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Abstract:  
Background: Type 2 diabetes mellitus (DM) is a chronic metabolic disorder affecting multiple systems, and 
growing evidence links it to sensorineural hearing loss (SNHL) through mechanisms such as cochlear 
microangiopathy and auditory neuropathy. Data from rural India remain scarce. 
Objective: To estimate the prevalence of SNHL among diabetic patients in Jamuhar, Sasaram, Bihar, and assess 
its association with disease characteristics using audiological tests. 
Methodology: A cross-sectional community-based study was performed at Narayan Medical College and 
Hospital, Jamuhar, Sasaram, Bihar on 100 subjects; 50 having type 2 DM and 50 matched on age and gender 
having non-diabetes. All participants underwent biochemical analysis and audiological tests: Pure Tone 
Audiometry (PTA), Distortion Product Otoacoustic Emissions (DPOAE), and Brainstem Evoked Response 
Audiometry (BERA). Statistical significance was set at p < 0.05. 
Results: SNHL was more common in diabetics (84% vs. 62%) and was more severe as indicated by moderate to 
profound loss in 52% of the diabetic subjects versus 28% in non-diabetic subjects; DPOAE indicated abnormal 
cochlear function for the diabetic subjects in 80% of cases versus 56% for the controls, indicating clinically 
unevaluated cochlear function. BERA showed prolongation in the wave V and I–V interpeak latencies across all 
test intensities (P < 0.001), consistent with delay conduction along the auditory pathway. The diabetic subjects 
were older (mean age 52.3 years vs. 34.6 years) and had poorer glycemic control (mean HbA1c 8.1%).  
Conclusion: Diabetes markedly increases the prevalence and degree of SNHL by disturbing the cochlear and 
retrocochlear pathways. Routine audiological screening and strict control of glycemic levels are recommended in 
order to mitigate the occurrence of auditory problems. 
Keywords: Type 2 Diabetes Mellitus, Sensorineural Hearing Loss, Pure Tone Audiometry, DPOAE, BERA, 
Rural Health. 
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Introduction 

Type 2 diabetes mellitus (DM) is a chronic and met-
abolic disorder identifiable by persistent hypergly-
cemia (state of higher-than-normal blood glucose) 
due to relative insufficiency of insulin secretion, in-
sulin resistance to action or both. Common anteced-
ents of type 2 DM consist of lifestyle antecedents of 
obesity, physical inactivity and poor dietary intake 
and genetic susceptibility increases the risk [1]. 
Over the past few decades, type 2 DM has been im-
portant in public health because we estimated there 
were 392 million people living with type 2 diabetes 
in 2015 and they would have comprised almost 90% 
of diabetes and almost 6% of the global population 

[2]. The prevalence of disease is not homogenous - 
women and some ethnic groups including South 
Asians and Pacific Islanders, Latinos and Native 
Americans are disproportionately affected for a mul-
tifactorial reason of soco-cultural and biological [3]. 

The systemic manifestations of diabetes are well un-
derstood while the cardiovascular, renal, neurologi-
cal, and ocular manifestations are well reviewed. 
The auditory system has increasingly become a focal 
area as one more location of diabetic microvascular 
and neuropathic associations. Diabetes is recognized 
to cause eighth cranial nerve (vestibulocochlear 
nerve) neuropathy and hence the microangiopathy 

http://www.ijpqa.com/
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of the cochlear vasculature is responsible for devel-
opment of gradual hearing loss [5]. These patholog-
ical processes usually present as sensorineural hear-
ing loss (SNHL) which makes up nearly 90% of di-
abetic auditory loss. SNHL is hearing loss secondary 
to cochlear or retroocular vestibulocochlear nerve 
auditory system dysfunction [6]. 

Studies have indicated that compared to non-dia-
betic patients, diabetics are more likely to experi-
ence sensor neural hearing loss (SNHL) and the se-
verity of hearing loss is proportional to the severity 
and duration of diabetes. These considerations make 
the SNHL associated with diabetes classified as a 
low-profile complication of diabetes, of high clinical 
importance due to the expected significant burden of 
hearing loss on the patient's communicative and so-
cial function and quality of life. This burden is espe-
cially concerning in older people where both diabe-
tes and hearing loss are common and contribute to 
double disability. 

Appropriate diagnosis of SNHL is absolutely essen-
tial for early detection and management. Pure-tone 
audiometry (PTA) remains the state-of-the-art meas-
urement for threshold of hearing as it allows not only 
to quantify the severity of the hearing, the type of 
loss, and pattern of impairment is [7]. Aural audiom-
etry and tympanometry provide supplementary diag-
nostic support. Recently, with oto-acoustic emission 
(DPOAE) and brain-evoked response audiometry 
(BERA), there are valuable tools to diagnose sub-
clinic hearing impairment. DPOAE is a non-inva-
sive and reliable tool and is helpful for revealing 
early cochlear damage while BERA supports the dif-
ferential use of the central and retro cochlear audi-
tory pathways. 

Results of the electrophysiological tests have also 
solidified the association of diabetes with hearing 
impairment. Delayed wave V latencies on BERA 
tracings are indicative of retro cochlear and central 
nervous system disorders, and higher interpeak la-
tencies (wave I–V) point out latency of auditory con-
duction at the midbrain and brainstem levels [8]. 
This evidence highlights the requirement of com-
plete auditory assessment—with PTA, DPOAE, and 
BERA—as a part of the complete management of 
diabetes patients. 

Despite the growing global evidence, research on 
type 2 diabetes mellitus and its association with 
hearing loss is limited in low resource situations, 
particularly in rural India. Bihar is one of the most 
populous Indian states and has the double burden of 
communicable and non-communicable diseases 
where diabetes is a very concerning one. In rural ar-
eas such as Jamuhar of Sasaram, there is limited ac-
cess to facilities and there is a lack of awareness and 
late diagnosis of chronic disorders such as diabetes 
and its sequelae. In this context, prevalence and pat-
tern of noise-induced hearing loss (SNHL) in 

patients with diabetes is crucial for the right plan-
ning of preventive and screening actions. 

The cross-sectional community survey of Jamuhar, 
Sasaram, was hence designed to compare the preva-
lence of SNHL between type 2 DM patients and 
matched non-diabetic patients by sex and age, eval-
uate the relationship of hearing threshold and diabe-
tes duration, and correlate the findings of DPOAE 
and BERA. By these objectives, the investigation at-
tempts to provide integrated perceptions of the bur-
den, relationships, and diagnostic characteristics of 
SNHL among diabetic patients, and therefore con-
tribute toward improved clinical practice and pro-
grammed planning at the community level among 
analogous rural communities. 

Methodology 

Study Design: This was a community-based analyt-
ical cross-sectional study conducted to assess the 
prevalence of sensorineural hearing loss (SNHL) 
among diabetic patients and its association with dia-
betes mellitus. 

Study Area: The study was carried out in the De-
partment of Otorhinolaryngology, Narayan Medical 
College and Hospital, Jamuhar, Sasaram, Bihar, In-
dia. 

Study Duration: The study was conducted over a 
period of one year. 

Study Population: The study population consisted 
of two groups: patients diagnosed with type 2 diabe-
tes mellitus attending the diabetic clinic in the Endo-
crinology outpatient department and a control group 
of age- and sex-matched non-diabetic individuals 
from the community.  

Sample Size: A total of 100 participants were re-
cruited, comprising 50 patients with biochemically 
confirmed diabetes mellitus and 50 non-diabetic 
controls. The sample size was determined to ensure 
adequate statistical power to compare the prevalence 
of sensorineural hearing loss between the two 
groups. 

Inclusion Criteria 

• Patients aged ≤ 50 years of either gender. 
• Biochemically confirmed diabetic patients (for 

the study group). 
• Non-diabetic, apparently healthy individuals 

(for the control group). 

Exclusion Criteria 

• Patients with any other systemic illness or met-
abolic disorder. 

• Patients with gestational diabetes. 
• History of use of ototoxic drugs. 
• Previous history of ear surgery or occupational 

noise exposure. 
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• Patients with chronic suppurative otitis media 
(CSOM), conductive hearing loss (CHL), or 
noise-induced hearing loss. 

• Patients with congenital sensorineural hearing 
loss. 

Data Collection: The data was collected by a sys-
tematic method involving demographic profiling, 
clinical history, biochemical test and audiological 
testing which involved otorhinolaryngological ex-
amination to exclude the profusion of any trouble 
with middle or external ear pathology. The demo-
graphic particulars of all subjects included age and 
sex and occupation, for diabetic patients the addi-
tional particulars included duration of diabetes, 
whether on treatment or not and glycemic control. 
The biochemical tests performed included fasting 
blood sugar, post-prandial blood sugar and HbA1c 
to confirm diabetic status and degree of control over 
diabetes. The non-diabetic subjects had fasting 
blood glucose and post-prandial blood glucose esti-
mated to confirm their diabetic control status. Oto-
rhinolaryngological examination was carried out on 
all subjects as part of clinical history. 

Procedure: Participants who agreed to participation 
after providing written informed consent were as-
sessed for inclusion in the study following the pro-
tocol. A full medical history was obtained to exclude 
potential confounds such as systemic disease, oto-
toxic medication, a previous history of ear surgery, 
or occupational noise exposure. Following this, gen-
eral and otorhinolaryngological examinations were 
performed. Audiological evaluation was then per-
formed in all participants by a certified audiologist, 
using pure tone audiometry (PTA) in a soundproof 

booth, followed by bilateral brainstem evoked re-
sponse audiometry (BERA) to evaluate the auditory 
pathway, and distortion product otoacoustic emis-
sions (DPOAE) to evaluate cochlear outer hair cell. 
In the diabetic participants, audiological results were 
then correlated with biochemical parameters inclu-
sive of diabetes duration and glycemic control. All 
data was recorded in a systematic manner in a pre-
designed proforma. 

Statistical Analysis: The data collected were enter 
and managed with Microsoft Excel. Continuous var-
iables (age, hearing thresholds) were summarized as 
mean ± standard deviation, while categorical varia-
bles (presence/absence of hearing loss) were re-
ported as frequencies and percentages. Comparisons 
between diabetic and control groups were assessed 
using student’s t-test for continuous variables and 
Chi-square test for categorical variables. A p-value 
of less than 0.05 was considered statistically signif-
icant. 

Result 

Table 1 illustrates the gender breakdown of the par-
ticipants in this study. Out of the sample of 100 in-
dividuals, there were 31 (31.0%) males and 69 
(69.0%) females. Within the diabetic group (n=50), 
males made up 20 (40.0%) and females 30 (60.0%). 
In the non-diabetic group (n=50), 11 (22.0%) were 
male and 39 (78.0%) were female. This shows that 
within the study, females made up the majority in 
both the diabetic and non-diabetic groups, but there 
were a higher percentage of males represented in the 
diabetic group compared with the non-diabetic 
group.

 
Table 1: Gender distribution 

Gender Overall N (%) Diabetic N (%) Non-diabetic N (%) 
Male 31 (31.0%) 20 (40.0%) 11 (22.0%) 
Female 69 (69.0%) 30 (60.0%) 39 (78.0%) 
Total 100 (100.0%) 50 (100.0%) 50 (100.0%) 

 
Table 2 shows the demographic information for the 
subjects in this study. The diabetic group exhibited 
a significantly higher average age of 52.3 ± 8.2 years 
(ranging from 32 to 74 years) compared to 34.6 ± 
8.9 years (ranging from 18 to 56 years) in the non-
diabetic group, which signifies the higher incidence 
of diabetes among older people. The average fasting 
blood sugar levels were elevated in diabetics at 
145.2 ± 30.4 mg/dL (ranging from 90 to a maximum 
of 260 mg/dL) relative to non-diabetics, who had av-
erage glucose levels of 95.4 ± 8.1 mg/dL (range 
from 70 to 110 mg/dL). The mean blood sugar level 

post-prandial was also significantly higher for dia-
betics at 190.6 ± 45.1 mg/dL (range from 110 to a 
maximum of 360 mg/dL) than that of the non-dia-
betic participants, which were 115.2 ± 12.3 mg/dL 
(range from 90 to 140 mg/dl). According to the gly-
cemic control marker of HbA1c, diabetic subjects 
had elevated HbA1c levels at 8.10 ± 1.20% (range 
from 6.0 to 12.0%) compared to the reported HbA1c 
levels of non-diabetic participants at 5.40 ± 0.30% 
(range from 4.8 to 5.9%) which suggest that long-
term glycemic control was poor for the diabetic co-
hort in this study.

 
Table 2: Demographic details 

Parameter Diabetic group Non-diabetic group 
Mean age (years) 52.3 ± 8.2 (Range 32–74) 34.6 ± 8.9 (Range 18–56) 
Mean fasting blood sugar (mg/dL) 145.2 ± 30.4 (Range 90–260) 95.4 ± 8.1 (Range 70–110) 
Mean post-prandial blood sugar (mg/dL) 190.6 ± 45.1 (Range 110–360) 115.2 ± 12.3 (Range 90–140) 
Mean HbA1c (%) 8.10 ± 1.20 (Range 6.0–12.0) 5.40 ± 0.30 (Range 4.8–5.9) 
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Table 3 shows how hearing loss was distributed 
among the study population according to PTA find-
ings. The diabetic group had 8 (16.0%) individuals 
with normal hearing, while the non-diabetic group 
had 19 (38.0%) individuals with normal hearing. 
These findings show that hearing loss is more com-
mon in diabetics than non-diabetics. A total of 6 
(12.0%) in the diabetic group and 9 (18.0%) in the 
non-diabetic group had minimal SNHL. A total of 
10 (20.0%) in the diabetic group and 8 (16.0%) in 
the non-diabetic group had mild SNHL. The number 
of individuals with moderate SNHL was a substan-
tially different number, 14 (28.0%) in the diabetic 

group, and 9 (18.0%) in the non-diabetic group. Re-
garding severe hearing loss, there were 6 (12.0%) 
with severe hearing loss in diabetic individuals and 
3 (6.0%) in non-diabetic individuals. A total of 6 
(12.0%) had profound SNHL in diabetic individuals 
compared to only 2 (4.0%) in non-diabetic individu-
als. Overall, the 100 participants in this study 27 
(27.0%) had normal hearing, and 73 (73.0%) had 
some degree of sensorineural hearing loss, and there 
is a disproportionate amount of diabetics with mod-
erate to profound hearing impairment.

 
Table 3: Grade of hearing loss in study participants 

PTA grade Diabetic N (%) Non-diabetic N (%) Overall N (%) 
Normal 8 (16.0%) 19 (38.0%) 27 (27.0%) 
Minimal SNHL 6 (12.0%) 9 (18.0%) 15 (15.0%) 
Mild SNHL 10 (20.0%) 8 (16.0%) 18 (18.0%) 
Moderate SNHL 14 (28.0%) 9 (18.0%) 23 (23.0%) 
Severe SNHL 6 (12.0%) 3 (6.0%) 9 (9.0%) 
Profound SNHL 6 (12.0%) 2 (4.0%) 8 (8.0%) 
Total 50 (100.0%) 50 (100.0%) 100 (100.0%) 

 
Table 4 shows the distribution of participants ac-
cording to DPOAE results, highlighting a clear dif-
ference between diabetic and non-diabetic groups. 
Among the diabetics, a large majority, 40 (80.0%), 
fell into the “Refer” category, suggesting abnormal 
cochlear function, while only 10 (20.0%) achieved a 
“Pass.” In contrast, the non-diabetic group showed 
better outcomes, with 28 (56.0%) in the “Refer” 

category and 22 (44.0%) in the “Pass” group. Over-
all, out of 100 participants, 68 (68.0%) were catego-
rized as “Refer” and 32 (32.0%) as “Pass.” These 
findings indicate that diabetic patients are more 
likely to exhibit impaired outer hair cell function 
compared to non-diabetic individuals, reflecting a 
higher risk of cochlear involvement in this group.

 
Table 4: Distribution of study patients according to DPOAE 

DPOAE  Diabetic N (%) Non-diabetic N (%) Overall N (%) 
Refer 40 (80.0%) 28 (56.0%) 68 (68.0%) 
Pass 10 (20.0%) 22 (44.0%) 32 (32.0%) 
Total 50 (100.0%) 50 (100.0%) 100 (100.0%) 

 
Table 5 presents the comparative BERA results be-
tween diabetic and non-diabetic groups, showing 
significantly prolonged wave latencies in diabetics 
at all tested intensities. At 70 dBnHL, wave V la-
tency was 6.56 ± 0.52 ms in diabetics compared to 
6.01 ± 0.27 ms in non-diabetics (p < 0.001), and I–
V interpeak latency was 3.81 ± 0.26 ms versus 3.54 
± 0.08 ms, respectively (p < 0.001). At 80 dBnHL, 
wave V latency in diabetics was 6.51 ± 0.46 ms com-
pared to 5.67 ± 0.22 ms in non-diabetics (p = 0.004), 
with I–V latency also longer in diabetics (4.78 ± 

0.43 ms) than non-diabetics (4.11 ± 0.13 ms, p = 
0.035). Similarly, at 90 dBnHL, wave V latency was 
6.57 ± 0.48 ms in diabetics compared to 5.32 ± 0.20 
ms in non-diabetics (p < 0.001), while I–V latency 
was 5.58 ± 0.61 ms versus 4.87 ± 0.25 ms (p < 
0.001). These results indicate that diabetic patients 
exhibit delayed neural conduction in the auditory 
pathway, suggesting both peripheral and central au-
ditory dysfunction compared to non-diabetic indi-
viduals.

 
Table 5: Comparative BERA results of diabetic and non-diabetic groups 

Wave latency Intensity (dBnHL) Non-diabetic Mean ± SD (ms) Diabetic Mean ± SD (ms) P value 
V 70 6.01 ± 0.27 6.56 ± 0.52 <0.001 
I–V 70 3.54 ± 0.08 3.81 ± 0.26 <0.001 
V 80 5.67 ± 0.22 6.51 ± 0.46 0.004 
I–V 80 4.11 ± 0.13 4.78 ± 0.43 0.035 
V 90 5.32 ± 0.20 6.57 ± 0.48 <0.001 
I–V 90 4.87 ± 0.25 5.58 ± 0.61 <0.001 
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Discussion 

The study population was comprised of 100 patients, 
of which only 16% of the diabetic patients had nor-
mal hearing, and the majority presented with vary-
ing levels of SNHL ranging from minimal (12.0%) 
to profound (12.0%). This trend is indicative of a 
high burden of hearing impairment within the dia-
betic population. Similar results were shown by Ra-
jendran et al. (2011) [9], who observed that 73.3% 
of diabetes patients had SNHL when contrasted with 
only 6.7% of non-diabetic controls and therefore 
significantly supported diabetes-induced auditory 
impairment. Likewise, Tiwari and Mudhol (2018) 
[10] recorded that 76.8% of type 2 diabetes patients 
had SNHL and therefore added weight to the high 
prevalence recorded within our group. Dadhich et al. 
(2018) [11] further indicated that 73% of diabetics 
had hearing impairment and therefore was compara-
ble with our observations of higher SNHL burden 
within diabetics. These are collectively additives 
and strengthen the evidence that diabetes has a high 
likelihood of inducing hearing loss. 

Despite that, the distribution of severity of our study 
was slightly different from some previous reports. 
Although moderate hearing loss was the most prev-
alent finding in our diabetic patients (28.0%), Fer-
reira et al. (2016) [12] found that minimal hearing 
loss was the majority, followed by mild impairment 
of hearing, with 30% of patients preserving normal 
hearing. This may be due to differences in the age 
profiles of the study populations, glycemic control 
or diabetes duration. Our diabetics' mean age was 
52.3 years and significantly higher when compared 
with the non-diabetic control group, whereas Fer-
reira only studied patients younger than 50 years. 
Therefore, our older group may have greater suscep-
tibility to cumulative metabolic and vascular insults 
and hence higher severity of SNHL. 

The contribution of poor glycemic control is also un-
derscored by our results, where the average HbA1c 
of diabetics was 8.10%, significantly higher than the 
non-diabetic norm of 5.40%. Poor glycemic control 
has been found reliably related to auditory impair-
ment in earlier work. Lerman-Garber et al. (2012) 
[13] found patients with early type 2 diabetes melli-
tus more likely to have SNHL, with higher HbA1c 
related to poorer thresholds. Likewise, Sunkum and 
Pingile (2013) [14] found 82% prevalence of SNHL 
in diabetics and blamed long-standing hyperglyce-
mia inducing cochlear vascular changes. This is sim-
ilar to our results where significant cochlear impair-
ment was shown on Distortion Product Otoacoustic 
Emissions (DPOAE) test in 80% of diabetics. 

Our DPOAE results revealed a higher proportion of 
“refer” outcomes in diabetics (80.0%) compared 
with non-diabetics (56.0%). This indicates subclini-
cal cochlear dysfunction even in patients without 
clinically significant hearing loss. Similar patterns 

were observed by Ferreira et al. (2016) [12], who re-
ported absent otoacoustic emissions in 78.9% of di-
abetic patients, and by Prabhu and Shanthala (2016) 
[15], who found absent OAEs in 68% of type 2 dia-
betics. These parallels strongly suggest that outer 
hair cell dysfunction is an early manifestation of di-
abetic auditory impairment, detectable even before 
overt SNHL develops on pure tone audiometry. 
Thus, our findings contribute to the growing body of 
evidence advocating for the inclusion of DPOAE 
testing in routine audiological evaluation of diabet-
ics. 

In addition to cochlear impairment, our study 
demonstrated significant abnormalities in retro 
cochlear auditory processing, as evidenced by de-
layed Brainstem Evoked Response Audiometry 
(BERA) latencies across all tested intensities. At 70 
dBnHL, wave V latency was prolonged to 6.56 ms 
in diabetics compared with 6.01 ms in non-diabetics, 
while the I–V interpeak latency was significantly 
longer at 3.81 ms versus 3.54 ms. The delays became 
even more pronounced at higher intensities (80 and 
90 dBnHL). These findings reflect impaired neural 
conduction and brainstem transmission, likely re-
sulting from diabetic neuropathy. Comparable re-
sults were reported by Joshi et al. (2017) [16], who 
observed significantly prolonged BERA latencies 
for waves II and V, along with interpeak delays in 
diabetic patients. Batham et al. (2017) [17] and 
Suresh et al. (2018) [18] also found statistically sig-
nificant differences in wave latencies and interpeak 
intervals between diabetics and non-diabetics, with 
abnormalities increasing with disease duration and 
severity of hyperglycemia. Singh et al. (2019) [19] 
further confirmed a progressive rise in wave V la-
tency among diabetics, consistent with our observa-
tions of delayed auditory neural transmission. 

Despite the prevalence of the majority of the studies, 
including ours, indicating a strong positive associa-
tion of diabetes and SNHL, variations do exist at 
prevalence and severity levels. For instance, Ashish 
et al.'s study of Srinagar found lower prevalence of 
moderate-to-profound SNHL when they were com-
pared with our population and proposed that geo-
graphical differences, genetic preponderances, and 
lifestyle factors may contribute to the manifestation 
of the disease. Variability may also arise because of 
differing diagnostic work-up, e.g., inclusion of 
younger-age-group patients or exclusion of long-
standing diabetics. Nevertheless, the overall trend 
holds steady: diabetes significantly predisposes pa-
tients toward cochlear and retro cochlear hearing 
loss. 

From both our findings and those of previous re-
search, it is clear that diabetes mellitus appears to 
exert deleterious impacts on both central and periph-
eral auditory pathways. The strong agreement with 
Indian and international work points to the need for 
heightened vigilance related to hearing 
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complications in the diabetes patient. Standard audi-
ological assessments, including objective measures 
such as DPOAE and BERA, should be incorporated 
into the general practice of all diabetes care, partic-
ularly amongst those with poor glycemic control 
and/or long duration of the disease. We also need 
large, longitudinal studies that are specifically de-
signed to help better clarify causal pathways, pre-
vention strategies, and the potential role of glycemic 
control as a prevention measure for hearing loss. 

Conclusion 

The current cross-sectional community-based study 
from Jamuhar, Sasaram, Bihar, is remarkable in 
demonstrating a definitive link between diabetes and 
sensorineural hearing loss. Results suggest that dia-
betics are significantly more likely to have hearing 
impairment of varying degrees when compared with 
non-diabetic controls, and the majority of diabetics 
have moderate to profound sensorineural hearing 
loss. Objective measures such as DPOAE and 
BERA support this association and show cochlear 
damage and prolonged conduction times along the 
auditory pathways of diabetics, which indicate audi-
tory function compromise at both the peripheral and 
central levels. Participant demographics highlight 
the older age and poorer glycemic controls of dia-
betics and suggest possible additional effects of age 
and glycemic control on hearing loss. Overall, the 
study establishes diabetes as a strong risk factor for 
hearing loss, underscores the important role of early 
screening, repeat audiology assessments, and strict 
glycemic control in the complete management of di-
abetes to assist in the preservation of auditory func-
tion and the improved quality of life of diabetic pop-
ulations. 
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