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Abstract 

Background/Objectives: Regular physical exercise is strongly recommended for individ-

uals with type 1 diabetes mellitus (T1DM) because of its beneficial effects on cardiovascu-

lar fitness, insulin sensitivity, metabolic control, and overall health. Nevertheless, partici-

pation in physical activity remains limited, largely due to the fear of exercise-induced hy-

poglycemia and glycemic instability. Glycemic responses to exercise in T1DM are influ-

enced by the interaction between exercise modality, circulating insulin levels, nutritional 

status, and diabetes technologies. Continuous aerobic exercise, resistance training, high-

intensity interval exercise, and mixed intermittent activities elicit distinct metabolic and 

hormonal responses, resulting in heterogeneous glycemic trajectories. This narrative re-

view aimed to provide a clinically oriented synthesis of the physiological mechanisms 

underlying exercise-related glycemic fluctuations in T1DM and to discuss integrated in-

sulin- and carbohydrate-based strategies to support safer participation in physical activity 

in the context of modern diabetes technologies. Methods: A structured narrative review 

was conducted using PubMed/MEDLINE, Scopus, and complementary searches in 
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Google Scholar to identify experimental studies, observational studies, systematic re-

views, consensus statements, and clinical guidelines focused on exercise-related glycemic 

responses in individuals with T1DM. Only articles published in English were considered. 

Evidence was selected and synthesized according to relevance to exercise modality, insu-

lin therapy strategies, carbohydrate management, and diabetes technologies, including 

continuous glucose monitoring, continuous subcutaneous insulin infusion, and auto-

mated insulin delivery systems. The final narrative synthesis was based on 44 selected 

studies, reviews, consensus statements, and guidance documents considered most rele-

vant to the objectives of this narrative review. Results: Available evidence indicates that 

continuous moderate-intensity aerobic exercise is most consistently associated with pro-

gressive glucose declines and increased risk of hypoglycemia, particularly when per-

formed in the presence of elevated insulin on board. In contrast, resistance exercise and 

short-duration high-intensity or anaerobic exercise more frequently induce stable glyce-

mia or transient hyperglycemia through adrenergic stimulation and increased hepatic 

glucose output. Mixed and intermittent exercise modalities often produce more variable 

responses depending on exercise sequencing, nutritional status, and insulin exposure. 

Across studies, integrated adjustment of basal and prandial insulin doses together with 

individualized carbohydrate supplementation emerged as the most effective strategy to 

reduce exercise-related glycemic instability. Continuous glucose monitoring and insulin 

pump technologies improved glucose trend awareness and management flexibility; how-

ever, physical exercise remains a challenging condition for current automated insulin de-

livery algorithms and still requires active user-driven decision-making. Conclusions: Ex-

ercise management in T1DM should be based on an individualized interpretation of exer-

cise modality, glucose trends, insulin exposure, and nutritional context rather than on 

fixed glucose thresholds alone. Combining anticipatory insulin adjustments, tailored car-

bohydrate strategies, and appropriate use of diabetes technologies may substantially re-

duce glycemic variability and improve confidence toward physical activity participation. 

Structured education and individualized clinical guidance remain essential to translate 

physiological knowledge into effective real-world exercise management. 

Keywords: type 1 diabetes; physical exercise; glycemic variability; insulin therapy;  

pharmacology; sport 

 

1. Introduction 

Type 1 diabetes mellitus (T1DM) is a chronic autoimmune disease characterized by 

pancreatic β-cell destruction and lifelong dependence on exogenous insulin therapy. 

Alongside the burden of daily glucose management, individuals with T1DM are exposed 

to an increased risk of cardiovascular and metabolic complications. Regular physical ex-

ercise is therefore strongly recommended because of its beneficial effects on cardiovascu-

lar fitness, insulin sensitivity, metabolic control, and overall health [1–5]. Despite these 

benefits, participation in structured physical activity remains lower than recommended 

in many individuals with T1DM, largely because exercise is frequently associated with 

unpredictable glycemic fluctuations and fear of hypoglycemia [6]. In individuals without 

diabetes, endogenous insulin secretion decreases rapidly at the onset of exercise, while 

glucagon and catecholamines increase to sustain glucose availability. In T1DM, this phys-

iological regulation is often altered, since circulating insulin levels are determined by prior 

exogenous administration and cannot be rapidly adjusted in response to exercise de-

mands [7]. 
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Glycemic responses to exercise in T1DM are influenced by several interacting factors, 

including exercise modality, insulin on board, nutritional status, baseline glycemia, and 

individual fitness level [8]. Continuous aerobic exercise is generally associated with pro-

gressive glucose declines and increased risk of hypoglycemia, particularly when circulat-

ing insulin levels remain elevated. Conversely, high-intensity or anaerobic exercise may 

induce transient hyperglycemia through adrenergic stimulation and increased hepatic 

glucose output. These heterogeneous responses make exercise management particularly 

challenging in real-world settings [9–13]. 

Current clinical recommendations emphasize two main approaches to mitigate gly-

cemic instability during exercise: adjustment of insulin therapy and appropriate carbohy-

drate intake [14]. Both strategies must be tailored to the characteristics of the planned or 

unplanned activity and to the individual’s treatment regimen, whether based on multiple 

daily injections or continuous subcutaneous insulin infusion [15]. Nevertheless, the prac-

tical application of these recommendations in real-life settings remains challenging, par-

ticularly due to inter- and intra-individual variability and the complexity of decision-mak-

ing surrounding insulin dosing and nutritional strategies [12]. 

In recent years, technological advances such as continuous glucose monitoring 

(CGM) and automated insulin delivery systems have provided new opportunities to sup-

port glucose management around exercise. While these tools have significantly improved 

overall glycemic control, physical activity continues to represent a critical scenario in 

which algorithm performance may be suboptimal, requiring user-driven adjustments and 

informed decision-making [16]. 

Fear of hypoglycemia, particularly delayed and nocturnal hypoglycemia after late-

day exercise, remains one of the main psychological and practical barriers to regular phys-

ical activity in individuals with T1DM [17–19]. This concern is even more relevant in sub-

jects with impaired hypoglycemia awareness or attenuated counterregulatory responses, 

emphasizing the need for individualized and clinically applicable preventive strategies 

[20]. 

The complex interaction between exercise modality, insulin exposure, carbohydrate 

intake, and diabetes technologies in determining glycemic variability during physical ac-

tivity is summarized in Figure 1. 

 

Figure 1. Conceptual overview of exercise-related glycemic variability in type 1 diabetes. Glycemic 

responses during physical activity are influenced by the interaction between exercise modality, cir-

culating insulin levels, carbohydrate intake, and diabetes technologies. Continuous aerobic exercise 
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is more commonly associated with glucose declines, whereas high-intensity or anaerobic exercise 

may induce transient hyperglycemia. Integrated insulin and nutritional strategies are required to 

support safer exercise participation. 

2. Materials and Methods 

2.1. Study Design 

This study was conducted as a structured narrative review aimed at providing a clin-

ically oriented synthesis of current evidence regarding exercise-related glycemic fluctua-

tions in individuals with T1DM. Particular attention was given to the interaction between 

exercise modality, insulin therapy, carbohydrate management, and diabetes technologies 

in real-world exercise settings. Because the objective of the review was conceptual and 

practical integration rather than quantitative comparison of outcomes, a narrative synthe-

sis approach was adopted. 

2.2. Information Sources and Search Strategy 

A structured literature search was performed using major biomedical databases (e.g., 

PubMed/MEDLINE and Scopus), complemented by targeted searches in Google Scholar 

to retrieve relevant consensus statements, clinical practice guidelines, and position pa-

pers. Only articles published in English were considered. The literature search was up-

dated until October 2025. The search strategy combined controlled terms and free-text 

keywords related to T1DM and exercise, including: “type 1 diabetes”, “exercise”, “physi-

cal activity”, “aerobic”, “resistance training”, “high-intensity”, “interval”, “hypoglyce-

mia”, “post-exercise hypoglycemia”, “hyperglycemia”, “insulin on board”, “carbohy-

drate intake”, “nutrition”, “medical nutritional therapy”, “continuous glucose monitor-

ing”, “insulin pump”, and “automated insulin delivery”. Boolean operators were used to 

refine the search (AND/OR), and reference lists of key articles were screened to identify 

additional pertinent studies (snowball approach). 

2.3. Eligibility Criteria 

Eligible records included (i) randomized and non-randomized controlled trials, (ii) 

observational studies, (iii) acute exercise physiology studies conducted in individuals 

with T1DM, (iv) systematic reviews and meta-analyses, and (v) consensus statements, 

guidelines, and expert position papers relevant to exercise management in T1DM. Articles 

were considered if they addressed at least one of the following domains: glycemic trajec-

tories during exercise, determinants of glycemic variability (e.g., exercise intensity/dura-

tion, baseline glycemia, insulin on board), insulin adjustment strategies (basal/bolus mod-

ifications), carbohydrate dosing approaches, and the role of CGM/CSII/AID in the context 

of physical activity. Exclusion criteria were: studies not involving T1DM participants (un-

less used solely for mechanistic background), reports lacking exercise-related glycemic 

outcomes or practical management implications, case reports with limited generalizabil-

ity, and non-peer-reviewed sources without sufficient methodological detail. When mul-

tiple publications reported overlapping data, the most complete or methodologically ro-

bust report was prioritized. 

Preference was given to studies specifically addressing exercise-related glycemic re-

sponses in individuals with T1DM, including studies evaluating aerobic exercise, re-

sistance exercise, high-intensity interval exercise, and mixed/intermittent exercise modal-

ities. Articles lacking clinically relevant information on glucose responses, insulin adjust-

ment, carbohydrate management, or exercise-related metabolic outcomes were excluded 

from the final synthesis. 

2.4. Study Selection 
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Titles and abstracts were initially screened to assess relevance to the scope of the re-

view. Full texts were then evaluated to confirm eligibility and to extract information 

aligned with the predefined domains (exercise modality, insulin regimen/technology, nu-

tritional strategy, and glycemic outcomes). Particular attention was given to studies de-

scribing real-world decision variables (e.g., timing of exercise relative to meals, pre-exer-

cise glucose levels, and insulin on board), as these elements directly inform clinical and 

practical recommendations. The literature selection process is summarized in Figure 2. 

Overall, 2741 records were identified through database searching, and 194 additional rec-

ords were identified through reference lists, clinical guidelines, consensus statements, and 

position papers. After duplicate removal, 1986 records were screened by title and abstract. 

Of these, 1318 records were excluded because they were not focused on T1DM, were un-

related to exercise, did not report glycemic outcomes, or were not original research or 

guidance documents. A total of 668 full-text articles were assessed for eligibility, and 624 

were excluded because of wrong population, lack of specific data on exercise-related gly-

cemic responses, absence of information on insulin or carbohydrate management during 

exercise, or insufficiently relevant outcomes. The final narrative synthesis was based on 

44 selected studies, reviews, consensus statements, and guidance documents considered 

most relevant to the objectives of this narrative review. 

2.5. Data Extraction and Synthesis Framework 

For each included source, the following information was extracted when available: 

participant characteristics (age, sex, fitness level, diabetes duration), treatment regimen 

(MDI/CSII/AID), use of CGM and relevant device settings, exercise modality (aerobic, re-

sistance, high-intensity/anaerobic, intermittent/mixed), exercise prescription details (in-

tensity, duration, timing), carbohydrate intake protocols (dose, timing, type), insulin ad-

justments (basal reduction, bolus modification, temporary basal rates), and glycemic out-

comes (magnitude and direction of glucose change, hypoglycemia/hyperglycemia inci-

dence, post-exercise and nocturnal glycemia). Evidence was synthesized narratively. To 

enhance interpretability and clinical transferability, results were organized by (i) physio-

logical mechanisms underlying exercise-induced glycemic changes, (ii) glycemic re-

sponses according to exercise modality and intensity, (iii) insulin and carbohydrate strat-

egies (planned vs. unplanned exercise), and (iv) the role and limitations of diabetes tech-

nologies in supporting exercise safety. When findings were heterogeneous, differences 

were interpreted considering methodological factors (e.g., baseline glycemia, insulin on 

board, timing of exercise, and measurement approach). 

2.6. Considerations on Methodological Quality 

Given the narrative nature of the review and the heterogeneity of exercise protocols, 

outcome measures, and technological approaches across studies, a formal risk-of-bias as-

sessment was not performed. Nevertheless, methodological quality was considered dur-

ing evidence interpretation, particularly regarding exercise prescription clarity, insulin 

management standardization, carbohydrate intervention protocols, and reporting of gly-

cemic outcomes. 
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Figure 2. Flow diagram of the literature selection process. The diagram summarizes record identi-

fication, screening, eligibility assessment, and final inclusion of studies and documents considered 

relevant to exercise-related glycemic responses, insulin management, carbohydrate strategies, and 

diabetes technologies in individuals with type 1 diabetes mellitus. 

3. Narrative Synthesis of Current Evidence 

The available evidence consistently indicates that exercise-related glycemic re-

sponses in individuals with T1DM are strongly influenced by the interaction between ex-

ercise modality, insulin exposure, nutritional status, and diabetes technologies. Although 

predictable glycemic trends can be identified across different exercise modalities, substan-

tial inter- and intra-individual variability remains a major clinical challenge. 
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3.1. Insulin Therapy and Exercise: Determinants of Glycemic Variability 

In individuals with T1DM, exercise-related glycemic variability is largely determined 

by the amount of active insulin present at the time of physical activity. Unlike individuals 

without diabetes, people with T1DM cannot rapidly downregulate circulating insulin con-

centrations during exercise, and glycemic responses are therefore strongly influenced by 

prior basal delivery and recent prandial or correction boluses [21]. Consequently, the same 

exercise session may lead to markedly different glucose trajectories depending on 

whether it is performed in the fasting state, in the postprandial period, or several hours 

after insulin administration [22,23]. 

The metabolic impact of insulin exposure also differs according to exercise modality. 

During prolonged aerobic exercise, elevated insulin on board amplifies muscular glucose 

uptake and suppresses hepatic glucose production, substantially increasing the risk of hy-

poglycemia. In contrast, resistance exercise and short high-intensity efforts generally in-

duce lower glucose utilization rates and greater adrenergic activation, often resulting in 

more stable glycemic responses or transient hyperglycemia. These modality-specific dif-

ferences are clinically relevant because they require different anticipatory insulin and nu-

tritional strategies. 

Insulin pharmacokinetics and mode of delivery further shape exercise-related glyce-

mic variability. With multiple daily injections, basal insulin cannot be rapidly adjusted 

around activity, and the residual action of long-acting formulations may contribute to 

late-onset hypoglycemia in the hours following exercise. With continuous subcutaneous 

insulin infusion (CSII), basal delivery can be modulated more flexibly; however, the tim-

ing of adjustments is critical because subcutaneous insulin kinetics introduce delays be-

tween a dose change and its metabolic effect. As a result, reductions implemented only at 

exercise onset may be insufficient to prevent early glycemic declines, particularly during 

moderate-intensity continuous activity. In addition, insulin absorption may also vary ac-

cording to injection or infusion site and exercise-related changes in local blood flow [24]. 

Beyond the intra-exercise period, the post-exercise phase is a major contributor to 

overall glycemic instability in T1DM. Increased insulin sensitivity, enhanced muscular 

glucose uptake for glycogen restoration, and sustained metabolic adaptations can persist 

for several hours, creating a window of vulnerability to delayed hypoglycemia, including 

nocturnal events following afternoon or evening exercise. Overall, these findings empha-

size that exercise-related glycemic responses in T1DM cannot be interpreted solely accord-

ing to pre-exercise glucose values, but should instead be contextualized according to in-

sulin exposure, exercise modality, and anticipated recovery effects. Moreover, manage-

ment decisions aimed at correcting post-exercise hyperglycemia—more commonly ob-

served after high-intensity or intermittent exercise—must be balanced against the in-

creased risk of subsequent hypoglycemia due to the delayed and prolonged impact of 

exercise on insulin sensitivity [25] (Table 1). 

Table 1. Key studies addressing insulin exposure and exercise-related glycemic variability in indi-

viduals with T1DM. 

Authors, Year Population/Sample Methodology Main Findings 

Riddell et al., 2017 [7] Individuals with T1DM Consensus statement 

Elevated insulin on board substantially 

increases hypoglycemia risk during aero-

bic exercise 

Kastrati et al., 2025 [21] Individuals with T1DM 
Systematic review 

and meta-analysis 

Exercise-related glucose variability is 

strongly influenced by circulating insulin 

concentrations 

Riddell et al., 2023 [16] 
Adults and adolescents with 

T1DM 

Real-world struc-

tured exercise study 

Glycemic responses differed according to 

exercise modality and insulin exposure 
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Zaharieva et al., 2023 [26] 
Individuals using AID sys-

tems 
Practical review 

Automated insulin delivery systems im-

prove exercise management but still re-

quire user-driven adjustments 

3.2. Hormonal and Metabolic Responses: Physiological Versus T1DM Pattern 

In healthy individuals, exercise induces rapid endocrine adaptations that maintain 

glucose homeostasis through coordinated modulation of insulin secretion and coun-

terregulatory hormones. In T1DM, this physiological flexibility is impaired because circu-

lating insulin levels depend on exogenous administration and cannot be rapidly adjusted 

according to exercise demands. 

In addition to impaired insulin modulation, counterregulatory hormone responses 

are frequently attenuated in T1DM. Several studies have documented a reduced glucagon 

response to declining glucose levels, as well as blunted adrenergic activation, especially 

in individuals with a history of recurrent hypoglycemia or impaired hypoglycemia aware-

ness [27,28]. 

The metabolic consequences of these altered hormonal patterns extend beyond the 

exercise bout itself. Following physical activity, particularly aerobic exercise, skeletal mus-

cle exhibits enhanced insulin sensitivity and increased glucose uptake to replenish glyco-

gen stores. In individuals with T1DM, this prolonged increase in insulin sensitivity may 

persist for several hours, amplifying the glucose-lowering effect of previously adminis-

tered insulin. When combined with residual basal insulin action, this mechanism substan-

tially increases the risk of delayed hypoglycemia, including nocturnal hypoglycemia after 

late-day exercise. This delayed effect often occurs despite apparently stable glycemia im-

mediately after exercise, underscoring the importance of considering post-exercise meta-

bolic dynamics in addition to intra-exercise responses [29]. 

Conversely, during high-intensity or anaerobic exercise, the acute stress response 

may partially compensate for inappropriate insulin levels. Intense muscular contractions 

stimulate a marked release of catecholamines, which enhances hepatic glucose production 

and inhibits peripheral glucose uptake, potentially resulting in stable glycemia or transi-

ent hyperglycemia. Lactate accumulation during high-intensity efforts further contributes 

to hepatic gluconeogenesis in the recovery phase, reinforcing post-exercise glucose eleva-

tions. However, these hyperglycemic responses are often short-lived and may be followed 

by delayed glucose declines as catecholamine levels normalize and insulin sensitivity in-

creases [30]. 

Overall, the hormonal and metabolic response to exercise in T1DM is characterized 

by a loss of physiological flexibility, with impaired insulin downregulation and variable 

counterregulatory activation. This altered response underlies much of the glycemic insta-

bility observed during and after physical activity and highlights the need for individual-

ized management strategies that account not only for exercise characteristics but also for 

the underlying endocrine context in which exercise is performed (Table 2). 

Table 2. Hormonal and metabolic responses to exercise in individuals with T1DM. 

Authors, Year Population/Sample Methodology Main Findings 

Colberg et al., 2016 [9] Individuals with diabetes Position statement 
Exercise induces modality-specific hormo-

nal and metabolic responses 

Riddell et al., 2017 [7] Individuals with T1DM Consensus statement 

Impaired insulin modulation and altered 

counterregulatory responses contribute to 

glycemic instability 

McClure et al., 2023 [31] Adults with T1DM 
Systematic review 

and meta-analysis 

High-intensity interval exercise may in-

duce transient hyperglycemia and reduce 

immediate hypoglycemia risk 
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Eckstein et al., 2023 [32] Individuals with T1DM 
Systematic review 

and meta-analysis 

Continuous aerobic exercise is consistently 

associated with progressive glucose reduc-

tions 

3.3. Glycemic Responses According to Exercise Modality and Intensity in T1DM 

3.3.1. Continuous Aerobic Exercise 

Continuous moderate-intensity aerobic exercise is the exercise modality most con-

sistently associated with progressive glucose declines in individuals with T1DM. Activi-

ties such as running, cycling, swimming, or prolonged brisk walking increase skeletal 

muscle glucose uptake through both insulin-dependent and insulin-independent path-

ways, leading to a progressive reduction in circulating glucose concentrations during ex-

ercise [31,33]. The magnitude of this decline is strongly influenced by the amount of active 

insulin present at the time of exercise. When aerobic activity is performed within a few 

hours after a meal bolus or under conditions of elevated basal insulin exposure, the risk 

of hypoglycemia increases substantially because hepatic glucose production is often una-

ble to adequately compensate for increased peripheral glucose utilization [20,31]. 

Exercise duration also plays a major role in determining glycemic responses. Longer 

aerobic sessions are generally associated with greater glucose reductions and a higher 

likelihood of both intra-exercise and delayed post-exercise hypoglycemia. This phenome-

non is further amplified by the prolonged increase in insulin sensitivity that follows aer-

obic activity, particularly during the recovery period and overnight hours after afternoon 

or evening exercise [25,33]. Importantly, even when glucose values appear stable imme-

diately after exercise termination, delayed declines may still occur due to glycogen replen-

ishment and sustained muscular glucose uptake. 

Although continuous aerobic exercise is typically associated with hypoglycemia risk, 

considerable inter-individual variability remains. Baseline glycemia, nutritional status, 

physical conditioning, stress levels, previous exercise exposure, and diabetes technologies 

all contribute to the heterogeneity of glycemic responses observed in real-world settings 

[16]. Consequently, safe participation in aerobic exercise generally requires individualized 

insulin adjustments and/or carbohydrate supplementation tailored to exercise duration, 

intensity, and glucose trends. 

3.3.2. Resistance Exercise 

Resistance exercise generally produces more stable glycemic responses compared 

with prolonged aerobic exercise. Activities such as weightlifting, resistance circuit train-

ing, and body-weight strength exercises are characterized by short-duration muscular 

contractions interspersed with recovery periods, resulting in lower overall glucose utili-

zation during exercise and greater activation of counterregulatory hormonal responses 

[31,34]. 

Several studies suggest that resistance exercise may attenuate the rapid glucose de-

clines typically observed during aerobic activity, particularly when performed alone or 

before aerobic exercise within the same training session [31–34]. The more stable glycemic 

profile observed during resistance exercise is thought to reflect a combination of lower 

sustained oxidative glucose demand and increased catecholamine-mediated hepatic glu-

cose output. Nevertheless, resistance exercise does not completely eliminate the risk of 

glycemic disturbances. Delayed glucose reductions may still occur during recovery be-

cause exercise-induced improvements in insulin sensitivity can persist for several hours 

after training [25]. 

Exercise sequencing also appears clinically relevant. Evidence indicates that perform-

ing resistance exercise before aerobic exercise may reduce the magnitude of subsequent 

glucose declines compared with initiating the session with continuous aerobic activity 
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[32,34]. This observation has practical implications for exercise programming in individ-

uals with T1DM, particularly in those who experience recurrent hypoglycemia during 

prolonged aerobic sessions. 

Despite generally more stable intra-exercise glycemic responses, resistance exercise 

management still requires individualized interpretation of insulin on board, glucose 

trends, and recovery-related glucose dynamics. Excessive insulin correction following 

transient post-exercise hyperglycemia may predispose individuals to delayed hypoglyce-

mia later in the recovery period. 

3.3.3. High-Intensity and Anaerobic Exercise 

Short-duration high-intensity or anaerobic exercise elicits glycemic responses that 

differ substantially from those typically observed during continuous aerobic activity. 

Sprinting, repeated maximal efforts, high-intensity interval exercise, and explosive anaer-

obic activities stimulate marked sympathetic nervous system activation, leading to in-

creased catecholamine release and enhanced hepatic glucose production [31]. 

In many individuals with T1DM, these hormonal responses partially counterbalance 

muscular glucose uptake during exercise and may induce stable glycemia or transient hy-

perglycemia during and immediately after activity. Increased hepatic glycogenolysis and 

gluconeogenesis, together with reduced insulin-mediated glucose disposal, contribute to 

these acute glycemic elevations [30,31]. Consequently, high-intensity exercise is often per-

ceived as metabolically “safer” than prolonged aerobic exercise in terms of immediate hy-

poglycemia risk. 

However, these hyperglycemic responses are usually temporary and should not be 

interpreted as complete protection against later glucose declines. As catecholamine con-

centrations normalize during recovery and insulin sensitivity progressively increases, de-

layed reductions in glucose levels may still occur several hours after exercise [25]. This 

delayed effect may become clinically relevant when post-exercise hyperglycemia is ag-

gressively corrected with additional insulin administration, potentially increasing the risk 

of subsequent hypoglycemia. 

Importantly, glycemic responses to high-intensity exercise remain heterogeneous 

and may vary according to baseline glucose levels, insulin exposure, exercise duration, 

fitness level, and previous physical activity. Therefore, individualized interpretation of 

glucose trends and careful post-exercise monitoring remain essential even when exercise 

initially produces stable glycemia or transient hyperglycemia. 

3.3.4. Mixed and Intermittent Exercise Modalities 

Mixed and intermittent exercise modalities, including many team and field sports, 

often produce more heterogeneous and less predictable glycemic responses than purely 

aerobic or anaerobic exercise. Activities such as soccer, basketball, tennis, volleyball, and 

high-intensity interval training combine repeated bursts of high-intensity effort with pe-

riods of lower-intensity aerobic activity or passive recovery [31,32]. 

Because aerobic and anaerobic metabolic demands alternate continuously during 

these activities, glucose trajectories may fluctuate considerably both within and between 

exercise sessions. In some cases, intermittent activation of counterregulatory hormones 

during high-intensity efforts partially offsets the glucose-lowering effects of aerobic com-

ponents, resulting in more stable glycemia compared with continuous aerobic exercise 

[31]. However, this apparent stability may vary substantially according to exercise struc-

ture, duration, sequencing of efforts, nutritional status, and insulin on board. 

The unpredictable nature of mixed exercise modalities represents a major challenge 

for glucose management in real-world settings. Two sessions involving the same sport 

may produce markedly different glycemic responses depending on contextual factors 
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such as recent meals, stress, environmental conditions, pre-exercise glucose trends, and 

prior physical activity [16]. Consequently, exercise management during intermittent ac-

tivities frequently requires dynamic adjustments based on real-time glucose monitoring 

and individualized experience. 

Continuous glucose monitoring systems have become particularly valuable in this 

context because they provide trend-based information that supports rapid decision-mak-

ing during rapidly changing physiological conditions. Nevertheless, even with advanced 

diabetes technologies, mixed and intermittent exercise remains one of the most difficult 

scenarios for automated insulin delivery systems because rapid fluctuations in glucose 

kinetics may exceed current algorithm responsiveness [12,17]. 

Overall, mixed and intermittent exercise modalities remain among the most difficult 

exercise scenarios for glucose management in individuals with T1DM because glycemic 

responses may fluctuate rapidly according to exercise structure, insulin exposure, and nu-

tritional context (Table 3). 

Table 3. Glycemic responses according to exercise modality in individuals with T1DM. 

Exercise Modality Key References Typical Glycemic Response Main Clinical Implication 

Continuous aerobic exercise 

Riddell et al., 2023 

[16]; Eckstein et al., 

2023 [32] 

Progressive glucose decline 
Increased risk of intra- and 

post-exercise hypoglycemia 

Resistance exercise 

Riddell et al., 2017 

[7]; Riddell et al., 

2023 [16] 

More stable glycemia 

Lower immediate hypoglyce-

mia risk compared with aerobic 

exercise 

High-intensity/anaerobic exercise 
McClure et al., 2023 

[31] 

Transient hyperglycemia or 

stable glycemia 

Careful interpretation of post-

exercise correction insulin is re-

quired 

Mixed/intermittent exercise 

Jaggers et al., 2023 

[33]; Riddell et al., 

2023 [16] 

Highly variable glycemic re-

sponses 

Real-time CGM interpretation 

is particularly important 

3.4. Integrated Management Around Exercise: Insulin and Carbohydrate as  

Complementary Levers 

Across the available literature, effective exercise management in individuals with 

T1DM consistently emerges as a dynamic and individualized process in which insulin 

modulation and carbohydrate supplementation should be considered complementary ra-

ther than independent strategies. Exercise-related glycemic responses are strongly influ-

enced by the interaction between circulating insulin concentrations, muscular glucose uti-

lization, hepatic glucose production, and nutritional status [35]. 

Carbohydrate supplementation represents the most immediate and flexible interven-

tion to counteract exercise-induced glucose declines, particularly during prolonged aero-

bic exercise or when physical activity is unplanned. The amount of carbohydrates re-

quired during exercise depends largely on the rate of muscular glucose uptake and on the 

level of active insulin present at the time of activity. When exercise is performed shortly 

after a meal bolus or under conditions of elevated insulin exposure, carbohydrate require-

ments increase substantially because hepatic glucose production is more strongly sup-

pressed and cannot adequately compensate for peripheral glucose disposal [21,26]. Con-

versely, when exercise is performed several hours after insulin administration or under 

relatively low-insulin conditions, smaller carbohydrate amounts may be sufficient to 

maintain glycemic stability. 

Although carbohydrate supplementation is highly effective in reducing immediate 

hypoglycemia risk, excessive reliance on carbohydrates alone may contribute to large 
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glycemic fluctuations, unnecessary caloric intake, and post-exercise hyperglycemia in 

some individuals. For this reason, anticipatory insulin dose adjustment remains a key 

component of planned exercise management. Reductions in prandial insulin doses before 

exercise aim to decrease circulating insulin levels during activity and thereby preserve 

hepatic glucose production while reducing excessive muscular glucose uptake. In indi-

viduals using continuous subcutaneous insulin infusion (CSII), temporary basal rate re-

ductions may provide additional flexibility, although their effectiveness depends strongly 

on timing because subcutaneous insulin pharmacokinetics delay the metabolic impact of 

insulin delivery modifications [25,26]. 

Exercise timing relative to meals also substantially influences management strate-

gies. Physical activity performed within the postprandial period generally carries a 

greater risk of hypoglycemia because of elevated circulating insulin concentrations, 

whereas exercise performed several hours after meals or under fasting conditions may 

require less aggressive carbohydrate supplementation. However, fasting exercise is not 

universally protective against glycemic instability, as prolonged activity may still induce 

progressive glucose reductions, particularly during continuous aerobic exercise [33]. 

The distinction between planned and unplanned exercise is particularly important in 

real-world diabetes management. When exercise can be anticipated, insulin adjustments 

implemented before activity may substantially reduce glycemic variability and decrease 

the need for large carbohydrate supplementation during exercise. Conversely, during 

spontaneous or unplanned physical activity, rapid carbohydrate intake combined with 

close glucose monitoring becomes the primary compensatory strategy because insulin ex-

posure cannot be modified in time [26,35]. 

Importantly, the post-exercise period deserves as much attention as exercise itself. 

Increased insulin sensitivity and glycogen replenishment may persist for several hours 

after physical activity, creating a prolonged window of vulnerability to delayed hypogly-

cemia, particularly overnight following afternoon or evening exercise sessions [25]. Con-

sequently, integrated management should extend beyond the exercise bout itself and in-

clude post-exercise glucose monitoring, individualized recovery nutrition, and careful in-

terpretation of correction insulin needs. 

Overall, the available evidence supports a clinically oriented approach in which in-

sulin therapy, carbohydrate supplementation, exercise modality, and glucose monitoring 

are interpreted together rather than separately. Flexible and individualized decision-mak-

ing, supported by structured education and accumulated personal experience, remains 

essential to reduce exercise-related glycemic variability and promote safer long-term par-

ticipation in physical activity in individuals with T1DM (Table 4). 

Table 4. Integrated insulin and carbohydrate management strategies around exercise in T1DM. 

Authors, Year Population/Sample Methodology Main Findings 

Riddell et al., 2017 [7] Individuals with T1DM Consensus statement 

Insulin modulation and carbohydrate sup-

plementation should be integrated rather 

than considered separately 

Zaharieva et al., 2023 

[26] 

Individuals using AID 

systems 
Practical review 

Carbohydrate intake remains essential de-

spite advanced insulin delivery technologies 

Moser et al., 2025 [12] 
Individuals using AID 

systems 
Position statement 

Basal insulin reduction strategies may im-

prove exercise safety 

Cavallo et al., 2024 [36] Athletes with T1DM Narrative review 

Meal timing and nutritional composition 

significantly influence exercise-related gly-

cemic responses 

3.5. Pre-Exercise Glucose Assessment: Pragmatic Interpretation and Clinical Context 
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Assessment of glycemic status before initiating physical activity represents a funda-

mental component of exercise safety in individuals with T1DM. However, pre-exercise 

glucose evaluation should not be interpreted as a simple verification of whether glucose 

values fall within predefined thresholds. Instead, effective decision-making requires inte-

gration of multiple contextual factors, including glucose trends, insulin on board, recent 

carbohydrate intake, exercise modality, anticipated exercise duration, and individual his-

tory of glycemic responses during physical activity [11,12]. 

Low pre-exercise glucose values or rapidly declining glucose trends are generally 

associated with an increased likelihood of hypoglycemia during exercise, particularly 

during prolonged aerobic activity. This risk becomes even more pronounced when signif-

icant circulating insulin remains active from recent prandial boluses or elevated basal in-

sulin delivery. Under these conditions, pre-emptive carbohydrate supplementation is of-

ten necessary to restore an adequate metabolic safety margin before initiating exercise 

[26]. Importantly, the amount of carbohydrates required cannot be standardized across all 

situations, as carbohydrate needs vary substantially according to exercise intensity, dura-

tion, insulin exposure, and individual insulin sensitivity. 

Conversely, glucose values within or slightly above the target range do not neces-

sarily guarantee metabolic stability during exercise. Continuous aerobic exercise may still 

induce progressive glucose declines despite apparently “safe” starting glucose concentra-

tions, especially when exercise is prolonged or initiated in the postprandial period [31,33]. 

Therefore, exercise-related risk should be interpreted according to the broader metabolic 

context rather than absolute glucose values alone. Mild to moderate pre-exercise hyper-

glycemia in the absence of ketones does not automatically contraindicate physical activity 

and may occasionally provide a temporary protective buffer against exercise-induced glu-

cose reductions, particularly during moderate-intensity aerobic exercise. However, 

marked hyperglycemia associated with insulin deficiency or ketone production requires 

greater caution. Under these conditions, exercise—especially high-intensity activity—

may further increase catecholamine-mediated hepatic glucose output and exacerbate met-

abolic dysregulation [17]. Consequently, correction of insulin deficiency and stabilization 

of metabolic status should generally take priority over immediate exercise initiation. 

Continuous glucose monitoring (CGM) systems have substantially improved pre-ex-

ercise assessment by allowing interpretation of glucose direction and rate of change rather 

than reliance on isolated glucose measurements alone [12,17]. Trend arrows and real-time 

glucose trajectories may help identify whether glycemia is stable, rising, or rapidly declin-

ing before exercise, thereby supporting more informed and timely decision-making. 

Importantly, pre-exercise glucose assessment should not be viewed as a rigid rule-

based process based exclusively on fixed numerical thresholds. Excessive dependence on 

strict cut-offs risks oversimplifying a highly dynamic physiological condition character-

ized by substantial inter- and intra-individual variability. Many individuals with T1DM 

may experience markedly different glycemic responses during apparently similar exercise 

sessions because of variations in stress, sleep quality, nutritional intake, previous physical 

activity, hydration status, environmental conditions, and insulin exposure [16]. Therefore, 

practical exercise management should prioritize individualized contextual interpretation 

rather than strict adherence to universal glucose thresholds alone. 

Structured education combined with real-time glucose monitoring may improve con-

fidence and support more effective individualized exercise-related decision-making in in-

dividuals with T1DM (Table 5). 

Table 5. Key considerations for pre-exercise glucose assessment in individuals with T1DM. 

Authors, Year Population/Sample Methodology Main Findings 
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Adolfsson et al., 2022 [11] 
Children and adolescents with 

T1DM 

ISPAD consensus 

guidelines 

Pre-exercise glucose assessment 

should include glucose trends and 

insulin on board 

Zaharieva et al., 2023 [26] Individuals using AID systems Practical review 
CGM trend arrows improve exer-

cise-related decision-making 

Moser et al., 2025 [12] Individuals using AID systems Position statement 

Exercise planning should integrate 

glucose trajectories and anticipated 

insulin activity 

Riddell et al., 2023 [16] 
Adults and adolescents with 

T1DM 

Real-world exercise 

study 

Similar exercise sessions may pro-

duce highly variable glucose re-

sponses 

3.6. Insulin, Carbohydrate and Nutritional Strategies Around Exercise 

Effective exercise management in individuals with T1DM requires coordinated inter-

pretation of insulin exposure, carbohydrate availability, exercise modality, and glucose 

trends within the broader clinical context of physical activity [17,35]. Because glycemic 

responses to exercise are highly variable, insulin and nutritional strategies should be 

adapted according to exercise intensity and duration, meal timing, baseline glucose levels, 

and anticipated recovery demands. 

Carbohydrate supplementation remains the most immediate strategy to prevent or 

correct exercise-induced hypoglycemia, particularly during prolonged aerobic exercise or 

when physical activity occurs in the presence of elevated circulating insulin levels [26,31]. 

However, carbohydrate requirements vary substantially between individuals and across 

exercise sessions, limiting the usefulness of rigid standardized recommendations in real-

world settings. 

The timing of exercise relative to insulin administration is one of the major determi-

nants of glycemic variability during physical activity. Exercise performed during the post-

prandial period is generally associated with a greater risk of hypoglycemia because circu-

lating insulin concentrations remain elevated [21]. Under these conditions, anticipatory 

reduction in prandial insulin doses may help attenuate excessive glucose declines and re-

duce dependence on large carbohydrate supplementation during exercise. In individuals 

using continuous subcutaneous insulin infusion (CSII), temporary basal rate reductions 

initiated sufficiently before exercise may further improve glycemic stability, although 

their effectiveness depends on the delayed kinetics of subcutaneous insulin absorption 

[12,25]. 

Exercise modality also substantially influences management strategies. Continuous 

aerobic exercise is more frequently associated with progressive glucose declines, whereas 

resistance exercise and short high-intensity efforts may induce more stable glycemia or 

transient hyperglycemia because of greater adrenergic activation and increased hepatic 

glucose output [31–34]. Consequently, insulin and nutritional adjustments should be tai-

lored according to the metabolic demands of the planned activity. 

Nutritional management extends beyond carbohydrate intake alone. Meal composi-

tion and meal timing may substantially influence post-exercise glucose responses, partic-

ularly during the recovery period. Meals rich in fat and protein may delay postprandial 

hyperglycemia and complicate overnight glucose management, especially following late-

day exercise sessions [36–38]. 

Continuous glucose monitoring systems have significantly improved exercise-re-

lated decision-making by providing real-time information regarding glucose trends and 

rate of change [12,17]. Nevertheless, despite advances in automated insulin delivery tech-

nologies, exercise remains a challenging physiological condition for current glucose-re-

sponsive algorithms because rapid shifts in glucose kinetics and energy expenditure are 
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difficult to fully predict. As a result, individualized interpretation of glucose trends and 

user-driven adjustments remain essential even in technologically advanced treatment set-

tings. 

Particular attention should also be given to the post-exercise recovery phase, during 

which increased insulin sensitivity may persist for several hours and contribute to delayed 

hypoglycemia, especially overnight after afternoon or evening exercise [25]. In this con-

text, individualized recovery nutrition, overnight glucose monitoring, and cautious cor-

rection insulin strategies may help reduce late glycemic disturbances. 

Overall, current evidence supports a flexible and clinically integrated approach com-

bining insulin modulation, carbohydrate management, nutritional planning, and real-

time glucose interpretation to support safer participation in physical activity among indi-

viduals with T1DM (Table 6). 

Table 6. Evidence-based insulin, carbohydrate, and nutritional strategies around exercise in indi-

viduals with T1DM. 

Authors, Year Exercise Context Study Characteristics Main Management Strategy/Results 

Riddell et al., 2017 [7] Aerobic exercise Consensus statement 

Pre-exercise insulin reduction combined with 

carbohydrate supplementation reduces hypo-

glycemia risk 

McClure et al., 2023 

[31] 

High-intensity interval 

exercise 

Systematic review and 

meta-analysis 

High-intensity exercise frequently produces 

more stable glycemia than continuous aerobic 

exercise 

Zaharieva et al., 2023 

[26] 

Automated insulin de-

livery systems 
Practical review 

Real-time CGM interpretation improves exer-

cise-related decision-making 

Cavallo et al., 2024 

[36] 
Athletes with T1DM Narrative review 

Meal composition and timing influence post-

exercise glycemic responses 

4. Clinical Implications and Future Perspectives 

The evidence synthesized in this review highlights that exercise management in in-

dividuals with type 1 diabetes mellitus (T1DM) should be interpreted as a dynamic and 

individualized process rather than as the application of rigid glucose thresholds or stand-

ardized algorithms. Although regular physical activity remains a fundamental compo-

nent of diabetes care because of its beneficial effects on cardiovascular health, insulin sen-

sitivity, body composition, and overall metabolic well-being, fear of exercise-related hy-

poglycemia and unpredictable glucose fluctuations continues to represent a major barrier 

to sustained exercise participation in many individuals with T1DM [7,11,16]. The available 

literature consistently demonstrates that glycemic responses to exercise are strongly in-

fluenced by the interaction between exercise modality, insulin exposure, nutritional sta-

tus, and individual metabolic variability, making real-world exercise management inher-

ently complex. 

One of the most clinically relevant observations emerging from current evidence is 

that different exercise modalities produce distinct glycemic trajectories. Continuous mod-

erate-intensity aerobic exercise remains the modality most consistently associated with 

progressive glucose declines and increased risk of hypoglycemia, particularly when exer-

cise is performed in the presence of elevated circulating insulin levels or shortly after pran-

dial insulin administration [31,33,39]. In contrast, resistance exercise and short high-inten-

sity efforts often induce more stable glycemic responses or transient hyperglycemia be-

cause of greater adrenergic activation and increased hepatic glucose production [31–34]. 

Mixed and intermittent exercise modalities, including many team and field sports, fre-

quently produce more heterogeneous responses because aerobic and anaerobic metabolic 

demands continuously alternate during activity. These modality-specific patterns have 
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important practical implications because they require different anticipatory insulin and 

nutritional strategies according to exercise type, timing, and individual metabolic context. 

Across the available evidence, insulin dose modulation and carbohydrate supple-

mentation consistently emerge as complementary strategies rather than isolated interven-

tions. Carbohydrate intake represents the most immediate tool to counteract exercise-in-

duced glucose declines, particularly during prolonged aerobic exercise or unplanned 

physical activity when insulin exposure cannot be modified sufficiently in advance 

[26,35,40]. However, excessive reliance on carbohydrate supplementation alone may con-

tribute to wide glycemic fluctuations and post-exercise hyperglycemia in some individu-

als. Conversely, when exercise is planned, anticipatory reduction in prandial insulin doses 

and, where feasible, basal insulin adjustments may reduce active insulin exposure during 

activity, preserve hepatic glucose production, and decrease dependence on large carbo-

hydrate loads. Nevertheless, the feasibility and effectiveness of insulin adjustments differ 

according to the insulin regimen. In individuals treated with multiple daily injections, 

basal insulin cannot be rapidly titrated around exercise because of the prolonged pharma-

cokinetics of long-acting insulin formulations. In contrast, insulin pump therapy allows 

for more flexible basal rate modifications, although reductions must generally be imple-

mented sufficiently in advance to exert meaningful metabolic effects because of delays in 

subcutaneous insulin absorption kinetics [12,25,40]. 

Another clinically important aspect highlighted by the current literature is the rele-

vance of the post-exercise recovery period. Increased insulin sensitivity and glycogen re-

plenishment may persist for several hours after exercise, thereby extending vulnerability 

to delayed hypoglycemia, particularly overnight following afternoon or evening physical 

activity sessions [25,40]. This phenomenon may occur even when glucose levels appear 

stable immediately after exercise termination, emphasizing the importance of continued 

glucose monitoring and individualized post-exercise nutritional and insulin-related strat-

egies during recovery. 

The growing adoption of continuous glucose monitoring (CGM), insulin pump ther-

apy, and automated insulin delivery (AID) systems has substantially improved exercise-

related glucose management in individuals with T1DM. These technologies provide real-

time information regarding glucose values and glucose trends while also allowing more 

flexible insulin delivery adjustments [12,17,41]. CGM trend arrows and alerts facilitate 

earlier recognition of rapid glucose fluctuations and support more timely carbohydrate 

interventions during exercise. Similarly, insulin pump therapy may facilitate temporary 

basal reductions and individualized exercise-specific settings. However, despite these 

technological advances, physical activity remains one of the most difficult physiological 

conditions for current AID algorithms because rapid changes in glucose kinetics, energy 

expenditure, and counterregulatory responses are difficult to fully predict algorithmi-

cally. Consequently, user-driven interpretation of glucose trends and individualized de-

cision-making remain essential even in technologically advanced treatment settings. 

Taken together, these findings support a clinically meaningful perspective in which 

exercise management in T1DM should be framed as a contextual decision-making process 

integrating exercise modality, glucose trends, insulin on board, nutritional status, and an-

ticipated recovery demands rather than reliance on isolated glucose values alone [36,42]. 

This integrated approach also aligns with the practical distinction between planned and 

unplanned exercise. When exercise can be anticipated, insulin modulation strategies may 

reduce excessive insulin exposure during activity and limit glycemic instability. Con-

versely, during spontaneous or unplanned physical activity, rapid carbohydrate supple-

mentation combined with close glucose monitoring often becomes the primary strategy 

to reduce hypoglycemia risk. Across both scenarios, structured education and profes-

sional guidance remain fundamental to support safer exercise participation in individuals 
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with T1DM. Several limitations within the current evidence base should also be acknowl-

edged. Many studies evaluating exercise-related glycemic responses in T1DM have been 

conducted under controlled experimental conditions that may not fully reflect the com-

plexity of real-world exercise management, including variability in meal composition, 

stress, sleep, hydration status, environmental conditions, and adherence to technological 

settings [43,44]. Considerable heterogeneity also exists across exercise protocols, insulin 

adjustment strategies, carbohydrate supplementation approaches, and outcome report-

ing, limiting direct comparison between studies. Furthermore, the rapidly evolving land-

scape of CGM and AID technologies requires continuous updating of practical recom-

mendations as new algorithms, sensors, and exercise-related device features become 

available. 

Future research should prioritize pragmatic and real-world studies specifically eval-

uating exercise modality, insulin exposure, nutritional strategies, and diabetes technolo-

gies under everyday conditions. Greater attention should also be dedicated to pediatric 

and older populations, sex-related differences, nocturnal glycemic responses, and indi-

vidualized predictors of exercise-related glycemic variability. Improved integration be-

tween physiological knowledge, technological innovation, and patient-centered educa-

tion may further enhance exercise safety and support long-term participation in physical 

activity among individuals with T1DM. 

5. Conclusions 

Physical exercise remains a fundamental component of care in individuals with type 

1 diabetes mellitus (T1DM) because of its well-established benefits on cardiovascular 

health, insulin sensitivity, metabolic control, and overall well-being [44]. However, exer-

cise-related glycemic variability continues to represent one of the main barriers to regular 

physical activity participation in this population. The evidence discussed in this review 

highlights that glycemic responses to exercise are strongly influenced by the interaction 

between exercise modality, insulin exposure, nutritional status, and individual metabolic 

variability. 

Current evidence supports the need for a flexible and individualized approach to 

exercise management in T1DM rather than reliance on rigid glucose thresholds or stand-

ardized rules alone. Effective prevention of exercise-related glycemic disturbances re-

quires integrated interpretation of glucose trends, insulin on board, exercise characteris-

tics, and nutritional strategies within real-world clinical contexts. In this regard, insulin 

modulation and carbohydrate supplementation should be considered complementary 

components of a unified management strategy adapted to the specific metabolic demands 

of physical activity. 

Continuous glucose monitoring, insulin pump therapy, and automated insulin de-

livery systems have substantially improved exercise-related glucose management and ex-

panded opportunities for safer participation in physical activity. Nevertheless, exercise 

remains a challenging physiological condition for current technologies, and patient edu-

cation and individualized exercise planning continue to play a central role. Overall, pro-

moting safe and sustainable exercise participation in individuals with T1DM requires an 

integrated and education-centered approach combining physiological understanding, in-

dividualized insulin and nutritional strategies, and appropriate use of diabetes technolo-

gies. Such an approach may help reduce fear of exercise-related glycemic disturbances 

and support long-term engagement in physical activity as part of comprehensive diabetes 

management. 
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