinated nerve fibre diameters re
ported in prior studies.6 Since larger myelinated nerve 
fibres conduct nerve impulses faster, the shrinkage in larger 
myelinated nerve fibres may partially explain the slower 
nerve conduction velocity in older adults. It is possible 
that, due to their size, larger myelinated nerve fibres are 
more vulnerable to reduced blood supply and mitochondrial 
energy production that occur with advancing age.48,49

The thickness of peripheral nerve myelin has been the fo
cus of many prior reports because of the crucial role myelin 
plays in the bioelectric characteristics of peripheral nerves. 
Prior studies have reported inconsistent associations be
tween axon diameter and myelin thickness.1 An important 
finding in the current study was the nonlinear relationship 
between axon diameter and myelin thickness, with thicker 
myelin observed in larger axons though the association plat
eaued after an axon diameter of 8 µm. The observation of 
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thicker myelin in larger axons is congruent with the studies 
reporting continuous communication between axons and 
Schwann cells.10 However, it may be possible that extra 
thick myelin is not compatible with viable axons, consider
ing the dependency of axonal maintenance on insulating 
Schwann cells.50 As myelin thickness increases, the 
Schwann cell nucleus gets farther from the axon, which lim
its the maximum thickness of myelin in very large axons.

The average g-ratio in the current study was 0.45, smaller 
than reported in other studies.7,8 In the current study the par
ticipants were older adults with a mean age of death older 
than 90 years and did not include younger adults who com
posed the participants of the studies that reported higher 
g-ratio for the peripheral nerves. In fact, in a seminal study 
with 27 participants with three older than 70 years g-ratio 
of the myelinated nerve fibres of the oldest 77-year-old par
ticipant was on average lower than younger participants.7

We hypothesize that aging affects axonal diameter more 
than myelin thickness, which can explain lower g-ratio in 
the current study, and the reason of not finding an associ
ation between age and g-ratio in the current study was inad
equate power because of not including participants from 
midlife. Besides disproportionate atrophy of axons due to 
aging, another possibility for low g-ratio is aging-related 
adaptive myelination,51,52 as reported in the central nervous 
system and may also coexist in the peripheral nervous sys
tem. Further studies of mixed-nerves in a larger number of 
adults across the lifespan will be needed to draw definitive in
ferences about the g-ratio reported in our study. In addition, 
it is unclear whether the differences between the current 
study and prior studies are due to the specific nerve examined 
or the age range studied.53 Nonetheless, only 3% of the mye
linated nerve fibres had a g-ratio between 0.6 and 0.7 that is 
optimal for fast nerve conduction velocity necessary for su
perlative human behavior.1 This may partially explain the 
loss of sensorimotor function with advancing age.

Density of myelinated nerve fibres was not related to age in 
the current study. However, in two smaller autopsy studies 
of older adults being older at death was associated with a 
less density of myelinated nerve fibres of the tibial nerve.54,55

Several differences in the methods of data collection and ana
lyses may underlie this discrepancy including sample size 
(140 versus 13), postmortem interval, width of the examined 
nerve area, and exclusion of patients with diabetes and use of 
machine learning for segmentation of myelinated nerve fibres 
in the current study. Nonetheless, the discrepancy under
scores the need for replication of the current study findings 
in other in vivo and ex vivo studies.

Several limitations must be noted. In the current study, we 
did not examine unmyelinated axons, which are the major 
axons for conducting nociception or autonomic innervation. 
We hope to develop the necessary methods and algorithms to 
examine unmyelinated axons in these samples in future stud
ies. Additionally, we did not quantify some reported qualita
tive changes of myelinated nerve fibres, such as myelin 
infolding, wrinkling and myelin loops,5 or the presence of 
glycogen vacuoles or Reich granules.56 The sample was 

selected from participants willing to undergo autopsy and 
consisted almost entirely of whites mostly in eight to ninth 
decades of life with more years of education than average. 
Further studies in more diverse samples with a wider age range 
will be needed to confirm the generalizability of the findings. 
The morphometric characteristics were calculated using ma
chine learning, not the gold standard for these types of studies, 
which inherently includes some approximation in the segmen
tation and quantification of the myelinated nerve fibres as was 
evidenced by 5% of the myelinated nerve fibres whose g-ratio 
was quantified to be equal to one. However, exclusion of the 
myelinated nerve fibres with g-ratio equal to 1 or exclusion of 
the small myelinated nerve fibres (with a diameter <  1 µm or 
axon diameter < 0.8 µm) as a proxy of structures other than 
myelinated nerve fibres did not change the results. 
Moreover, our validation study showed that our approach 
had a 98% accuracy compared with the manual pathological 
collection of indices. Several strengths support the study find
ings including large number of sample size, advanced statistic
al methods and short postmortem interval.
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