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Introduction

Despite advances in insulin pharmacology, delivery sys-
tems and glucose monitoring technologies, hypoglycaemia 
remains a substantial challenge for people with insulin-
treated diabetes. Adults with type 1 diabetes experience 
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Abstract
Aims/hypothesis  The aim of this work was to examine the impact of hypoglycaemia on daily functioning among adults with 
type 1 diabetes or insulin-treated type 2 diabetes, using the novel Hypo-METRICS app.
Methods  For 70 consecutive days, 594 adults (type 1 diabetes, n=274; type 2 diabetes, n=320) completed brief morning 
and evening Hypo-METRICS ‘check-ins’ about their experienced hypoglycaemia and daily functioning. Participants wore 
a blinded glucose sensor (i.e. data unavailable to the participants) for the study duration. Days and nights with or without 
person-reported hypoglycaemia (PRH) and/or sensor-detected hypoglycaemia (SDH) were compared using multilevel regres-
sion models.
Results  Participants submitted a mean ± SD of 86.3±12.5% morning and 90.8±10.7% evening check-ins. For both types 
of diabetes, SDH alone had no significant associations with the changes in daily functioning scores. However, daytime and 
night-time PRH (with or without SDH) were significantly associated with worsening of energy levels, mood, cognitive 
functioning, negative affect and fear of hypoglycaemia later that day or while asleep. In addition, night-time PRH (with or 
without SDH) was significantly associated with worsening of sleep quality (type 1 and type 2 diabetes) and memory (type 
2 diabetes). Further, daytime PRH (with or without SDH), was associated with worsening of fear of hyperglycaemia while 
asleep (type 1 diabetes), memory (type 1 and type 2 diabetes) and social functioning (type 2 diabetes).
Conclusions/interpretation  This prospective, real-world study reveals impact on several domains of daily functioning follow-
ing PRH but not following SDH alone. These data suggest that the observed negative impact is mainly driven by subjective 
awareness of hypoglycaemia (i.e. PRH), through either symptoms or sensor alerts/readings and/or the need to take action 
to prevent or treat episodes.
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due to inconsistency in definitions [4]. Recent findings 
have highlighted that some episodes of PRH are associated 
with SDH (PRH and SDH episode), while others are only 
perceived by the person but not confirmed by the sensor 
(PRH only) and yet others are only detected by the sensor 
without being recognised by the individual (SDH only) 
[7]. There is an urgent need for assessment of whether 
PRH and/or SDH impact daily life of people with diabe-
tes. In particular, our current knowledge about the impact 
of episodes only detected by sensors (and not recognised 
by the person with diabetes) is limited. While the clini-
cal significance of avoiding severe episodes of hypogly-
caemia (requiring assistance from others to treat because 
of cognitive dysfunction) has been well established [4, 
8–10], more work is needed to understand the seriousness 
and impact of self-treated (or self-managed) episodes of 
hypoglycaemia.

Validated measures used for assessing the impact of 
hypoglycaemia (e.g. on wellbeing or QoL [4]) typically 
assess this across several days, weeks or months after 

approximately two self-treated episodes per week [1]. 
Although fewer episodes are experienced by adults with 
insulin-treated type 2 diabetes, the frequency increases 
over time along with more individuals transitioning to 
insulin treatment [1]. Hypoglycaemia can occur unexpect-
edly and can lead to dangerous situations such as cognitive 
impairment, coma and, rarely, death [2]. Further, hypo-
glycaemia has a negative impact on multiple aspects of 
quality of life (QoL) [3, 4].

Person-reported hypoglycaemia (PRH, sometimes 
referred to as self-reported hypoglycaemia) has earlier 
been defined as episodes that the person reports due to 
the experience of symptoms or having knowledge of a low 
glucose level from a measurement or alarm [5]. Sensor-
detected hypoglycaemia (SDH) has been defined by con-
sensus as episodes of hypoglycaemia captured via con-
tinuous glucose monitoring (CGM) and lasting at least 
15 min below a given threshold (either 3.9 mmol/l or 3.0 
mmol/l) [6]. As previously shown, PRH is prone to under-
reporting compared with SDH [4], which may be partly 
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episodes occur. This may result in recall bias regarding the 
frequency and/or severity of episodes and a loss of granu-
larity about their temporal impact [11]. Recent advances 
in technologies enable the opportunity to link experiences 
with actual glucose levels. Although some studies have 
prospectively explored the daily impact of hypoglycae-
mia, it has been suggested that multiple daily assessments 
may be necessary to assess outcomes temporally closer 
to hypoglycaemic episodes [12]. However, existing meas-
ures have not been specifically designed or validated to 
capture the daily impact of hypoglycaemia. The Hypo-
METRICS (Hypoglycaemia MEasurement, ThResholds 
and ImpaCtS) smartphone app was developed for the pur-
pose of capturing the impact of hypoglycaemia on daily 
functioning (such as sleep quality, mood, energy levels and 
other domains that might be impacted by hypoglycaemia, 
and that can vary from day to day), in a close-to-real-time 
manner [13, 14].

The aim of this study was to determine the impact of 
hypoglycaemia among adults with type 1 diabetes and 
insulin-treated type 2 diabetes on daily functioning. First, 
we tested the hypothesis that daily functioning will differ 
significantly on days or nights with and without PRH and/
or SDH. Second, we exploratively assessed the impact of 
PRH subtypes (e.g. whether the individual reported their 
episode due to symptoms or a glucose measurement) and 
blinded SDH subtypes (i.e. glucose levels <3.9, <3.0 or 
≤2.2 mmol/l) on daily functioning.

Methods

Study design

The Hypo-METRICS study is a prospective observational 
study involving nine clinical centres across five European 
countries and is part of the EU IMI2 Hypo-RESOLVE 
(Hypoglycaemia – REdefining SOLutions for better liVEs) 
programme [15]. Ethical approval was granted in each of the 
five countries. The protocol has been published [16]. Briefly, 
the study involved the following elements: (1) assessment of 
daily functioning, captured with the Hypo-METRICS app 
[13], three times daily for 70 days; (2) continuous meas-
urement of interstitial glucose via a blinded sensor (Abbott 
FreeStyle 2 Libre; Alameda, CA, USA) (i.e. data unavailable 
to the participants) modified to collect data every 5 min; 
(3) baseline collection by research staff of demographic and 
diabetes-related information; and (4) completion of vali-
dated self-reported outcome measures online (via Qualtrics, 
Provo, UT) at baseline and 10 weeks of follow-up and via 
the Hypo-METRICS app (daily and weekly). Participants 
were eligible if they were aged ≥18 years and belonged to 
one of the following three groups: (1) type 1 diabetes with 

intact awareness of hypoglycaemia (Gold score <4 [17]); 
(2) type 1 diabetes with impaired awareness of hypoglycae-
mia (Gold score ≥4 [17]); or (3) type 2 diabetes managed 
with at least one insulin injection per day. Participants also 
needed to have had at least one episode of hypoglycaemia 
(symptomatic or confirmed by glucose measurement) in 
the past 3 months. Participants were recruited via the study 
sites and via online and offline advertisement. They provided 
informed consent.

Ethical considerations

The Hypo-METRICS clinical study has received ethical 
approval at the lead site from the South Central Oxford B 
Research Ethics Committee (20/SC/0112) and in the other 
European countries (Ethikkommission der Medizinischen 
Universität Graz [Austria], Videnskabsetisk Komite for 
Region Hovedstaden [Denmark], Comité De Protection Des 
Personnes SUD Mediterranne IV [France] and Commissie 
Mensgebonden Onderzoek Regio Arnhem-Nijmegen [the 
Netherlands]). The ClinTrials.gov registration number is 
NCT04304963.

Study measures

Assessment of daily functioning: The Hypo‑METRICS 
app  The Hypo-METRICS app assesses PRH and aspects 
of daily functioning, including sleep quality, energy level, 
overall mood, negative affect, cognitive functioning, daily 
memory, productivity, social functioning, fear of hypogly-
caemia later that day or while asleep and fear of hypergly-
caemia later that day or while asleep [14] (see electronic 
supplementary material [ESM] Table 1 for wording and 
scoring of the app domains as well as timing of assess-
ments). Via the app, combinations of 29 unique questions 
were administered daily at three pre-defined time intervals 
(‘check-ins’: morning 07:00 hours, afternoon 15:00 hours, 
evening 21:00 hours). Notifications reminded participants to 
respond to each of the check-ins. The app has been shown to 
have satisfactory psychometric properties and content valid-
ity with high completion rates [14, 18].

PRH and SDH  PRH was captured via the Hypo-METRICS 
app, where participants were asked (in the morning and even-
ing check-in) to report daytime or night-time symptomatic 
episodes that resolved on ingestion of carbohydrate or had 
a glucose reading on their own sensor or glucometer <4.0 
mmol/l, as well as episodes that were imminent but prevented 
(note: prevented episodes were excluded for the purpose 
of the primary Hypo-METRICS objective but included as 
PRH for the current analyses). SDH was defined as a glucose 
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reading on the blinded sensor <3.9 mmol/l for ≥15 min [6]. 
The submission times of each morning and evening check-
in were used to divide each 24 h period into night-time and 
daytime intervals. For each participant, each time interval 
was categorised by presence (+) or absence (−) of PRH and 
SDH. Each time interval was classified into one of the four 
following categories depending on PRH and SDH status:

•	 Type A: PRH (−) and SDH (−), no hypoglycaemia
•	 Type B: PRH (−) and SDH (+), SDH only
•	 Type C: PRH (+) and SDH (−), PRH only
•	 Type D: PRH (+) and SDH (+), both PRH and SDH

For PRH, participants answered follow-up questions 
about how the episode was detected (PRH detection) and 
managed (PRH management). These PRH subtypes were 
coded via an ordered ranking system (see ESM Fig. 1) and 
subsequently merged into one combined variable to use in 
the regression model. For the statistical analyses of the cur-
rent study, severe episodes of hypoglycaemia (confirmed by 
two independent healthcare professionals) were excluded. 
While the study-provided sensor was blinded (i.e. data una-
vailable to the participants), participants continued with 
their usual means of glucose monitoring (i.e. their own sen-
sor or finger prick).

For the additional exploratory analyses, each time interval 
was similarly classified based on PRH, resulting in the fol-
lowing subtypes:

PRH detection variable:

•	 No PRH: no PRH reported at the check-in
•	 Symptomatic PRH: episodes detected via symptoms
•	 Asymptomatic PRH: episodes detected via their own 

glucose monitoring device

PRH management variable:

•	 No PRH: no PRH reported at the check-in
•	 Prevented PRH: episodes considered prevented
•	 Treated PRH: episodes considered treated
•	 Other PRH: episodes considered neither prevented nor 

treated

Finally, following the ATTD consensus guidelines [19], 
the CGM data from the blinded sensors was used to classify 
each time interval into the following SDH subtypes:

•	 No SDH: no SDH captured with the blinded sensor
•	 SDH3.9: glucose levels <3.9 but ≥3.0 mmol/l for at 

least 15 min
•	 SDH3.0: glucose levels <3.0 but >2.2 mmol/l for at 

least 15 min

•	 SDH2.2: glucose levels ≤2.2 mmol/l for at least 15 min

If more than 30% of the sensor data in each time interval 
were missing, the entry was excluded from the analysis [6, 
20].

Statistical analyses

Statistical analyses were conducted using R (version 4.2.1) 
and Rstudio (version 2023.3.1.446) [21]. Sample size cal-
culations were based on the primary Hypo-METRICS study 
objective [16]. Participants were excluded from analyses if 
there were no PRH or SDH entry in the dataset. Participant 
characteristics are presented as number and percentage or 
mean ± SD. Due to repeated assessments (multiple check-
ins) for each participant, the data exhibit a two-level nested 
structure. Therefore, a multilevel linear regression analysis, 
with participant ID as a random effect, was used to test the 
associations between PRH/SDH status in the night-time 
and daytime and the raw score on each domain of daily 
functioning in the morning (referred to as ‘morning func-
tioning’, including ten domains) and evening (referred to as 
‘evening functioning’, including nine domains) check-ins 
respectively. Some domains (i.e. daily memory, produc-
tivity and social functioning) were only assessed for the 
evening check-in but were analysed in terms of their asso-
ciations to both night-time and daytime PRH/SDH status 
(and are therefore also included in the morning functioning 
domains). Afternoon check-in data were not included for 
the current analyses and only questions with 0–10 response 
scales were included (i.e. excluding work-specific items, 
which will be reported in a separate study). Missing data 
were handled using pairwise deletion. After seven model 
iterations, the final model consisted of the following ele-
ments: (1) a multilevel linear regression model assessed 
using the robustlmm R package for robust estimation [22] 
due to suboptimal distributions of residuals (including 
heteroscedasticity); (2) adjustment for autocorrelation; 
and (3) consensus-guided (agreed upon by members of 
the Hypo-RESOLVE consortium) list of control variables 
comprising baseline demographic, clinical, psychological 
and app-related factors (full list available in ESM Table 2). 
A Bonferroni-corrected p value <0.0002 (calculated based 
on ten morning domains plus nine evening domains, two 
separate analyses for type of diabetes and seven model iter-
ations: 0.05/266=0.0002) was applied for the regression 
models, except on the secondary, and explorative, analyses 
on PRH and SDH subtypes. For ease of interpretation, fig-
ures show regression coefficients transformed to a percent-
age change in score (on each domain) from the intercept 
with 95% CIs and are presented for type 1 diabetes and type 
2 diabetes separately.
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Table 1   Participants’ 
demographic, clinical, 
psychological and app-related 
characteristics by diabetes type

Type 1 diabetes 
(N=274)

Type 2 diabetes 
(N=320)

p valuea

Demographics
  Age, years 44.9±16.0 61.9±10.2 <0.001
  Gender <0.001
    Male 125 (46) 201 (63)
    Female 147 (54) 119 (37)
    Other 2 (0.7) 0 (0)
  Ethnicity / race <0.001
    White 241 (88) 287 (90)
    Other 26 (9.5) 7 (2.2)
    Asian 3 (1.1) 16 (5.0)
    Black 4 (1.5) 10 (3.1)
  Employment <0.001
    Working/studying 205 (75) 121 (38)
    Not working / not studying 23 (8.4) 35 (11)
    Retired 46 (17) 164 (51)
  Highest level of education achieved <0.001
    College, undergraduate degree 120 (44) 111 (35)
    Postgraduate degree (Masters/PhD/MBA) 70 (26) 36 (11)
    Secondary school or high school 66 (24) 102 (32)
    Other 14 (5.1) 35 (11)
    Primary school 4 (1.5) 36 (11)
  Country <0.001
    UK 153 (56) 128 (40)
    the Netherlands 34 (12) 98 (31)
    Austria 33 (12) 53 (17)
    Denmark 30 (11) 37 (12)
    France 24 (8.8) 4 (1.3)
Clinical characteristics
  Diabetes duration, years 23.8±15.6 20.4±8.9 0.14
  Impaired awareness (Gold score ≥4) 58 (21) 86 (27) 0.11
  Mean % time in range (≥3.9 mmol/l, ≤10 mmol/l) 61.0±15.1 64.8±20.7 <0.001
  Mean % time above range (>10 mmol/l) 33.1±16.4 32.7±21.5 0.2
  Mean % time below range (<3.9 mmol/l) 5.9±5.0 2.5±3.0 <0.001
  Usual means of glucose monitoring <0.001
    Capillary blood glucose monitoring only (fingerprick) 67 (24) 188 (59)
    CGM without alerts 186 (68) 127 (40)
    CGM with alerts 21 (7.7) 5 (1.6)
  HbA1c, mmol/mol 56.5±9.5b 60.2±14.2c 0.009
  HbA1c, % 7.3±0.9b 7.7±1.3c 0.009
Psychological characteristics
  Anxiety symptom 0.3
    None (GAD-7 score <5) 176 (64) 195 (61)
    Mild (GAD-7 score 5–10) 69 (25) 77 (24)
    Moderate-to-severe (≥10) 29 (11) 48 (15)
  Depression symptoms 0.030
    None (PHQ-9 score <5) 161 (59) 166 (52)
    Mild (PHQ-9 score 5–10) 73 (27) 80 (25)
    Moderate-to-severe (PHQ-9 score ≥10) 40 (15) 74 (23)
  Diabetes-specific QoL, DIDP composite scored 4.6±0.8 4.5±1.0 0.5
  Cognitive functioning, PDQ-20 total scoree 18.7±12.8 23.4±16.1 0.001
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Results

Participant characteristics

Table 1 shows the characteristics of the 594 participants 
(274 with type 1 diabetes and 320 with type 2 diabetes) 
with available data for analyses. Mean ± SD age was 
44.9±16.0 and 61.9±10.2 years and diabetes duration 
was 23.8±15.6 and 20.4±8.9 years for participants with 
type 1 diabetes and type 2 diabetes, respectively. Com-
pared with participants with type 1 diabetes, those with 
type 2 diabetes were significantly older, were more likely 
to be male and of Asian or Black ethnicity, and were less 
likely to be in paid employment or study or have higher 
education. People with type 2 diabetes spent signifi-
cantly more time in range (glucose ≥3.9, ≤10mmol/l), 
less time below range (glucose <3.9mmol/l), a greater 
percentage using finger prick rather than CGM to moni-
tor glucose levels, and had more depressive symptoms, 
greater perceived cognitive difficulties, lower fear of 
hypoglycaemia and higher completion of evening check-
ins (Table 1).

Daily functioning check‑ins

Across 594 participants and 70 days of app use, there was a 
potential maximum of 41,580 morning or evening check-ins. 
Participants with type 1 diabetes and type 2 diabetes respec-
tively completed 86.1±12.7% and 86.5±12.3% (mean ± SD) 
of their morning check-ins and 89.8±11.4% and 91.6±9.8% 
(mean ± SD) of their evening check-ins.

Distribution of hypoglycaemia (PRH and SDH)

A total of 32,519 night-time and 33,972 daytime intervals 
had PRH data, and valid (i.e. ≥70%) SDH data available 
(ESM Table 3). Of these, 72% and 64% were coded with 
no hypoglycaemia, 3.2% and 9.2% with PRH only, 17% and 
11% with SDH only, and 7.8% and 16% with PRH and SDH, 
for the night-time and daytime intervals, respectively. As 
seen in ESM Table 3, the distribution of hypoglycaemia was 
significantly different between people with type 1 and type 
2 diabetes.

PRH, SDH and subjective daily functioning

The associations between night-time PRH/SDH types (types 
A–D) and morning functioning are presented in Fig. 1a,b. 
For participants with type 1 and type 2 diabetes, regression 
coefficients for ‘sleep quality’, ‘energy level’, ‘overall mood’, 
‘cognitive functioning’, ‘fear of hypoglycaemia later that 
day’ and ‘negative affect’, as well as ‘memory’ for partici-
pants with type 2 diabetes, were significantly lower (reflect-
ing worse functioning) after nights with a PRH (type C and/
or D) vs nights without hypoglycaemia (type A). The largest 
effect was seen for ‘sleep quality’, with >10% reduction in 
scores on nights with PRH and SDH (type D) compared with 
nights without (type A). For nights with only SDH (type B), 
there were small decreases but no statistically significant 
changes in scores on any domains compared with nights 
without hypoglycaemia (type A).

A similar pattern was shown for associations between 
daytime hypoglycaemia and evening functioning (Fig. 1c,d); 

Table 1   (continued) Type 1 diabetes 
(N=274)

Type 2 diabetes 
(N=320)

p valuea

  Fear of hypoglycaemia, HFS-II total scoref 32.4±20.9 29.0±21.9 0.005
  Severe diabetes distress (PAID-20 score ≥40)g 50 (18) 71 (22)
Hypo-METRICS app completion
  Completion, morning check-in, percentage 86.1±12.7 86.5±12.3 0.6
  Completion, evening check-in, percentage 89.8±11.4 91.6±9.8 0.005

Data are mean ± SD or n (%)
a Wilcoxon rank sum test; Fisher’s exact test; Pearson’s χ2 test
b Three values were missing
c One value was missing
d Higher score indicates greater negative impact across global life dimensions
e Higher score indicates greater perceived cognitive difficulties
f Higher score indicates higher fear of hypoglycaemia
g PAID-20 scores above 40 indicate severe diabetes distress
DIDP, Dawn Impact of Diabetes Profile; GAD-7, General Anxiety Disorder-7 questionnaire; HFS-II, 
Hypoglycaemia Fear Survey II; PAID, Problem Areas In Diabetes; PHQ-9, Patient Health Questionnaire-9
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Fig. 1   Effect of night-time hypoglycaemia (a, b) or daytime hypo-
glycaemia (c, d) among adults with type 1 diabetes (a, c, n=274) or 
type 2 diabetes (b, n=318; d, n=320). PRH episodes were reported in 
the app check-ins. SDH episodes (glucose levels <3.9 mmol/l for ≥15 
min) were detected by (blinded) sensor. Results are coefficients from 
regression model adjusted for demographic, clinical, psychological 

and app-related factors. Higher scores on all scales represent ‘better’ 
daily functioning. Nights (a, b) or days (c, d) without hypoglycaemia 
(type A, at 0%) are used as reference. Domains are sorted by most to 
least impacted domain under type D (PRH and SDH) in (a). Lines 
represent 95% CIs (missing if going outside axis limit)
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Fig. 2   Effect of night-time (a, b) or daytime (c, d) PRH subtypes 
among adults with type 1 diabetes (a, c, n=274) or type 2 diabetes 
(b, n=318; d, n=320). PRH: episodes were reported in the app check-
ins. Results are coefficients from regression model adjusted for SDH, 
baseline demographic, clinical, psychological and app-related factors. 

Higher scores on all scales represent ‘better’ daily functioning. Nights 
or days without hypoglycaemia (0%) are used as reference. Domains 
are sorted by most to least impacted domain under type D (PRH and 
SDH) in Fig. 1a. Lines represent 95% CIs (missing if going outside 
axis limit)
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however, PRH with SDH (type D) was additionally associ-
ated with significant lower scores (i.e. worsening) for ‘fear of 
hyperglycaemia while asleep’ and ‘memory’ in people with 
type 1 diabetes and ‘social functioning’ in people with type 
2 diabetes. The domain with the largest reduction in scores 

for daytime hypoglycaemia was ‘energy level’. As for the 
night-time hypoglycaemia, no significant changes in scores 
for any of the domains was observed for participants with 
daytime SDH only (type B).

Fig. 3   Effect of night-time (a, b) or daytime (c, d) SDH subtypes 
among adults with type 1 diabetes (a, c, n=274) or type 2 diabetes (b, 
n=318; d, n=320). SDH was detected by (blinded) sensor. Results are 
coefficients from regression model adjusted for PRH, baseline demo-
graphic, clinical, psychological and app-related factors. Higher scores 

on all scales represent ‘better’ daily functioning. Nights or days with-
out hypoglycaemia (0%) are used as reference. Domains are sorted 
by most to least impacted domain under type D (PRH and SDH) in 
Fig. 1a. Lines represent 95% CIs (missing if going outside axis limit)
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PRH subtypes and subjective daily functioning

The exploratory analyses showing associations between 
PRH subtypes and morning and evening functioning are 
presented in Fig. 2.

For adults with type 1 diabetes and adults with type 2 diabe-
tes, considering night-time ‘PRH detection’ (i.e. how hypogly-
caemia is detected, see earlier), both symptomatic and asymp-
tomatic PRH were associated with reduced scores on several 
domains of functioning at morning check-in, when compared 
with nights without PRH (Fig. 2a,b). Nights with symptomatic 
PRH were in most cases followed by a larger reduction in func-
tioning compared with nights with asymptomatic PRH. Simi-
larly, both symptomatic and asymptomatic daytime PRH (vs 
no PRH) were associated with reduced functioning at evening 
check-in (Fig. 2c,d) but generally with smaller effect size than 
seen for night-time hypoglycaemia. CIs for people with type 
2 diabetes were often wider than those for people with type 
1 diabetes, which may reflect fewer PRH episodes reported.

Similarly, Fig. 2a–d shows that, for ‘PRH management’ 
(i.e. how hypoglycaemia is managed, see earlier), treated epi-
sodes are generally (with some exceptions) associated with 
greater negative impact on daily functioning than prevented 
episodes, and prevented episodes more so than those catego-
rised as ‘other’. Overall, the effect size appears larger for night-
time PRH (Fig. 2a,b) than daytime PRH (Fig. 2c,d). Finally, 
although the CIs are wide, people with type 2 diabetes appear 
to be more impacted by night-time ‘symptomatic other’ PRH 
than people with type 1 diabetes.

SDH subtypes and daily functioning

Figure 3 shows the exploratory analyses of the associations 
between SDH subtypes (i.e. lowest glucose levels in each time 
interval) and morning and evening functioning. When adjusted 
for PRH, SDH subtypes overall appeared to have minimal or 
no association with daily functioning domains. For SDH3.9 and 
SDH3.0, the majority of the effect sizes are close to 0% with 
small CIs. In contrast, for SDH2.2 there is more variation in 
estimates (wider CIs) with some effect sizes indicating possi-
ble worsening (e.g. for ‘overall mood’ from daytime episodes 
in people with type 1 diabetes, Fig. 3c), while others indicate 
possible improvement (e.g. for ‘fear of hypoglycaemia later 
that day’ from daytime episodes in people with type 2 diabetes, 
Fig. 3d).

Discussion

In this large, 10 week observational study, adults with type 1 
diabetes and insulin-treated type 2 diabetes undertook metic-
ulous thrice-daily reporting of their daily functioning using 
the Hypo-METRICS app and wore blinded CGM. These 

novel data show that adults with type 1 or type 2 diabetes 
experienced a significant impact of PRH on their daily func-
tioning, while SDH alone had no or minimal impact. Specifi-
cally, following night-time and daytime PRH, both partici-
pants with type 1 and type 2 diabetes reported worsening of 
‘energy’, ‘mood’, ‘cognitive functioning’, ‘negative affect’ 
and ‘fear of hypoglycaemia later that day/while asleep’ (vs 
days/nights without PRH and SDH). In addition, night-time 
PRH was significantly associated with worsening of ‘sleep 
quality’ (for type 1 and type 2 diabetes) and ‘memory’ (for 
type 2 diabetes). Daytime PRH was also associated with 
worsening of ‘fear of hyperglycaemia while asleep’ (for type 
1 diabetes), ‘memory’ (for type 1 and type 2 diabetes) and 
‘social functioning’ (for type 2 diabetes). The changes in 
domain scores were only significant if a PRH was reported 
(type C and/or D), while changes following SDH alone (type 
B) did not reach statistical significance for either type of dia-
betes. Exploratory analyses showed that, overall, subtypes 
of PRH (symptomatic vs asymptomatic, and treated vs pre-
vented vs other) were associated with reduced daily func-
tioning when compared with days or nights without PRH. 
Night-time PRH, presence of symptoms and hypoglycaemia 
categorised as treated (rather than prevented) generally lead 
to larger reductions in functioning. In contrast, subtypes 
of SDH (SDH3.9, SDH3.0 and SDH2.2) overall had minimal 
associations with daily functioning.

To our knowledge, no published studies provide as exten-
sive a collection of SDH and PRH as the current study (70 
days), enabling prospective assessments of their unique asso-
ciations with daily functioning. In a recent qualitative study, 
people with type 1 diabetes reported how hypoglycaemia 
impacted several aspects of their QoL, such as mental health, 
sleep, leisure activities, work and social life [23]. Another 
study focusing on the impact of self-reported hypoglycaemia 
over the past 30 days in people with type 2 diabetes found 
that self-treated hypoglycaemia was negatively associated 
with participants’ well-being and functioning, including 
cognitive functioning, leisure activities, social life and work 
[24]. The multidimensional day-to-day impacts shown in the 
current study align with these broader impacts.

Recent prospective studies have assessed the impact 
of daily hypoglycaemia with mixed results. Preliminary 
results from an ‘ecological momentary assessment’ (EMA) 
study including people with type 1 diabetes found that SDH 
affected energy but not mood [25]. Another study found no 
effect of night-time SDH on self-reported mood or effec-
tiveness at work the next day but found an improvement in 
self-reported ‘health status’ in people with type 1 diabetes 
and impaired awareness [12, 26]. A recent study by Polon-
sky and Fortmann also reported no significant associations 
between hypoglycaemia and daily mood [27]. Wagner et al 
found that SDH was associated with lower positive affect in 
people with type 2 diabetes [28]. Although some of these 
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studies report on whether participants had symptoms, it 
remains unclear whether episodes without symptoms were 
recognised via participants’ usual glucose monitors. The 
current study indicates that it may only be the episodes that 
a person recognises (via symptoms or glucose monitoring) 
that impact on daily functioning. Analyses of SDH subtypes, 
adjusted for PRH, showed that the associations between 
PRH and daily functioning are unlikely to only be due to 
lower glucose during PRHs. Further, the current study pro-
vided a more intensive data-collection across more domains 
of daily functioning compared with previous studies, pos-
sibly explaining why results only partially align with results 
of prior EMA studies.

High ecological (i.e. ‘real-world’) validity is a central 
strength of the current study. Numerous hypoglycaemic 
clamp studies have demonstrated that acute hypoglycaemia 
impairs multiple domains of cognitive functioning, mood 
and emotions [29–31]. The ecological validity of these 
experimentally induced impairments is unclear [32, 33]. 
However, in real-world settings, many factors can influence 
the relationship between hypoglycaemia and daily function-
ing, including the burden of checking and tracking glucose 
values, the food and activity planning required to prevent 
hypoglycaemia (with implications for spontaneity) and the 
fear of episodes leading to socially embarrassing or danger-
ous situations, all of which have been highlighted in quali-
tative research [23]. Importantly, this study has provided 
real-world evidence of the impact of hypoglycaemia on self-
reported cognitive functioning.

There is a risk that the most impactful episodes are not 
recorded in the app as priority to treat, or the direct impact 
(e.g. concentration difficulties) from episodes may have 
influenced the ability to complete check-ins. The relatively 
wide time intervals (6 h) to enter each check-in may have led 
participants to delay completion to a more convenient time, 
potentially biasing responses. The high average completion 
rates suggest that participants were highly motivated and 
more work is needed to explore predictors of completion to 
understand whether certain characteristics of the participants 
are over- or under-represented in this study. Knowing that 
this study focused on the impact of hypoglycaemia may have 
prompted participants to pay more attention to how hypogly-
caemia influenced them, compared with usual everyday life, 
or may have led to an over-representation of participants with 
hypoglycaemia-related problems. Reassuringly, a preliminary 
analysis of data from the Hypo-METRICS cohort suggests 
no significant impact on hypoglycaemia reporting during the 
course of the study. The lower frequency of SDH2.2 makes 
it challenging to draw firm conclusions about the effects of 
these low glucose levels and more work is needed. Impor-
tantly, this study was limited to five European countries and 
there was little ethnic diversity. Further studies are needed in 
non-European and ethnically diverse populations.

Our data has several clinical implications. While CGM 
offers considerable advantages in terms of minimising hypo-
glycaemia, optimising overall glucose levels and improving 
diabetes-specific QoL [34, 35], the current study highlights 
some potential disadvantages. The finding that SDH from the 
blinded CGM (i.e. episodes not recognised by the person) had 
minimal impact on daily functioning but asymptomatic PRH 
(i.e. episodes recognised via glucose measurement) did, sug-
gests that people with diabetes might be resilient to the direct 
effect of biochemical (unrecognised) hypoglycaemia. How-
ever, it also suggests that healthcare professionals need to be 
aware of the negative consequences of being alerted to asymp-
tomatic low glucose. Although recurrent exposure to hypo-
glycaemia may increase the risk of impaired awareness and 
severe hypoglycaemia [36], raising the glucose threshold for 
a sensor alert might increase the frequency of alarms and thus 
negatively affect daily functioning. Further, the added burden 
of symptomatic (compared with asymptomatic) episodes, and 
the fact that both treating and preventing episodes has nega-
tive impact on daily functioning, warrants attention in clinical 
practice and future interventions. The current study suggests 
that the distinction between SDH and PRH, and whether the 
episodes are recognised by the individual, is important when 
assessing the impact of hypoglycaemia. It also suggests that 
use of CGM alone to determine the impact of an intervention 
to reduce hypoglycaemia may not be adequate. PRH needs to 
be reported as well, as this is what is meaningful to a person 
in terms of its impact on their daily functioning. We cannot 
make conclusions about the exact mechanisms that link rec-
ognised hypoglycaemia with impaired daily functioning. The 
authors hypothesise that the disruptive impact of recognising 
and counteracting falling glucose on sleep and usual routines 
(e.g. work and socialising) may be important factors.

There are several avenues for future research into the 
day-to-day impact of hypoglycaemia using EMA, which is 
becoming a common method in diabetes research [37–39]. 
First, despite statistically significant associations, further 
work is needed to understand whether observed changed 
are important and meaningful for the person living with 
diabetes [40]. Second, although the present analysis con-
trolled for several person-related characteristics, the results 
represent means across participants. Thus, future analyses, 
such as cluster analyses or mixture modelling, could explore 
whether there are subgroups of people particularly vulner-
able to the impact of hypoglycaemia [41]. Third, the cur-
rent study focused on presence or absence of hypoglycaemia 
but it would be useful to examine the cumulative impact of 
multiple episodes of hypoglycaemia as well as the relation-
ship between the duration and/or depth of a single episode 
of hypoglycaemia and the extent and duration of its impact 
on daily functioning. Understanding the cumulative impact 
also becomes relevant when considering that more episodes 
of PRH were reported by participants with type 1 diabetes, 
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compared with those with type 2 diabetes (perhaps due to 
the higher proportion of CGM users). Finally, while the 
current analyses were adjusted for level of awareness, more 
work is needed to investigate whether hypoglycaemia aware-
ness status is an effect modifier.

In conclusion, this study provides novel insights into the 
subjective daily functioning of adults with type 1 diabetes 
and insulin-treated type 2 diabetes following daytime and 
night-time hypoglycaemia episodes. The observed reductions 
in daily functioning following hypoglycaemia are explained, 
principally, by episodes recognised by the participant (i.e. 
PRH with or without SDH), either from symptoms or via 
their glucose monitoring device and may be related to actions 
required to avoid or treat low glucose levels. The (blinded) 
SDH had limited contribution. These findings emphasise the 
need for researchers and clinicians to consider the burden on 
people with insulin-treated diabetes not only in experiencing 
low glucose levels but also in recognising, managing and 
avoiding episodes of hypoglycaemia, and indicate a need for 
critical review of the importance to the wearer of hypogly-
caemia episodes that are only detected by the sensor.
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