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Abstract

Aims

Cardiac autonomic neuropathy is currently an untreatable progressive
complication of type 1 diabetes (T1D). Impaired microcirculation is a
suspected cause of nerve degeneration in TID. We investigated whether
cardiovascular autonomic reflexes often used as indices of nerve func-

tions, are associated with indices of microcirculatory function in young

adults with T1D compared with non-diabetic controls.
Methods

In a cross-sectional study, 15 adults with T1D and 15 age-matched con-
trols (20-40 years) underwent standardized cardiovascular autonomic re-
flex tests. Continuous recordings of electrocardiogram, cardiac vagal
tone, beat-to-beat blood pressure and transcutaneous tissue oxygen

(tcpO2) and carbon dioxide partial pressures (tcpCO,) were done.
Results

Despite preserved baroreflex, parasympathetic, and sympathetic functions
assessed using cardiovascular reflex tests, the individuals with T1D ex-
hibited reduced baseline tcpO, compared to the controls (37.5£3.75 vs.
49.6 mmHg). During the Valsalva manoeuvre, individuals with T1D ex-
hibited a reduced systolic blood pressure response in phase I (31+10 vs.
43+18 mmHg) and early phase II (-1£15 vs. -18+17 mmHg), and an in-
creased systolic (31£15 vs. 18+14 mmHg) and diastolic (45+11 vs. 33+16
mmHg) response in late phase II compared to controls. The early phase II

diastolic response was inversely associated with baseline tcpOs.

Conclusion
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The altered hemodynamic response to the Valsalva manoeuvre is suggestive of possible reduced arterial
elasticity, higher vascular resistance, and splanchnic sympatho-vagal imbalance in T1D despite normal
autonomic reflex ratios. The concomitant evidence of reduced tissue oxygenation and altered hemody-

namics may represent early signs of dysautonomia but require longitudinal validation.

Introduction

Cardiovascular autonomic neuropathy (CAN) is a common microvascular neuropathic condition among
individuals with type 1 diabetes (T1D). According to epidemiological studies, the prevalence of CAN
ranges from 36 to 44 %, and they are commonly associated with reduced quality of life' . Alarmingly,
CAN has been observed in adolescents with T1D, with up to 32% showing early signs of CAN*. This

highlights the early onset and clinical relevance of this complication.

The prevailing understanding of the development of diabetic neuropathy is that it is length dependent,
affecting e.g. sensorimotor nerves in the extremities first, or the relatively long vagus nerve®. Affection
of the vagus nerve manifests as parasympathetic withdrawal, which is considered a potentially reversi-
ble stage of autonomic dysfunction”®. The gold standard for diagnosing CAN is the Ewing's test bat-
tery, also known as cardiovascular autonomic reflex tests (CARTSs)’, where especially the expiration-to-
inspiration (E:I) ratio is primarily parasympathetically driven'®. However, its utility in detecting para-
sympathetic withdrawal may be limited by methodological inconsistencies''. These include variations
in body position (supine vs. seated), the relative duration of expiration to inspiration to ranging from
1:1 to 3:1, and how the E:I ratio is calculated, either by averaging the longest and shortest RR-intervals
from each breathing cycle or by selecting the single longest and shortest RR-intervals across all cycles.
Together, these methodological variations reduce reliability and increase the risk of misclassification,

particularly in early, subtle, or borderline cases.

Although the standardized CARTSs evaluate both RR-interval and blood pressure responses, clinical
applicable practice increasingly emphasizes solely on RR-interval-based measures, potentially over-
looking vascular abnormalities. The endothelium plays a critical role in the regulation of vascular tone,
and studies have reported endothelial dysfunction even in uncomplicated T1D'%. This can contribute to
altered vascular reactivity, which may alter hemodynamic responses during autonomic challenges, par-
ticularly those requiring rapid vasomotor adjustments, such as the Valsalva manoeuvre. Altered micro-
vasculature with localized tissue hypoxia, might represent one of the earliest pathophysiological steps
in the development of diabetic neuropathy', and could serve as an early indicator of autonomic dys-
function, potentially preceding detectable changes in traditional nerve-based measures such as cardiac

adaptability assessed as RR-interval responses.

We hypothesize that the tissue metabolism is altered in T1D leading to increased use of oxygen com-
pared to controls. Thus, the purpose of this study was to assess cardiovascular autonomic function
(ECG/RR-interval and blood pressure responses) and tissue metabolism of transcutaneous oxygen and
carbon dioxide, as well as their associations, in younger adults with T1D compared with healthy con-

trols.

Methods

The study was approved by the local Ethics Committee in the North Denmark Region (N-20230033)
and informed consent was collected. It was registered with the Regional Data Security Authority (ID
no. F2023-097).
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Participants

This non-blinded cross-sectional study constituted 15 adults with T1D and 15 age-matched non-
diabetic controls aged between 20-40 years. Individuals were excluded if they had blood pressure
>150/90, known cardiovascular or neurological disorders, known with frequent syncopal episodes (>3
events in the past year), used strong analgesics, sedative antihistamines, or received systemic corticoid
treatment within 5 weeks of inclusion. The individuals with T1D were required to have had the condi-
tion for at least 5 years and to receive stable anti-diabetic and anti-hypertensive treatment for a mini-

mum of 4 weeks prior to inclusion.

Cardiovascular autonomic assessment

The participants underwent comprehensive testing of the cardiovascular autonomic reflexes to assess
the integrity of both the parasympathetic and sympathetic nervous systems. The testing protocol includ-
ed massage of the carotid sinus, a one-minute cycle of deep breathing (4 seconds in, 6 seconds out) in
the supine position, the response to active orthostasis (transition from seated on a low stool to standing
upright), a 3-minute isometric handgrip at 50% of the maximum sustainable force, and the Valsalva
Manoeuvre (repeated three times for practice), where a forced exhalation against resistance with an
open epiglottis was maintained for 15 seconds at an intra-thoracic pressure of 40 mmHg. Throughout
all tests, continuous recordings were obtained with the NeuroScope (NeuroSentronics Ltd, London,
UK) by recording electrocardiogram (ECG) at 5000 Hz, real-time ECG-derived cardiac vagal tone
(CVT) measured in linear vagal scale units (LVS), and respiratory frequency and rhythm. Beat-to-beat
blood pressure was measured with the Nexfin® (BMEYE, Amsterdam, NL), which, in combination
with the NeuroScope, enabled assessment of the cardiac sensitivity to the baroreflex. Transcutaneous
levels of oxygen (tcpO:) and carbon dioxide (tcpCO:) levels was obtained using the TCMS5 Flex
(Radiometer, Copenhagen, DK). The NeuroScope methods of autonomic assessment is previously pub-

lished elsewhere'*.

From medical records, the following was extracted: The latest glycated haemoglobin (HbA1C), use of
treatment aids such as insulin pumps and continuous glucose monitoring, presence of complications,
and the latest assessment of the peripheral nervous system. To assess the symptom burden, the partici-
pants completed the validated Danish version of the Composite Autonomic Symptom Score
31 (COMPASS-31), which is a 31-item questionnaire covering different autonomic domains'’. It was

scored according to Sletten’s method'®.

Reflex analysis

To determine the integrity of the baroreflex, the maximum CVT and minimum systolic blood pressure
response to carotid sinus massage was extracted. A minimum increase by 5 units on the LVS of CVT
is considered a normal cardiodepressor response, and >20 is higher than normal response, and a mini-
mum of 10 mmHg decrease in systolic blood pressure is considered a normal vasodepressor response,

and >30 is higher than normal response'*.

To assess the central parasympathetic response to deep breathing, the maximum levels of CVT, oxygen
tension (tcpO2) and minimum level of carbon dioxide tension (tcpCO2) during 60 seconds of deep in-
spirations to maximum lung capacity and expirations to the forced expiratory volumes were identified
and used for the analyses. To calculate the E:I ratio, the shortest and longest RR-interval during these
respiratory manoeuvres were selected to capture peak parasympathetic modulation. The transcutaneous

measurements of tcpO, and tcpCO, were used to assess microcirculatory function by quantifying the
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O, influx into tissues and CO, efflux from tissues during the 60 seconds respiratory manoeuvres.

For the active orthostasis test, the shortest RR-interval around the 15% beat and the longest RR-interval
around the 30™ beat after standing upright were selected to calculate the 30:15 ratio. Furthermore,
blood pressure responses were monitored and followed for 3 minutes. Sustained orthostatic hypoten-
sion was defined as a decrease in systolic blood pressure >20 mmHg or diastolic blood pressure >10
mmHg from the resting value, based on the average pressure measured between second and third mi-

nute after standing.

In the sympathetic driven 3-minute isometric handgrip test, the mean values of RR-intervals, heart rate,
blood pressure, tcpO2, and tcpCO: derived from 20 beats before the procedure was initiated were com-
pared to the last 20 beats during the procedure. The cardioaccelerator function was categorised as nor-
mal if the heartrate increased by at least 22%. The central baroreflex responsiveness was defined as the
difference in RR-intervals divided by the difference in systolic blood pressure, which was compared to
the predicted baroreflex (2.42*10°€"%) and categorised as lower, normal or higher than predicted
central gain'’. Similarly, the diastolic blood pressure response was used as a surrogate of central sym-
pathetic vasomotor drive to the total peripheral resistance mostly from the skeletal muscles, and an in-

crease of at least 15 mmHg was regarded as normal'*.

The Valsalva ratio was calculated as the longest RR-interval during the rebound phase divided by the
shortest RR-interval during positive intra-thoracic pressure. The highest ratio obtained from the per-
formed Valsalva manoeuvres was used in the CAN assessment. For blood pressure analysis, the Valsal-
va manoeuvre with adequate intrathoracic pressure and distinct physiological phases was selected. The
change in early phase II was used a marker of venous return, a decrease exceeding -25 mmHg from the
pre-manoeuvre level was interpretated as reduced venous return. The change in systolic blood pressure
in late phase II was used as a marker of the alpha-1 adrenergic autotransfusion in the splanchnic vascu-

lar bed, and an increase >15 mmHg was interpretated as exaggerated auto-transfusion'®.

To assess the magnitude of the response to the different manoeuvres, each response was compared with
a representative resting segment with minimal blood pressure variation shortly before the manoeuvre.
To determine CAN status age-adjusted reference values was used'®: 1 abnormal test was classified as

early CAN and 2+ abnormal test was classified as manifest CAN.

Statistical Analysis

The distribution of continuous variables was examined using Q-Q plots and the Shapiro-Wilk test. Data
are presented as mean + standard deviation (SD) if normally distributed, or as median with interquartile
range (IQR) if not. Categorical variables are presented as counts and percentages, and differences in
proportions are determined with Fisher's Exact test. Continuous between-group differences were as-
sessed using the independent-samples #-test when the assumption of normality was met, or the Wilcox-
on rank-sum test when it was not. Within-subject comparisons (e.g., rest vs. response) were analysed
using paired #-tests or Wilcoxon signed-rank tests, as appropriate. Linear regression was used to assess
associations between continuous variables. Statistical significance was defined as P < 0.05. Analyses
were performed in Stata (StataCorp. 2025. Stata Statistical Software: Release 18. College Station, TX:
StataCorp LLC). Figures were generated in R (R Core Team, 2026. R: A Language and Environment
for Statistical Computing. R Foundation for Statistical Computing, Vienna, Austria) using the ggplot2
package.
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Results

Clinical characteristics

Overall, participants with T1D and controls were comparable across most characteristics, as summa-

rized in Table 1. None of the controls showed signs of CAN, while only one individual with T1D

exhibited early CAN, specifically, a slightly reduced Valsalva ratio. Based on review of medical

Table 1. Clinical characteristics. SD: standard deviation, IQR: interquartile range, y: year, CGM: continuous glu-
cose monitoring. COMPASS-31: Composite Autonomic Symptom Score 31. HR: heart rate. BP: blood pressure.
mmHg: millimetres of mercury. CVT: cardiac vagal tone. LVS: linear vagal scale. CSB: cardiac sensitivity to the
baroreflex. *: autonomic baseline measures were obtained in a relaxed supine position.

Control T1D P-value
N 15 15
Age, mean (SD) 29 (6) 32 (4) 0.219
BMI (kg/m’), mean (SD) 24.7 (6) 27.3(5.8) 0.138
Sex male, N (%) 8 (53.3) 6 (40.0) 0.464
Disease duration (y), mean (SD) 18.8 (8.3)
HbAlc (mmol/mol), mean (SD) 62 (11)
Treatment aids
CGM-users, N (%) 15 (100)
Duration of CGM-use (y), mean (SD) 3(1)
Insulin pump users, N (%) 9 (60)
Duration of pump use (y), mean (SD) 11 (3)
Complications
None, N (%) 3 (20)
Retinopathy, N (%) 12 (80)
Peripheral sensation
Vibration perception threshold (Volt), mean (SD) 9
Diminished touch, N (%) 0(0)
Diminished heat/cold, N (%) 0(0)
Diminished proprioception, N (%) 0(0)
CAN status, N (%)
Early CAN 0 (0) 1(6.7) 1.0
Manifest CAN 0(0) 0(0)
Baseline autonomic measures*
COMPASS-31 score, mean (SD) 4.8 (4.0) 14.1 (13.8) 0.018
HR (bpm), mean (SD) 67 (11) 66 (9) 0.651
Systolic BP (mmHg), median (IQR) 111 (102; 121) 114 (108;121) 0.395
Diastolic BP (mmHg), median (IQR) 63 (57; 70) 64 (63; 68) 0.604
CVT (LVS), median (IQR) 7.8 (5.9; 13.1) 6.7 (5.5;9.8) 0.310
CSB, mean (SD) 7.5 (4.3) 6.1 (2.5) 0.315
Heart contractility (mmHg/s), mean (SD) 529 (221) 508 (143) 0.762
SpO,, mean (SD) 97.8 (1.8) 97.5(1.2) 0.583
tcpO, (mmHg), mean (SD) 49.5 (15) 37.5(3.8) 0.034
tcpCO, (mmHg), mean (SD) 37.5(3.8) 40.5 (3.8) 0.053
0,/CO, ratio, mean (SD) 1.4 (0.5) 0.9 (0.4) 0.025
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records, none of the T1D participants showed clinical signs of peripheral neuropathy. However, 80%

demonstrated evidence of diabetic retinopathy, which was classified as mild in 11 out of 12 cases.

The individuals with T1D group exhibited higher COMPASS-31 scores, indicating a greater burden of
autonomic symptoms. They had normal O,-saturation of the blood but had lower tcpO, levels and a
reduced O./CO: ratio. Consequently, T1D participants were CO:-dominant whereas controls were
primarily oxygen-dominant suggesting increased tissue metabolism of O,. All individuals with T1D
were users of continuous glucose monitoring (CGM) devices, though most had initiated CGM relative-

ly recently, and 60% used insulin pumps.

Carotid Massage

The response to carotid massage is illustrated in figure 1. The individuals with T1D increased their
CVT from 7.4 £ 2.7 LVS to 16.9 = 7.2 (P<0.001), which corresponds to 115.6 £ 70.4% increase.
Whereas the controls increased their CVT from 10.2 + 5.0 LVS to 23.0 + 14.5 (P<0.001), which corre-
sponds to 128.4 + 97.6% increase. There was no between-group difference in the relative change or in
the maximum CVT (all P>0.05). Categorization of the CVT response (cardiodepressor) revealed no

significant difference between groups (P=0.317).

In the individuals with T1D, the systolic blood pressure decreased from 118.9 + 8.8 mmHg to 105.3 +
11.5 (P<0.001), corresponding to a change of -9.8 + 3.8 %. The systolic blood pressure of the controls,
decreased from 119.1 £ 17.9 mmHg to 103.9 + 19.3 (P<0.001), which corresponds to relative change of

Control T1D
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CVT (LVS)
8 8 &
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x
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Rést M:ax Rést M'ax
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)
-
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Figure 1. Cardiac vagal tone and systolic blood pres-
sure responses to carotid massage. T1D: type 1 diabe-
tes, BP: blood pressure.
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-10.3+ 9.6%. There was no between-group difference in the relative change or in the minimum systolic
blood pressure (all P>0.05). Categorization of the systolic blood pressure response (vasodepressor)
revealed no significant difference between groups (P= 0.407). These findings suggest that the barore-

flex was intact and functioning appropriately in both groups.

Deep breathing
The individuals with T1D had a E:I ratio of 1.56 £ 0.23 compared to 1.68 = 0.27 for the controls

(P=0.206). Moreover, when comparing the mean E:I ratio to the max E:I ratio, the mean was 14 + 6.8

% lower, indicating that individuals habituate during the one-minute cycle.

The systolic blood pressure and CVT response to deep breathing is visualized in figure 2. The individu-
als with T1D showed an increased in their CVT from of 7.5 +2.7 LVS to 21.8 +9.0 (P<0.001), an in-
crease of 198.3 + 97 %. Similarly, the controls increased CVT from 11.9 £6.9 LVS t0 29.2 £ 14.5 LVS
(P<0.001), corresponding to a 230.3 + 233% increase. There was no difference in the relative change

between the two groups (P=0.630).

The individuals with T1D increased their tcpO, from 37.3 £ 13.8 mmHg to 40.2 = 12.8 (P=0.014), cor-
responding to a relative change of +13.4 + 29.1%. The controls increased in tcpO, from 49.5 + 15.0
mmHg to 51.5 + 17.3 (P=0.065), corresponding to relative change of +3.6 + 5.5%. There was no differ-
ence in relative change reflecting the biologic variation in the cohort (P=0.232). The individuals with
T1D decreased their tcpCO, from 40.3 + 4.0 mmHg to 37.2 £ 4.0 (P=0.013), corresponding to a rela-
tive change of -7.9 = 2.8 %. The controls decreased in tcpCO; from 37.3 + 3.9 mmHg to 34.1 + 3.9

(P<0.001), corresponding to relative change of -8.5 + 4.4 %. There was no difference in relative change
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Figure 2. Responses to deep breathing: cardiac vagal tone, oxygen and carbon dioxide levels.
T1D: type 1 diabetes, CVT: cardiac vagal tone, tcpO,: transcutaneous oxygen pressure, tcp-
CO;: transcutaneous carbon dioxide pressure.
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(P=0.658). The individuals with T1D trended toward a lower maximum tcpO, response (P=0.059) and
had a higher minimum tcpCO, level (P=0.048) compared to the controls. Thus, there is no evidence of
microcirculatory dysfunction, however the preexisting differences prior to deep breathing was main-

tained during the manoeuvre.

Active orthostasis

In response to postural change, the controls and T1D responded similarly, as shown in Figure 3. For the
30:15 ratio, the individuals with T1D had a ratio of 1.50 + 0.22, and the controls had a ratio of 1.49 +
0.42 (P=0.384). No differences were observed in RR-interval, heart rate, systolic, or diastolic blood
pressure during either the immediate postural response or the stabilisation (all P> 0.05). Sustained or-

thostatic hypotension was only observed in one control (asymptomatic i.e., reported no dizziness).

Valsalva manoeuvre

The Valsalva ratio was 1.96 + 0.44 in the individuals with T1D compared to 2.01 + 0.34 for the con-
trols (P=0.838).

The blood pressure responses to Valsalva manoeuvre can be divided into five distinct phases, and the
response to each phase adjusted for the pre-maneuver blood pressure is visualized in figure 4. In indi-
viduals with T1D, phase I was characterized by an increase of 31+10 mmHg in systolic blood pressure

and 37+£25 mmHg in diastolic blood pressure compared to the pre-manoeuvre level. In early phase II,

RR-intervals Systolic BP
140 4 }\
‘}_\“_\ 1204 ‘\ +\+\
Ly TN
80
Heartrate Diastolic BP

0O 15 30 60 120 180 r 0 15 30 60 120 180
Time Offset (seconds)

Control —— T1D

Figure 3. RR-interval, heart rate, and blood pressure response to active orthostasis (mean + standard deviation).
RR-interval length was measured in milliseconds, heart rate in beats per minute, and blood pressure in millime-
tres of mercury, mmHg. BP: blood pressure. R: resting level prior to stand up. Time = 0 is the stand up.
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Figure 4. Response during the Valsalva manoeuvre adjusted for the pre-manoeuvre blood pressure. Left: sys-
tolic and diastolic blood pressure response across the phases of the Valsalva manoeuvre. Right: Linear regres-
sion between absolute values of transcutaneous O: (tcpCO-) and absolute values of diastolic blood response
during early phase two (Ile). The dashed lines indicate no change from pre-manoeuvre blood pressure. BP:
blood pressure.

systolic blood pressure showed a minimal change (-1+15 mmHg), while diastolic blood pressure in-
creased by 16£24 mmHg. In late phase II, systolic and diastolic blood pressure increased by 31+£15
mmHg and 45+11 mmHg respectively. During phase III, systolic blood pressure decreased by -14+21
mmHg, while diastolic blood pressure increased slightly (514 mmHg). In phase IV, systolic and dias-
tolic blood pressure increased by 41+22 mmHg and 19+16 mmHg, respectively.

In the controls, phase I was associated with an increase of 43+18 mmHg in systolic blood pressure and
34+23 mmHg in diastolic blood pressure. In early phase II, systolic blood pressure decreased by -
18+£17 mmHg, while diastolic blood pressure showed minimal change (2+14 mmHg). In late phase II,
systolic and diastolic blood pressure increased by 18+14 mmHg and 33+16 mmHg respectively. During
phase III, systolic and diastolic blood pressure decreased by -21+13 mmHg and -3+20 mmHg respec-
tively. In phase IV, systolic blood pressure increased by 37+26, and diastolic blood pressure by 12+14
mmHg.

The individuals with TID had reduced systolic response in phase I (P=0.037) and early phase II
(P=0.007) as well as elevated systolic and diastolic change in late phase II (P=0.035, P=0.024). There
was no difference in the other phases (all P>0.05). The response for early phase II was within the nor-
mal range in both groups, whereas the late phase II response was close to normal range in the controls
but markedly exaggerated for the individuals with T1D. In comparison to the controls, the blunted

phase II early response in T1D suggests that the venous return was relatively maintained, and the exag-
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gerated late phase II response suggest elevated sympathetic activation with enhanced splanchnic auto-

transfusion

Moreover, during early phase II, the diastolic blood pressure response was inversely associated with
baseline tcpO,, with a decrease of -0.04 mmHg per increase in tcpO, (P=0.043, R>=0.15). This indi-
cates that lower tissue oxygenation was associated with a larger diastolic blood pressure change from
the pre-maneuver-level, reflecting a blunted return of blood pressure toward the pre-maneuver during
this phase. This is visualized in Figure 4. No other associations were observed between the phases of

the Valsalva manoeuvre and transcutaneous pressures (all P>0.05).

Handgrip

In response to a 3-minute handgrip, both the controls and T1D showed signs of increase in sympathetic
activity (Figure 5). The individuals with T1D decreased their RR-intervals from 809 milliseconds (720;
1003) to 624 (539; 711), increased their heart rate from 74 (13) beat per minute to 99 (20), increased
their systolic blood pressure from 153 (17) mmHg to 191 (37), increased their diastolic blood pressure
from 95 (88; 99) to 119 (106; 133), and increased their tcpO, levels from 46.5 (33.8; 54.0) to 57.8
mmHg (41.3; 62.3). All P >0.001. No change in tcpCO, was observed (P>0.05)

Similarly, the controls decreased their RR-intervals from 868 milliseconds (835; 911) to 574 (525;
717), increased their heart rate from 70 (10) beat per minute to 103 (22), increased their systolic blood

RR-intervals Systolic BP tcpO,
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[ * k%
1000 A 200 80 Kk
800 1 I:%:I 60 I f
A
A
] 100 A
600 404 A T
400 -
Heart rate Diastolic BP tcpCO,
150 T *kk *kk *k%k *
—xx — 160{ en 1
' A 45- =
125
120 404
100 ¢ .7 i - 4
/ - 35 b A
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Figure 5. RR-interval, heartrate, blood pressure, oxygen and carbon dioxide response to a 3-minute handgrip
test. RR-interval length was measured in milliseconds, heartrate in beats per minute. Blood pressure, oxygen
and carbon dioxide were measured in mmHg. BP: blood pressure. tcpO,: transcutaneous oxygen pressure, tcp-
CO,: transcutaneous carbon dioxide pressure. T1D: type 1 diabetes.
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pressure from 137 (31) mmHg to 185 (19) mmHg, increased their diastolic blood pressure from 92 (88;
99) mmHg to 116 (112; 130) mmHg, and increased their tcpO, levels from 59.3 mmHg (52.5; 72.8) to
66.8 mmHg (63.8; 75.8). All P > 0.001. No change in tcpCO, was observed (P>0.05).

There was no significant difference in cardioaccelerator function, baroreflex responsiveness, or sympa-
thetic vasomotor drive during the handgrip test when participants were grouped by the categorized vari-
able (all P>0.05). When comparing the relative change, there was no difference between individual
with T1D and controls in any of the measures (all P>0.05). Thus, the comparison suggests that auto-

nomic cardiovascular responses to the handgrip test were similar between the T1D and controls.

The individuals with T1D maintained a lower tcpO, and higher tcpCO, throughout the handgrip com-
pared to the controls. In T1D, the pre-handgrip tcpO, was lower in T1D compared to the controls (46.5
(33.8; 54.0) vs. 59.3 (52.5; 72.8) mmHg, P = 0.006) and remained lower at the end of the handgrip
(57.8 (41.3; 62.3) vs. 66.8 (63.8; 75.8) mmHg, P = 0.004), despite increasing to the pre-handgrip level
observed in controls. In contrast, tcpCO, was higher in T1D both before the handgrip (39.0 + 3.3 vs.
36.1 £ 4.1 mmHg, P = 0.045) and at the end of the handgrip (38.8 = 3.8 vs. 35.7 + 3.7 mmHg, P =
0.037).

Discussion

Individuals with T1D without autonomic or peripheral neuropathy exhibited reduced tissue oxygena-
tion despite normal systemic oxygen saturation. During the Valsalva’s manoeuvre, the individuals with
T1D showed reduced systolic blood pressure response in phase I and early phase II, as well as exagger-
ated response in both systolic and diastolic blood pressure in late phase II. The exaggerated systolic
blood pressure in late phase II responses may reflect a hyperadrenergic state with enhanced splanchnic
autotransfusion. These findings point to possible sympatho-vagal imbalance, despite normal results on

standard autonomic function tests.

Chronic hyperglycemia sets off a cascade of events leading to pathological alterations in neurons, glia
cells and microvasculature, ultimately leading to nerve dysfunction, and progressive tissue hypoxia is
likely to exacerbate this. Thereby compromising tissue perfusion, promoting oxidative stress and in-
flammation, over time leading to ischemia of the surrounding tissue. Structural vascular changes, in-
cluding basement membrane thickening and altered capillary density, support the presence of diabetes-
induced nerve ischemia'. In the present study, individuals with T1D exhibited reduced tcpO- despite
normal systemic oxygen saturation, suggesting altered tissue oxygen metabolism, low tissue perfusion,
or a combination. These findings imply that, in T1D, tissue requires higher oxygen availability to
achieve the same functional or metabolic effect as observed in controls, or alternatively, reduced tissue
perfusion. The borderline elevation in tcpCO2 may indicate increased local CO: production, potentially
reflecting a shift toward greater lipid oxidation compared with controls. These findings are consistent
with the results of Breuer 1988%°. The presence of reduced tissue oxygenation with normal CARTS ra-
tio aligns with the presumption that microvascular changes may develop early in the disease course,
often within the first five years of TID®*'. Since reduced tissue oxygenation has been demonstrated to
be reversible with intensified glycaemic control in type 2 diabetes, identification of these early changes
could be valuable in the attempt to prevent long-term damage®. Preclinical models have been able to

reverse neuropathy with an angiogenic growth factor'.

The integrity of the central parasympathetic regulation was investigated with carotid massage and deep
breathing. Carotid massage activates baroreceptors within the carotid sinus, which relay a ‘false’ signal
to the nucleus tractus solitarius (NTS) in the brainstem via the glossopharyngeal nerve (Cranial nerve
©2026 Maria Bitsch Poulsen, et al. This is an open access article distributed under the terms of the
Creative Commons Attribution License, which permits unrestricted use, distribution, and build 37

upon your work non-commerecially.


http://www.openaccesspub.org/

s
International Physiology Journal (jpeﬂ

IX). This stimulation triggers enhanced parasympathetic output, leading to a reduction in blood pres-
sure. The study observed comparable responses in both controls and individuals with T1D, indicating
intact baroreflex function and central parasympathetic regulation across both groups. To our
knowledge, this is the first formal investigation of carotid massage response in this context, and no

previous comparative studies are available.

Physiologically, deep breathing exaggerates respiratory sinus arrhythmia through vagal modulation of
heart rate. Lung inflation activates pulmonary stretch receptors that inhibit vagal outflow via brainstem
nuclei, increasing heart rate during inspiration, whereas vagal tone increases during expiration, result-
ing in a cyclical heart rate pattern. Notably, we observed a similarly pronounced increase in CVT in
both groups, indicating preserved central parasympathetic function, likely attributable to the partici-
pants’ relatively young age and diabetes duration. When examining the effect on peripheral microcircu-
lation, there were no differences in overall gaseous influx and efflux, suggesting that circulation in
terms of peripheral gaseous exchange remained intact. However, the T1D group continued to exhibit
the microvascular abnormalities observed at baseline during deep breathing, specifically a lower maxi-
mum tcpO: and higher minimum tepCO: which is likely to be a metabolic effect. The failure to normal-
ize these gaseous levels during parasympathetic stimulation suggests a reduced compensatory capacity

in individuals with T1D.

The integrity of the sympathetic nervous system was assessed by evaluating the participants' ability to
maintain orthostasis and tolerate physical exhaustion with a 3-minute sympathetic excitation during the
handgrip test. Upon standing, blood pressure initially drops and is normally corrected by sympathetic
vasoconstrictor activation. Orthostatic hypotension, common in diabetes, reflects sympathetic fail-
ure*?. In this study, the individuals with T1D responded similarly to the controls, indicating preserved
sympathetic tone, underpinning the young cohort. However, the individuals with T1D exhibited con-
sistently lower tcpO: both before and at the end of the handgrip test, alongside higher tcpCO2, com-
pared to controls. These findings suggest that although oxygen delivery improved, the underlying re-
duction in tissue oxygenation in T1D persisted. This demonstrates a reduced capacity to normalize tis-
sue oxygenation under stress. But it can also be due to a change in metabolic substrates to those with

low respiratory quotient, for example fats and proteins.

The Valsalva’s manoeuvre has five distinct phases of blood pressure changes with characteristic chang-
es in the hemodynamics. This study found abnormal hemodynamics in T1D compared to the controls,
despite comparable Valsalva RR-ratio responses. Notably, some of the controls had atypical hemody-
namic responses, which are not uncommon and reflect normal physiological variability. The manoeu-
vre begins with increased intrathoracic pressure from forced exhalation, resulting in a transient rise in
blood pressure (phase I), and the observed reduced systolic rise in blood pressure suggests that arterial
elasticity is impaired, leading to diminished Windkessel function and thus less effective transmission of
intrathoracic pressure. Arterial stiffness is a common feature of diabetes®***. The increase in intratho-
racic pressure in this phase then reduces venous return to the heart leading to a drop in blood pressure
during early phase II. The blunted drop in systolic blood pressure in T1D likely reflects impaired blood
redistribution to the peripheral circulation due to higher baseline vascular resistance, although a contri-
bution from reduced stroke volume cannot be ruled out, it is considered less likely given the young age
of the participants®. As a result, less blood is sequestered outside the thoracic compartment during the
strain, maintaining venous return and blunting the typical blood pressure fall. In normal physiology,
this blood pressure drop is counteracted in late phase II by venous volume baroreflex activation and

increased sympathetic tone to stabilise blood pressure. However, we observed elevated systolic and
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diastolic response in late phase II in the individuals with TI1D. This pattern suggests exaggerated
splanchnic auto-transfusion”’. The alpha-1 adrenoreceptors mediate vasoconstriction in both the
splanchnic and peripheral vasculature, increasing venous return and systemic vascular resistance,
which together contribute to the heightened blood pressure during this phase. The hyperadrenergic state

is a known phenomenon in postural tachycardia syndrome and long-COVID***’.

Diastolic blood pressure is related to changes in systemic vascular resistance mainly in the Windkessel
vessels and its response during early phase II depends not only on intrathoracic pressure-induced reduc-
tions in preload, but also on the ability of blood to redistribute to the peripheral circulation to reduce
the cardiac afterload. In our study, the diastolic blood pressure drop in early phase II was inversely cor-
related with baseline tcpO- indicating that low tissue oxygenation is associated with a blunted diastolic
response. As tcpO, reflects the balance between tissue perfusion and oxygen consumption, lower tcpO-
may indicate both increased metabolic demand and higher vascular tone. The blunted response may
reflect a combined effect of increased vascular tone and reduced Windkessel vessel conductance, limit-
ing peripheral blood pooling and thereby maintaining the central venous return. While our findings in
the individuals with T1D reveal clear phase-specific abnormalities, a previous study in type 2 diabetes
reported no such hemodynamic changes®’. However, that study involved a considerably older cohort, in

whom age-related changes in cardiovascular and autonomic function would be expected.

We used the traditional RR-based ratios to categorize individuals into normal and abnormal CAN sta-
tus, and noticeably, nearly all, regardless of diabetes status, greatly outperformed the age-adjusted ref-
erence values. These reference values are designed to detect overt dysfunction, and as such, offer lim-
ited sensitivity for identifying early or subclinical changes. Rather than relying solely on dichotomized
CAN classification, examining individual-level changes in RR-based ratios may complement a more
nuanced insight into the autonomic regulation that can reveal subtle reductions in autonomic adaptabil-
ity that are not captured by binary thresholds. However, such individualized assessments are not yet

suitable for routine clinical application.

Moreover, when comparing the mean E:I ratio to the max E:I ratio, the mean is 14% lower. This sug-
gest that habituation occur during the one-minute breathing cycle. Notably, previous studies have var-
ied in their approach: some report the mean E:I ratio, others calculate the ratio using the mean of the
three longest and three shortest RR-intervals, and some use the single maximum RR-interval divided
by the minimum to capture peak vagal modulation®'**. The degree of habituation differs between indi-
viduals. Therefore, given an average habituation of 14% and age-based staging thresholds that vary by
only 2.7-4% per decade'®, relying solely on the mean E:I ratio may underestimate autonomic function
in individuals who exhibit strong habituation, potentially misclassifying several individuals. Thus, it is
questionable to diagnose CAN based exclusively on the mean ratio, as the individual may simply habit-
uate well to the test. Habituation may decrease with age, but since individual capacity cannot be pre-
dicted, it may be simpler, easier to translate between settings and more accurate to use the maximum

E:I ratio when assessing parasympathetic function.

A major advantage of this study is the use of comprehensive and advanced methodology than standard
clinical assessments, combining high-frequency ECG (5000 Hz) with beat-to-beat blood pressure moni-
toring with transcutaneous gas profiling. This multimodal approach captured subtle physiological
changes that would be missed by traditional test equipment. Unlike traditional assessments of endothe-
lial function, such as flow-mediated dilation or peripheral arterial tonometry, which primarily reflect
large-vessel physiology, transcutaneous measurements capture capillary-level function and the tissue

consequences of early microvascular changes dysfunction. There is a wide range of reported tcpO- val-
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ues in the literature, and our measurements fall within the lower end of this range for both controls and
individuals with T1D**. This may reflect methodological differences or potential device-related varia-
tion; therefore, we refrain from interpreting these findings as evidence of tissue hypoxia. Moreover, a
relatively high prevalence of mild retinopathy in the cohort may limit generalizability and introduces a
potential bias toward early-stage microvascular involvement. The relatively high mean HbAlc of this
cohort with T1D may be related to the widespread use of continuous glucose monitoring systems and
insulin pumps, allowing for more flexible glycaemic management rather than strict dietary restriction.
Although circulating catecholamine measurements were not included in the present study, future stud-
ies incorporating plasma catecholamines could confirm the proposed hyperadrenergic response during
the Valsalva manoeuvre. The controls were not selected based on normal autonomic testing, and some
variation within the controls is to be expected. The limited sample size of this study affects generalisa-
bility, and thus, findings should be validated in larger cohorts. Longitudinal studies are also needed to
investigate whether reduced tissue oxygenation follows the progression of autonomic dysfunction in
TI1D.

Conclusion

In conclusion, with the methodological limitations mentioned above, we show that individuals with
T1D without autonomic or neuropathic neuropathy exhibited reduced tissue oxygenation despite nor-
mal systemic oxygen saturation, which may suggest altered tissue oxygen metabolism or delivery. Alt-
hough conventional autonomic function tests showed preserved functions, altered hemodynamic re-
sponses during phase I and II of the Valsalva’s manoeuvre may reflect possible changes in the arterial
stiffness, vascular resistance and sympatho-vagal balance in the splanchnic region, consistent with a

hyperadrenergic state.
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