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Introduction: Disorders of the lower limb are common in people with diabetes and may result in significant long-term complica-
tions. Currently, most evidence for lower limb complications in children with diabetes relies on infrequent clinical observations
and occasionally invasive assessments that can cause discomfort. Clinical guidelines do not provide explicit guidance on frequency
of neurovascular assessments for children with diabetes.

Aim: To systematically review the prevalence and presentation of clinical neuropathy and vasculopathy in children with diabetes.
Methods: A systematic search of the literature was conducted in March 2024 using the EMBASE, Cochrane, PubMed (including
MEDLINE) and CINAHL databases. At least two authors independently screened studies for inclusion and assessed methodologi-
cal quality for each paper using the downs and black quality appraisal checklist. Extracted data was summarised and tabulated.
Meta-analysis was also performed.

Results: Eighteen studies with 3533 participants were included. Participants were aged 3.5-18 years, and 95% had type 1 diabetes,
while 5% had type 2 diabetes. These studies used a range of assessments, including monofilament, vibrioception, sharp-blunt
discrimination, temperature perception, reflexes, muscle strength and tone, joint perception, pedal pulses, and ankle brachial index
(ABI). Prevalence of clinical neuropathy ranged from 0% to 57.1% with a prospective cohort study reporting a 2.6-fold increase in 5
years, while prevalence of vascular complications ranged from 0% to 37.8%. The meta-analysis reported 0%—7% of children could
report abnormality on assessments for neuropathy.

Conclusion: The broad range may be due to heterogeneous methodological designs and diagnostic assessments, and potentially
inadequate reporting. There is emerging evidence that children with diabetes may develop complications before age 18, which
provides impetus for clinical caution. Higher quality evidence, particularly from longitudinal studies, is required to guide clinical
screening for lower limb vascular and neurological complications in this vulnerable and growing paediatric population.

1. Introduction affecting the somatic and/or autonomic peripheral nervous

system, in the absence of other secondary causes [3]. Up to
Disorders of the lower limb are common in people with diabe-  half of individuals with type 1 and type 2 diabetes will develop
tes and can result in significant long-term complications [1,2].  diabetic neuropathy, with disease duration and suboptimal gly-
Diabetic neuropathy is defined as a neurodegenerative disorder ~ caemic control being recognised risk factors [4]. Interestingly,
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nerve damage may occur prior to individuals being diagnosed
with diabetes, with evidence suggesting a link between predia-
betes and early small-fibre symptoms [4]. It is unclear if similar
findings are present in children.

Micro (typically seen in diabetes as damage to small blood
vessels in the eyes, kidneys and nerves) and macrovascular
complications (affecting large blood vessels, which may lead
to coronary artery disease, peripheral arterial disease and cere-
brovascular disease) are also well recognised with diabetes [5].
Evidence suggests that children with type 1 diabetes may have a
higher prevalence of peripheral arterial disease than age-
matched controls [6]. While 60.1% of children diagnosed
with type 2 diabetes have been identified as having at least
one microvascular complication by young adulthood,
highlighting the importance of regular and adequate screening
[7]. Long-term complications of diabetes are associated with
disability, reduced quality of life, healthcare costs and signifi-
cant rates of morbidity and mortality [8, 9]. In less-resourced
countries, the financial burden of managing diabetes is even
more challenging, with minimal care for a child with type
1 diabetes costing up to 56% of an average annual income,
making additional complications prohibitively expensive [10].

Despite the high prevalence of these complications, current
screening methods remain inadequate in early detection and
management. Most of the evidence for the presence of lower
limb complications in children with diabetes is based on nerve
conduction studies (NCS), which are the gold standard in
detecting disturbances in nerve health in people with diabetes.
However, they are rarely utilised clinically, particularly in a
paediatric setting, as they cause pain or discomfort often not
tolerated by children [11, 12]. Paediatric endocrinology teams
will therefore opt for painless and more accessible clinical
assessments, such as those conducted in podiatry clinics, to
screen for lower limb complications.

Neurovascular screening of the lower limb is a collection of
non-invasive clinical assessments used to evaluate the health of
the neurological and vascular systems. Assessments can
include, but are not limited to, using Doppler ultrasound and
toe/ankle pressure technology to assess peripheral arterial flow
to the feet and toes, as well as screening for neurological deficit
with monofilament, pain and vibration perception tests.
According to the International Working Group on the Diabetic
Foot (IWGDF) clinical guidelines, it is recommended for an
adult diagnosed with diabetes to obtain annual neurovascular
screening for identification of an at-risk of foot ulceration
[13, 14]. This is also consistent with the recently published
national guidelines recommended by Diabetes Australia [15].
However, these recommendations do not provide explicit
information on frequency of neurovascular assessments for
children with diabetes. The 2022 ISPAD guidelines note a
lack of available symptom scores to assess diabetic neuropathy
in children. However, recommended screening for peripheral
neuropathy in children with type 1 diabetes from puberty or
from ages 11 years with 2 to 5 years of diabetes duration to be
repeated annually using temperature or pinprick sensation,
vibration and ankle reflexes. They also recommend screening
for diabetic neuropathy in type 2 diabetes at diagnosis and be
repeated annually. The ISPAD guidelines also suggested
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screening for macrovascular complications using blood pres-
sure and lipid profiles, but that routine screening for other
markers of macrovascular complications outside the research
setting is unclear [16]. Therefore, the research question devel-
oped for this systematic review is: what is the prevalence and
presentation of clinical neuropathy and vasculopathy in chil-
dren with type 1 and type 2 diabetes? By evaluating
the available evidence, we seek to provide further clarity
on the occurrence and characteristics of these complications
in the paediatric population, to better inform clinical practice
guidelines in children with all forms of diabetes mellitus.

2. Methods

2.1. Studies and Participants. This review included studies
reporting the prevalence of lower limb neuropathy and vascu-
lopathy in children and adolescents up to the age of 18 years,
diagnosed with type 1 or type 2 diabetes and was utilising
podiatric clinical methods of diagnosing neuropathy and vas-
culopathy, that is, monofilament, tuning fork, neurothesi-
ometer, biothesiometer, patella and Achilles reflex, sharp-
blunt differentiation, pulse palpation, toe brachial index, ankle
brachial index (ABI) and Doppler waveform and sound analy-
sis. Studies, which included patients with other dermatological
and musculoskeletal-related complications, any additional
rheumatological and/or other medical conditions associated
with lower limb neurovascular complications were excluded.
Furthermore, studies diagnosing subclinical neuropathy via
only NCS were excluded. All types of observational studies
were considered for inclusion. Poster abstracts and conference
proceedings were excluded. There were no restrictions on set-
ting, for example, inpatient or outpatient. Non-English lan-
guage articles were considered for inclusion. Abstracts that
were non-English were screened using a university library
translation service; however, this was never required.

2.2. Search Strategy. The following databases were searched on
15th March 2024: MEDLINE (January 1966—15th March
2024), EMBASE (January 1980-15th March 2024), Cochrane
Central Register of Controlled Trials (CENTRAL) (The
Cochrane Library, latest issue), PubMed (which includes
MEDLINE) (January 1966—15th March 2024) and CINAHL
(1982-15th March 2024).

The following are the combined keywords used to perform
the literature search: (“diabetes” OR “diabetes type 1” OR “dia-
betes type 2” OR “diabetes mellitus” OR “juvenile diabetes”)
AND (“child” OR “child, preschool” OR “adolescent”) AND
(“lower limb” OR “lower extremity” OR “ankle” OR “foot” OR
“feet” OR “diabetic foot” OR “neuropathy” OR “diabetic neu-
ropathy” OR “vasculopathy” OR “peripheral arterial disease”
OR “peripheral vascular disease” OR “diabetic foot ulcer”). The
search syntax is presented in Table S1. All papers were then
imported into covidence (https://www.covidence.org) and
duplicates were excluded.

Two authors (Iris Syifaa Fathiah Irwandy and Antoni
Fellas) independently screened the titles and abstracts of all
articles identified in the search. Both authors then indepen-
dently screened full-text versions of potentially eligible studies.
Authorship and results were not masked. If a disagreement
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arose between the two authors regarding the full-text inclusion,
a third reviewer (Andrea Coda) acted as an arbitrator. If the
disagreement could not be resolved successfully by the arbitra-
tor, the study author was to be contacted to settle the disagree-
ment; this process was not required. If a disagreement was not
successfully resolved, the disagreement was to be acknowledged
and stated in the review; again, this was not required. Standar-
dised pilot-tested forms were used when extracting the data
from included full-text articles.

The following data were extracted: author, year of publica-
tion, year of data collection, country, recruitment methods,
description of participants and results. One author (Iris Syifaa
Fathiah Irwandy) extracted relevant data, and a second author
(Antoni Fellas) checked all the extracted data. Any disagree-
ments were discussed between authors (Iris Syifaa Fathiah
Irwandy and Antoni Fellas), and if required, discrepancies
were arbitrated by another review author (Fiona Hawke),
though this was not required.

This review included studies with enough data for analysis
either from a published report or provided by the author. If
there was any absent or uncertain data, the study author was
contacted via email by one review author (Iris Syifaa Fathiah
Irwandy). If there was no reply within 2 weeks, another follow-
up email was sent. If no response was received to the initial
follow-up email from the study author, then the study was
excluded from the analysis. These exclusions were reported
in the table of excluded studies (Table S2) in supporting infor-
mation. If the author replied to the email, then a timeframe of 3
weeks was permitted for data retrieval.

2.3. Quality Appraisal. The Downs and Black [17] quality
appraisal checklist was used for quality assessment. Each study
was appraised by at least two authors independently (Iris Syifaa
Fathiah Irwandy, Antoni Fellas, Fiona Hawke, Andrea Coda,
and Richard G McGee). Any discrepancies were discussed
between authors, and if arbitration was required, a third review
author (Antoni Fellas) made the final decision.

2.4. Statistical Analysis. A proportion meta-analysis was con-
ducted using STATA 18. Studies that investigated the same
outcome, such as vibration perception, were pooled. The
number of participants and abnormal events were extracted
from each study and analysed using the Freeman—Tukey
double-arcsine-transformed proportion. This analysis is
particularly suitable for proportions that are expected to be
close to 0 or 1. Forest plots were then generated, and the
meta-analysis results presented an overall (mean) proportion
and confidence intervals.

3. Results

Figure 1 depicts the PRISMA flow diagram. A total of 12,130
papers were located and imported into covidence. In total, 2877
duplicates were excluded. A further 8997 articles were removed
based on their titles and abstracts. The full text of 232 articles
was reviewed for final inclusion, and 212 of these were excluded
(see Figure 1). Finally, a further two studies (Almenabbawy
etal. 2019 and Demirel et al. 2013) were excluded as the authors
were unable to provide information on what clinical

assessments they conducted or provide their respective results
after several attempts to contact the authors. Only Nelson et al.
[18] and Chuback et al. [19] replied to our queries. Overall,
3602 participants with type 1 or 2 diabetes across 18 studies
were included in this review, with an age range of 3.5-18 years
old [5, 6, 11, 18-32]. Fifteen out of the 18 studies used a cross-
sectional study design, with seven having controls, two used a
descriptive retrospective design, and one was a prospective
cohort study [5, 6, 11, 18, 19, 21, 23-31]. Most studies recruited
participants from a single outpatient paediatric endocrinology
department, and two were multicentre. Participants were
recruited from Taiwan, Australia, Austria, Canada, Finland,
Germany, India, Iran, Istanbul, Nigeria, Sweden, and the
United Kingdom. Table 1 details the characteristics of the
included studies.

This review had used “not applicable” (blank) for the men-
tion of interventions in the risk of bias assessment, as measur-
ing prevalence does not change the outcome of the participants.
This includes the use of questions 4, 8, 14, 19, 23 and 24. This
was with an exception of questions 15, 17, 21 and 22. This
review could not identify any of the studies’ attempts to blind
those measuring the outcomes, whether any results were based
on data dredging and whether there was adequate adjustment
for confounding in the analyses from which the main findings
were drawn. All studies were able to clearly describe the objec-
tive of the study and used accurate main outcome measures.
Most studies clearly described the main outcomes to be mea-
sured in the introduction or methods section, the characteris-
tics of the participants included in the study, the main findings
and the characteristics of participants lost to follow-up were
described. Majority of the studies also provided a clear descrip-
tion provided regarding the distributions of confounding vari-
able, estimates of the random variability in the data for the
main outcomes, had actual probability values been reported
for the main outcome (except where the probability value is
<0.001) and used appropriate statistical tests used to assess the
main outcomes. Most studies had invited subjects to participate
in the study being the representative of the entire population
from which they were recruited and the staft, places, and facili-
ties where the patients were treated was representative of the
treatment the majority of patients had received, however, this
review with more than half of the studies were unable to deter-
mine if subjects who were willing to participate represented the
entire population from which they were recruited. Results of
risk of bias assessment are presented in Figure 2.

3.1. Neuropathy. Sixteen studies described six clinical assess-
ments to detect neuropathy in children with diabetes, including
the touch perception test, vibration perception test, pain per-
ception test, thermal perception test, muscle strength test, mus-
cle tone, deep tendon reflex and hallux joint position
perception [11, 18-32].

3.1.1. Touch Perception Test (TPT). The monofilament or the
touch perception test was carried out in 11 studies [11, 18, 19,
24-27, 29-32].

Blankenburg et al. [11] conducted the TPT assessment on a
cohort of 45 participants with mean age of 13.2 years, mean
type 1 diabetes duration of 6.7 years and mean HbA1C of
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Figure 1: PRISMA flow diagram.

8.28%, compared to 45 aged and gender matched controls
showed that participants without diabetes exhibited 3 times
higher tactile detection thresholds. This is supported by Kar-
abouta et al. [26], Nelson et al. [18], Hasani et al. [24] and
Walter-Holiner et al. [32] with a total cohort of 254 partici-
pants, which noted prevalence of abnormal results ranging
from 7.9% to 57.1%. These studies had a median duration of
type 2 diabetes of 1.8 years or range mean of type 1 diabetes
duration of 3.8-8.1 years, range of mean age of 11.9-13.7 years
and range of mean HbAIC of 8.1-9.0%. Contrasting results
were highlighted by Chuback et al. [19], Ising et al. [25], Rii-
hima et al. [27], Singh et al. [29], Singh et al. [30] and Toop-
chizadeh et al. [31] as their respective studies recorded no
abnormalities.

None of the studies reported whether participant charac-
teristics were associated with higher rates of abnormal touch
perception.

The result of the proportion meta-analysis of the 10 studies
evaluating abnormal touch perception events can be seen in
Figure 3. The overall (mean) proportion of participants exhi-
biting an abnormal touch perception test result was 0.03 with a
CI of [0.00, 0.11], indicating that 3% of children with type 1 or 2
diabetes mellitus could exhibit an abnormal touch perception.

3.1.2. Vibration Perception Test. Vibration perception test was
carried out in 16 studies [11, 18-32]. A variety of tools were
used in this assessment, such as the tuning fork, biothesiometer,
a vibrosense metre device and a Vibrometry system 9589. All
studies which used a tuning fork detected no abnormalities or
no statistically significant difference between cases and controls
[11, 19, 23, 26, 29]. Four studies employed the biothesiometer
[20-22, 28].

Davis et al. [21] measured vibration perception threshold
(VPT), which noted 9.1% of 307 participants (with mean age
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1. Is the hypothesis/aim/ objective of the study clearly described?

2. Are the main outcomes to be measured clearly described in the
Introduction or Methods section?

3. Are the characteristics of the Participants included in the study
clearly described?

4. Are the interventions of interest clearly described?

5. Is there a clear description provided regarding the distributions
of confounding variable?

6. Are the main findings of the study clearly described?

7. Does the study provide estimates of the random variability in
the data for the main outcomes?

8. Have all important adverse events that may be a consequence
of the intervention been reported?

9. Have the characteristics of participants lost to follow up been
described?

10. Have actual probability values been reported for the main
outcome, except where the probability value is less than 0.001?

11. Were the subjects invited to participate in the study
representative of the entire population from which they were
recruited?

12. Did the subjects who were willing to participate represent the
entire population from which they were recruited?

13. Were the staff, places, and facilities where the patients were
treated, representative of the treatment the majority of patients
receive?

they have received?

14. Was there an attempt to blind study subjects to the intervention!

15. Was an attempt made to blind those measuring the main
outcomes of the intervention?

16. If any of the results of the study were based on “data dredging”
was this made clear?

17. Do the analyses in trials and cohort studies adjust for variations
in the lengths of follow-up of participants, or in control studies, is
the time period between the intervention and outcome the same
for both cases and controls?

18. Were the statistical tests used to assess the main outcomes
appropriate?

19. Was compliance with the intervention/s reliable?

20. Were the main outcome measures used accurate (valid and
reliable)?

21. Did the participants in different intervention groups or the
cases and controls come from the same population?
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22. Did study subjects in different intervention groups or cases and
controls get recruited over the same period of time?

23. Were study subjects randomized to intervention groups?

24. Was the randomised intervention assignment concealed from
both patients and health care staff until recruitment was complete
and irrevocable?

25. Was there adequate adjustment for confounding in the
analyses from which the main findings were drawn?

26. Did the study account for losses of participants during
follow-up?

27. Did the study have sufficient power to detect an effect where
the probability value for a difference being due to chance is less
than 5%?

Total score of yes /27

14 |12 10 10 10 11 6 10

FIGURE 2: Quality appraisal summary.
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Study At;i;lg;?slal No. of participants VE;(;IP; 51‘ ;1) Oéll \N(i;g)ht
Chuback et al. (2007) 0 110 [ | 0.00 [0.00, 0.02] 10.72
Karabouta et al. (2008) 4 7 1 0.57 [0.19, 0.92] 6.52
Singh et al. (2022) 0 50 [ | 0.00 [0.00, 0.03] 10.15
Walter-Holiner et al. (2018) 3 38 = = 0.08 [0.01, 0.19] 9.85
Ising et al. (2018) 0 72 [ | 0.00 [0.00, 0.02] 10.46
Nelson et al. (2006) 19 73 —— 0.26 [0.17, 0.37] 10.47
Hasani et al. (2013) 15 146 B 0.10 [0.06, 0.16] 10.84
Riihimaa et al. (2001) 0 100 [ | 0.00 [0.00, 0.02] 10.67
1 Singh et al. (2022) 0 66 [ | 0.00 [0.00, 0.03] 10.40
Toopchizadeh et al. (2016) 0 40 . 0.00 [0.00, 0.04] 9.91
Overall o 0.03 [0.00, 0.11]
Heterogeneity: 72 = 0.18, I> = 92.64%, H* = 13.58
Test of 6, = 6;: Q(9) = 93.56, p = 0.00
Testof 0=0:z=1.84, p=0.07

0.5|0 1.0|0

Random-effects REML model
Sorted by: _meta_id

FIGURE 3: Meta-analysis of abnormal touch perception events.

13.3 years, mean type 1 diabetes duration of 5.1 years and mean
HbA1C 10.7%) had abnormal results. Among these 9.1% par-
ticipants, they had a mean age of 13.4 years, mean type 1
diabetes duration of 5.1 years and mean HbA1C 11.2%, where
11 were younger than 11 years old and eight were prepubertal.
This contrasts with Shore et al. [28], where no abnormalities
were recorded among the 50 participants with mean age of 13.1
years and median duration of type 1 diabetes of 49 months.

Ising et al. [25] opted for the VibroSense Metre device at the
plantar aspect of the first and fifth metatarsal heads of the right
foot where 18% had at least one pathological site on the foot for
VPT, 6% had at least 2 sites and 4% had at least 3 sites among
72 participants with median age, type 1 diabetes duration and
age at disease onset being 12.8, 5.3 and 6.9 years, respectively.

Blankenburg et al. [11] reported that abnormal VPTs
occurred exclusively in patients with longer diabetes duration,
whilst Ising et al. [25] reported no statistical differences. Further-
more, Ising et al. [25] report no statistical difference in gender,
HbA ¢, height, weight, and BMI; however, noting that partici-
pants presenting with at least one pathological site compared to
subjects with no pathological sites had a more advanced age of
disease onset. Rithima et al. [27] reported a slight difference in
VPT only after puberty in patients and controls.

The result of the proportion meta-analysis of the 12 studies
evaluating abnormal vibration perception events can be seen in
Figure 4. The overall (mean) proportion of participants exhi-
biting an abnormal vibration perception test result was 0.04
with a CI of [0.01, 0.10], indicating that 4% of children with
type 1 or 2 diabetes mellitus could exhibit an abnormal vibra-
tion perception.

3.1.3. Pain Perception Test. Another assessment of detecting
neuropathy is via pain perception using neurotips or
temperature.

Studies conducted by Riihima et al. [27], Singh et al. [29]
and Toopchizadeh et al. [31] detected no abnormalities in their
respective cohorts. This was in contrast to Blankenburg et al.
[11] where 45 participants (with mean age of 13.2 years, mean
type 1 diabetes duration of 6.7 years and mean HbAIC of
8.28%) had lower pain thresholds to blunt pressure and higher
pain thresholds for pinprick pain sensibility compared to the 45
age and gender matched control group. Furthermore, an
increased sensitivity to pain occurred upon blunt pressure in
40% of patients and in 20% to pinprick stimuli. This is sup-
ported by Karabouta et al. [26] and Figicioglu et al. [23], noting
57.1% and 2.6% having abnormal pain perception, respectively,
having a total cohort of 45 participants with a median duration
of type 2 diabetes of 1.8 years or mean of type 1 diabetes
duration of 3.1 years.

Hasani et al. [24] had also measured pain perception via
pin-prick and temperature, which noted 10.3% and 1.4%
among a cohort of 146 children (with type 1 diabetes with
mean age 11.9 years and mean duration of 3.8 years) had
exhibited abnormal results, respectively. Lastly, Blankenburg
et al. [11] assessed pain perception via cold and heat pain
with a computer-controlled thermotester, where 45 partici-
pants (with mean age of 13.2 years, mean type 1 diabetes dura-
tion of 6.7 years and mean HbA1C of 8.28%) displayed lower
pain thresholds to heat compared to the 45 age and gender
matched control group. Moreover, an increased sensitivity to
pain occurred upon heat in 13% of patients and in 7% to cold.
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Vibration perception . .
Study No. of participants \A}:irt(})lp;;"tdl)ogl W(i;i t
Blankenburg et al. (2012) 5 45 —] 0.11[0.03,0.22] 8.29
Singh et al. (2022) 0 50 B 0.00 [ 0.00, 0.03] 8.43
Chuback et al. (2007) 0 110 B 0.00 [ 0.00, 0.02] 9.15
Karabouta et al. (2008) 0 7 — 0.00 [ 0.00, 0.23] 4.58
Ficicioglu et al. (1994) 0 38 | 0.00 [ 0.00, 0.04] 8.06
Davis et al. (1997) 28 307 . - 0.09 [ 0.06, 0.13] 9.60
Ising et al. (2018) 13 72 —] 0.18 [ 0.10, 0.28] 8.82
Nelson et al. (2006) 23 73 ——J——— 032[021,043] 8.83
Hasani et al. (2013) 11 146 1 0.08 [ 0.04, 0.12] 9.32
I Singh et al. (2022) 0 66 | B 0.00 [ 0.00, 0.03] 8.73
Toopchizade et al. (2016) 0 40 B 0.00 [ 0.00, 0.04] 8.13
Walter-Holiner et al. (2018) 3 38 —— 0.08 [ 0.01, 0.19] 8.06
Overall <49 0.04 [ 0.01, 0.10]
Heterogeneity: 72 = 0.12, I = 89.87%, H? = 9.87
Test of 6, = 6 Q(11) = 96.95, p = 0.00
Test of 6 =0: z=2.94, p = 0.00

000 010 020 030 040

Random-effects REML model

FIGURE 4: Meta-analysis of abnormal vibration perception events.

None of the studies recorded the participant characteristics
of participants nor reported whether any of the characteristics
influence abnormal pain perception, except Blankenburg et al.
[11], noting a correlation of higher HbAlc with a lower
mechanical threshold.

The result of the proportion meta-analysis of the seven stud-
ies evaluating abnormal pain perception events can be seen in
Figure 5. The overall (mean) proportion of participants exhibit-
ing an abnormal pain perception test result was 0.01 with a CI of
[0.00, 0.05], indicating that 1% of children with type 1 or 2
diabetes mellitus could exhibit an abnormal pain perception.

3.1.4. Thermal Perception Test. Blankenburg et al. [11] noted
24% of 45 participants (with mean age of 13.2 years, mean type 1
diabetes duration of 6.7 years and mean HbA1C of 8.28%) had
thermal hypoesthesia; however, this was not statistically signifi-
cant in comparison to the 45 age and gender matched control
group. Moreover, Chuback et al. [19] assessed thermal percep-
tion at 25°C and the other at 40°C and found no abnormalities in
their participant cohort of 110 participants (with mean age 15
years, mean type 2 diabetes duration 30 months and mean
HbAIC of 8.0%). Singh et al. [29], Singh et al. [30] and Toop-
chizadeh et al. [31] did not specify how the assessment was
carried out, however, no abnormalities were recorded.

None of the studies recorded the participant characteristics
of participants nor reported whether any of the characteristics
influence abnormal thermal perception, except Blankenburg

et al. [11], reporting a correlation of higher HbAlc with a
higher cold detection threshold.

The result of the proportion meta-analysis of the four stud-
ies evaluating abnormal temperature perception events can be
seen in Figure 6. The overall (mean) proportion of participants
exhibiting an abnormal temperature perception test result was
0.00 with a CI of [0.00, 0.01], indicating that, based on available
evidence, children with diabetes are not expected to exhibit
abnormal thermal perception.

3.1.5. Muscle Strength Test and Tone. Muscle testing was
performed in five studies [23, 24, 29-31].

Three out of five studies, including Singh et al. [29], Singh
etal. [30] and Toopchizadeh et al. [31] noted no abnormalities
when performing the testing. This was in contrast to Hasani
et al. [24] who reported 23.3% among a cohort of 146 children
(with type 1 diabetes with mean age 11.9 years and mean
duration of 3.8 years) who displayed muscle weakness. This
was supported by Ficicioglu et al. [23] noted 7.9% of a cohort of
38 children (with mean age 10.5 years, mean HbA1C of 14.4%
and mean type 1 diabetes duration of 3.1 years). It is noted, only
Singh et al. [29] had mentioned testing the flexion and exten-
sion muscles at the ankle and knee while the other four studies
did not specify which muscles were tested. Both Singh et al. [29]
and Singh et al. [30] graded muscle strength on a scale of 0-5,
where a score of 4 or 5 was considered to be normal, while
grade 3 was reduced and grades 0-2 to be severely reduced.



Pediatric Diabetes 15
Pain perception
Study Azz::l?slal No. of participants \iirt(}ip 90 Sr (2 Oéll W(ii)g)ht
Hasani et al. (2013) 2 146 . 0.01 [0.00, 0.04] 17.33
Karabouta et al. (2008) 4 7 o 0.57 [0.19, 0.92] 6.86
Singh et al. (2022) 0 50 [ ] 0.00 [0.00, 0.03] 14.99
Riihimaa et al. (2001) 0 100 . 0.00 [0.00, 0.02] 16.70
Ficicioglu et al. (1994) 1 38 .— 0.03 [0.02, 0.11] 14.08
Toopchizade et al. (2016) 0 40 . 0.00 [0.00, 0.04] 14.26
L. Singh et al. (2022) 0 66 . 0.00 [0.00, 0.03] 15.77
Overall > 0.01 [0.00, 0.05]
Heterogeneity: 72 = 0.08, I> = 81.95%, H* = 5.54
Test of 0, = 6 Q(6) = 20.27, p = 0.00
Testof 0=0:z=0.92,p=0.36
0.(;0 O.;O 140‘0
Random-effects REML model
FIGURE 5: Meta-analysis of abnormal pain perception events.
Temperature perception
Study Abnormal No. of participants P{‘oportion Weight
events with 95% Cl (%)

Chuback et al. (2007) 0 110 B 0.00[0.00,0.02] 4123

Singh et al. (2022) 0 50 B 0.00 [0.00, 0.03] 18.84

I Singh et al. (2022) 0 66 b 0.00 [0.00, 0.03] 24.81

Toopchizadeh et al. (2016) 0 40 | 0.00 [0.00, 0.04] 15.11

Overall B 0.00 [0.00, 0.01]

Heterogeneity: 72 = 0.00, I = 0.00%, H? = 1.00
Test of 6;= Gj: Q(3)=0.15,p =0.99
Test of 0 = 0: z=0.00, p = 1.00

Random-effects REML model

T T
0.00 0.01 0.02  0.03 0.04

FIGURE 6: Meta-analysis of abnormal temperature perception events.

No studies explored muscle tone in this review.

None of the studies recorded the participant characteristics
of participants, nor reported whether any of the characteristics
were associated with muscle weakness.

The result of the proportion meta-analysis of the five stud-
ies evaluating muscle weakness events can be seen in Figure 7.
The overall (mean) proportion of participants exhibiting mus-
cle weakness was 0.03 with a CI of [0.00, 0.14], indicating that
3% of children with type 1 or 2 diabetes mellitus could exhibit
muscle weakness.

3.1.6. Deep Tendon Reflex. Deep tendon reflexes were tested in
eight studies [23, 24, 26, 27, 29-32]. The Achilles (or ankle),
quadriceps, gastrocnemius, and biceps and/or triceps surae
tendons were assessed. Studies conducted by Karabouta et al.
[26] and Singh et al. [29] tested the Achilles tendon and

recorded no abnormalities in their respective cohorts. This
was in contrast with Walter-Holiner et al. [32], where 5.3%
of patients had abnormal ankle reflexes among the 28 partici-
pants (with mean age of 12.6 years, mean HbA1C of 8.1% and
mean duration of 5.6 years of type 1 diabetes). Rithimaa et al.
[27] found 2% of participants with diminished or absent quad-
riceps, gastrocnemius, and triceps surae tendons reflexes
among the 100 participants (with mean age of 13.7 years and
mean GHB of 8.5% of type 1 diabetes). This was supported by
Ficicioglu et al. [23] who noted 18.4% of a cohort of 38 children
(with mean age 10.5 years, mean HbA1C of 14.4% and mean
type 1 diabetes duration of 3.1 years).

Toopchizadeh et al. [31] had also observed that 47.5% of
the 40 participants (with type 1 diabetes of mean age 13 years,
mean HbA1C of 7.98% and mean duration of 6.4 years) had
reduced deep tendon reflexes in the lower limb. Furthermore,
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Muscle weakness
Study Atg:;irslal No. of participants vfil;(ﬁp; Sr ;1) Oéll V\’(eoi)g)ht
Ficicioglu et al. (1994) 3 38 —l— 0.08 [0.01, 0.19] 19.11
Hasani et al. (2013) 34 146 ——— 023[0.17,031] 21.46
Singh et al. (2022) 0 50 B 0.00 [0.00, 0.03] 19.81
I Singh et al. (2022) 0 66 B 0.00 [0.00, 0.03] 20.38
Toopchizadeh et al. (2016) 0 40 B— 0.00 [0.00, 0.04] 19.25
Overall - e 0.03 [0.00, 0.14]
Heterogeneity: 72 = 0.15, I = 90.30%, H> = 10.31
Test of 0, = 6]-: Q(4) =58.14, p = 0.00
Testof 0=0:z=1.53,p=0.13

I 0.10 0.20 0.30

Random-effects REML model

FIGURE 7: Meta-analysis of muscle weakness events.

Tendon reflexes b | ) h
Study Aeizlgrrlil:a No. of participants wI:irt(})lp 90 51‘ ; Oéll V\/(i;g) t
Ficicioglu et al. (1994) 7 38 — — 0.18 [0.07, 0.33] 14.58
Karabouta et al. (2008) 0 7 B 0.00 [0.00, 0.23] 10.23
Singh et al. (2022) 0 50 | 3 0.00 [0.00, 0.03] 14.94
Walter-Holiner et al. (2018) 2 38 B 0.05 [0.00, 0.15] 14.58
Hasani et al. (2013) 7 146 B 0.05 [0.02, 0.09] 15.77
I Singh et al. (2022) 0 66 B 0.00 [0.00, 0.03] 15.24
Toopchizadeh et al. (2016) 19 40 ——J——— 0.48(0.32,0.63] 14.65
Overall 4 0.07 [ 0.00, 0.20]

Heterogeneity: 72 = 0.23, I> = 91.97%, H> = 12.46
Test of 0, = 6/-: Q(6) = 65.02, p =0.00
Testof 0 =0:z=2.02, p=0.04

Random-effects REML model

0.00 0.20 0.40 0.60

FIGURE 8: Meta-analysis of abnormal tendon reflexes events.

Hasani et al. [24] noted 7% of a cohort of 146 children (with
type 1 diabetes with mean age of 11.9 years and mean duration
of 3.8 years). Similar to Singh et al. [30], the studies did not
specify which tendons were assessed. None of the studies
recorded whether participant characteristics were associated
with higher rates of abnormal touch perception.

The result of the proportion meta-analysis of the seven
studies evaluating abnormal tendon reflexes events can be
seen in Figure 8. The overall (mean) proportion of participants
exhibiting abnormal tendon reflexes result was 0.07 with a CI
of [0.00, 0.20], indicating that 7% of children with type 1 or
2 diabetes mellitus could exhibit abnormal tendon reflexes.

3.1.7. Joint Position Perception. No abnormalities were
recorded in the three studies conducted by Riihimaa et al.
[27], Toopchizadeh et al. [31] and Singh et al. [30] in assessing
perception of joint position. Only Riihimaa et al. [27] men-
tioned assessing the first big toe, and the remaining studies did
not specify which joints were tested. No studies recorded
whether participant characteristics were associated with higher
rates of abnormal joint position perception testing.

The result of the proportion meta-analysis of the three
studies evaluating abnormal joint proprioception events can
be seen in Figure 9. The overall (mean) proportion of partici-
pants exhibiting an abnormal joint position perception test
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Joint proprioception
Stud Abnormal No. of participants Proportion Weight

Y events -otp P with 95% CI (%)
Riihimaa et al., 2001 0 100 B 0.00 [0.00, 0.02] 48.43
L. Singh et al., 2022 0 66 0.00 [0.00, 0.03] 32.05
Toopchizadeh et al., 2016 0 40 0.00 [0.00, 0.04] 19.52
Overall — 0.00 [0.00, 0.01]

Heterogeneity: 72 = 0.00, I = 0.00%, H? = 1.00
Test of 0, = 0j: Q(2) =0.10, p=0.95
Test of 0 = 0: z=0.00, p = 1.00

Random-effects REML model

0.00 0.01 0.02 0.03 0.04

FIGURE 9: Meta-analysis of abnormal joint proprioception events.

result was 0.00 with a CI of [0.00, 0.01], indicating that children
with diabetes are not expected to exhibit abnormal joint posi-
tion perception.

3.1.8. Relationship With Variables. Only Chuback et al. [19]
studied participants with type 2 diabetes and reported no corre-
lation between duration of diabetes diagnosis, HbAlc, weight or
age with the presence or lack of foot abnormalities. Toopchiza-
deh et al. [31], Walter-Holiner et al. [32], Nelson et al. [18], Ising
et al. [25] and Blankenburg et al. [11] reported having no corre-
lation with duration of type 1 diabetes, which is contradicted by
Ficicioglu et al. [23] and Hasani et al. [24], noting longer disease
duration in participants with diabetic neuropathy.

Hasani et al. [24] and Riihimaa et al. [27] observed a higher
HbA1lc in participants with type 1 diabetes with diabetic neu-
ropathy. This was contradicted by Ficicioglu et al. [23], Toop-
chizadeh et al. [31], Walter-Holiner et al. [32], Cho et al. [20],
Davis et al. [21], Nelson et al. [18] and Ising et al. [25]. Walter-
Holiner et al. [32] noted no correlation between age, BMI, and
gender in participants with type 1 diabetes with diabetic neu-
ropathy. This is supported by Toopchizadeh et al. [31] report-
ing no correlations in age, Cho et al. [20] reporting no
correlations in BMI and Nelson et al. [18] and Ising et al.
[25] reporting no correlation in gender in participants with
type 1 diabetes with diabetic neuropathy.

3.2. Vasculopathy. Overall, four studies described assessments to
detect peripheral arterial disease in children with diabetes [5, 6,
19, 26]. Only three clinical assessments were used, which included
palpation of pedal pulses, measurement of the ABI and examina-
tion for signs and symptoms of peripheral arterial disease.

3.2.1. Pulse Palpation. Among the cohort in Karabouta et al.
[26] consisting of two Asian females, four females and one
African male (with a median type 2 diabetes duration of 1.8
years and a median age of 14.3 years old), pedal pulses were
palpable; however, weak in 57.1% of participants. Chuback et al.
[19] also performed this assessment; however, did not provide
results in their full text publication and were unable to provide
results when contacted.

3.2.2. ABI. Akinyosoye et al. [6] conducted the ABI assessment
on a cohort of 45 children with type 1 diabetes with 45 aged and
gender matched controls in Southwest Nigeria and found a
statistically significant (p <0.001) prevalence of peripheral arte-
rial disease (37.8% vs. 6.7%). The authors had also noted chil-
dren with type 1 diabetes and peripheral arterial disease had a
higher age (mean 11.82 vs., 10.07 years) and HbA1C (mean
13.47% vs. 8.16%) while a negative correlation was found with
age, weight, waist circumference, hip circumference, waist to
hip ratio and HbA1C with the ABI scores.

This is in contrast with Yu et al. [5] reporting no statisti-
cally significant difference (p=0.351) in index scores
between children with diabetes and matched controls. Yu et al.
[5] conducted the ABI assessment on a cohort of 87 children
with type 1 diabetes, with 21 sex, age, weight, height and blood
pressure matched controls in Taiwan. ABI was classified as
low (<0.9), normal (0.9-1.3) and high (>1.3) in Akinyosoye
et al. [6], while Yu et al. [5] did not report classifications
in ABL

Currently, there are no studies that have explored the use of
a toe-brachial index or absolute toe pressure assessments in
children and/or adolescents with diabetes.

3.2.3. Clinical Examination. One study performed a dermato-
logical examination as part of a vascular assessment. These
included skin colour and temperature, skin type and texture,
signs of infection, oedema, nail problems, foot pulse palpation,
and presence of calluses [26]. No significant abnormalities were
recorded in Karabouta et al. [26], consisting of 2 Asian females, 4
females and 1 African male (with a median type 2 diabetes
duration of 1.8 years and a median age of 14.3 years), apart
from 85.7% of participants had displayed areas of callous
formation.

Overall, the studies included in this systematic review used
a range of clinical assessments and diagnostic criteria when
attempting to detect lower limb neurovascular abnormalities
in children with juvenile diabetes. This was also the case for
study designs and sample sizes used, with some studies not
reporting whether their sample was powered.
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4. Discussion

Among the 18 included studies, 14 explored the prevalence of
neuropathy, two investigated neuropathy and vasculopathy
combined, and finally, two studies only explored vasculopathy
of the lower limb alone. These studies used chair-side clinical
assessments to diagnose pathology, such as monofilament,
vibration perception, sharp-blunt, temperature perception,
reflexes, muscle strength and tone, joint perception, pedal
pulses, and ABI.

4.1. Neuropathy. There is conflicting evidence regarding lower
limb sensory and motor neuropathy in children with diabetes,
largely due to variations in methodological design and diagnos-
tic assessments. For instance, the touch perception test varies in
the pressure used, test sites, and repetition, while the vibration
perception test employs different tools like tuning forks, biothe-
siometers, and vibrosense metres, with variations in frequen-
cies and foot locations. Inadequate method reporting further
complicates the issue, as inconsistent diagnostic criteria lead to
varied results. For example, Karabouta et al. [26] recorded
insensitivity in one or more sites of a 10 g monofilament as
positive, whereas Nelson et al. [18] used a different size mono-
filament (4.17-U) at the distal hallux.

The proportional meta-analysis revealed varying results
across different neurological assessment; 3% may show abnor-
mal touch perception (Figure 3), 4% abnormal vibration
(Figure 4), 1% abnormal pain perception (Figure 6), 3% muscle
weakness (Figure 7) and 7% abnormal tendon reflexes
(Figure 8) while abnormal thermal perception and hallux joint
position perception are not expected. This may be due to the
involvement of different nerve fibres being tested. For example,
in the assessment of large fibre neuropathy, 3% of children
experiencing abnormal touch perception (Figure 3) and 4%
abnormal vibration perception (Figure 4), both of which assess
A-beta fibres where conversely 0% of children exhibiting
abnormal joint position proprioception (Figure 9) tests A-
Alpha fibres [33, 34]. Abnormal pain and thermal perception
(Figure 6), which tests small fibre neuropathy (A-Delta and C
fibres), were not as common, potentially due to the unique
symptom profile of how pain is perceived in youths [33-35].
It was noted, paraesthesia symptoms were more pronounced,
and experiences of pain were fewer or less intense, which con-
tradicts existing adult pain assessments as they disproportion-
ately target pain and have fewer items assessing paraesthesia
[35]. Finally, motor function assessments such as abnormal
tendon reflexes (7%) and muscle weakness (3%), may show
variability, as tendon reflex abnormalities typically emerge ear-
lier in the progression of the disease while muscle weakness
tends to develop later on [34, 36].

Only one of the 18 studies was a prospective cohort study
design with an observation period of 5 years, where authors
concluded a prevalence of 13.2% complications, which
increased to 34.2%, a 2.6-fold increase [32]. The authors
assessed the neuropathy disability score (NDS) using the ankle
reflex, vibration, pinprick, and temperature sensations at the
great toe, where an NDS score of 3 or more was considered
pathological. Following this, neurological symptoms were
scored on neuropathy symptom score (NSS); the nature
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(burning, numbness, or tingling, fatigue, cramping, or aching),
location of symptoms (feet, calves or elsewhere), if symptoms
displayed during day and/or nighttime with an extra point if
symptoms woke the patient up and relief of pain either/and
from walking, standing and sitting/lying down. An NSS of 3 or
more indicated diabetic peripheral neuropathy (DPN).

The majority of the studies used a cross-sectional design
without age and sex-matched controls, which significantly
reduces the ability to detect true pathology in a population of
interest over a longer observational period [37]. Furthermore, a
wide range of variables, including the duration of diabetes,
HbA1lc levels, age, gender, BMI, height, weight, and pubertal
stage, are shown to have an association in participants with
diabetic neuropathy of which are reported inconsistently in
each study.

4.2. Vasculopathy. There is a paucity of evidence assessing the
presence of vascular complications such as peripheral arterial
disease in children with diabetes mellitus. One reason may be
due to a lack of clinical direction based on current guidelines
[14]. One study found that only 6% of general practitioners
were aware of the evidence-based guidelines for screening of
peripheral arterial disease, and only 5% with the diagnostic
guidelines. The high prevalence of peripheral arterial disease
using the ABI (37.7% vs. 6.7% in controls) in Akinyosoye et al.
[6] could arise due to a higher average value of the HbAlc
report in their study [38]. This review found no studies have
explored the use of toe-brachial indexes to detect peripheral
arterial disease in children with diabetes, which is required
given the impact of diabetes on microvascular circulation. Cur-
rent studies on children have only used ABIs, which have been
shown to be less sensitive and specific in detecting peripheral
arterial disease in adult people with diabetes [39].

4.3. Clinical Implications of Results. The reported proportions
of abnormal touch perception (3%), vibration perception (4%),
pain perception (1%), muscle weakness (3%), and tendon
reflexes (7%) underscore the importance of regular neurovas-
cular screening in children with diabetes. The variability in
prevalence estimates across studies suggests a need for standar-
dised diagnostic criteria and assessment methods. Specifically,
validating normal and abnormal cutoffs for each lower limb
neurological and vascular assessment would aid clinicians in
diagnosing abnormalities more accurately. This would enhance
identification of at-risk patients and implement early interven-
tions, ultimately improving the quality of life and long-term
health outcomes. Moreover, given the increasing prevalence of
type 2 diabetes in children, these findings advocate for the
integration of routine neurovascular assessments into paediat-
ric diabetes management guidelines.

4.4. Strengths and Limitations

4.4.1. Strengths. To our knowledge, this is the first review to
collate the evidence of lower limb vasculopathy and neuropathy
in children with diabetes using clinical assessments such as the
touch perception test, vibration perception test, pain percep-
tion test, thermal perception test, muscle strength test, muscle
tone, deep tendon reflex, joint position perception, palpation of
pedal pulses, measurement of the ABI and examination for
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signs and symptoms of peripheral arterial disease. It includes
papers with a broad geographical reach and participants from 3
to 17 years of age. While some evidence of pathology was
identified, this review provides evidence that future high-
quality research is required to determine if children with dia-
betes exhibit lower limb neurovascular complications and
whether these complications increase over time.

4.4.2. Limitations. Some limitations to this systematic review
should be considered. The quality of the papers included in this
review presents a significant limitation to the evidence. Varia-
tions in assessment methods and reporting have hindered the
ability to evaluate the robustness of the methodologies. Addi-
tionally, the lack of prospective case—control studies further
undermines the strength and reliability of the findings. Further-
more, disease characteristics such as diabetes duration and
severity are factors which influence the prevalence of diabetes
complications, and were not measured in this review [4].

This review only included assessment tools typically used in
a clinical setting. This review did not include gold standard
diagnostic tools, such as NCS to diagnose neuropathy or inva-
sive angiography to diagnose peripheral arterial disease [11,
40]. While NCS are more accurate in detecting nerve fibre
disruption, they are rarely used in a paediatric setting due to
their painful nature. Out of the 18 studies included, only eight
studies performed additional NCS. The papers included in this
review used a range of vascular and neurological tests com-
monly used to screen for peripheral arterial disease and neu-
ropathy in adults with diabetes. The efficacy of many of these
tests has yet to be established in paediatric populations [41].
Consequently, their clinical application in children cannot be
recommended until rigorous validation studies are conducted.

The limitation of the meta-analyses is the variability in each
study’s methodology, notably regarding how abnormal events
were identified and measured across studies, potentially leading
to inconsistent results and reporting.

4.4.3. Implications for Future Research. Based on the results of
this review, further research is needed to determine the presen-
tation and prevalence of lower limb neurovascular problems in
children with diabetes. Future research should focus on using
standardised methods of clinical assessments and reporting the
methods of assessment in detail to allow comparability and
draw more definitive conclusions. Longitudinal case-control
study designs, with larger sample sizes, would greatly
strengthen the research base. Lastly, future studies should
also aim to validate the diagnostic tests in children, as most
assessments have only been validated in adults.

5. Conclusion

There is growing evidence that children with diabetes can
develop neuropathy and peripheral vascular disease before
reaching age 18 years. While the prevalence estimates between
studies vary, and not all studies detected pathology, recent
studies that did observe pathology provide impetus for clinical
caution. Considering the plethora of clinical guidelines recom-
mending routine screening for lower limb neuropathy and
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vasculopathy in adults with diabetes, the potential benefits of
screening in children with diabetes should be evaluated. Early
detection of lower limb neuropathy and peripheral vascular
disease in children with diabetes may allow early intervention,
potentially preventing severe lower limb complications from
developing during childhood and persisting into adulthood.
The monofilament and neurotip exhibited the most abnor-
mal results, while the tuning fork, thermal perception, muscle
tone and joint position perception recorded low prevalences.
There is a paucity of data in assessing the lower limb vascular
complications, such as peripheral arterial disease. The preva-
lence of diabetes in children is increasing, particularly with
type 2 diabetes and hence, the potential for increased rates
of complications such as neurovascular lower limb problems.
Higher-quality evidence will empower policymakers and guide-
line developers to provide clinicians with robust recommen-
dations for the optimal management of lower limb complications
in children with diabetes, ultimately improving patient outcomes.
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