
© Journal of Spine Surgery. All rights reserved. J Spine Surg 2022;8(2):196-203 | https://dx.doi.org/10.21037/jss-22-5

Introduction

Low back pain (LBP) is a leading cause of disability 
worldwide, with 540 million people affected around the world 
at any one time during 2015 (1). In the field of spine surgery, 
two of the most common presenting complaints are lumbar 

spinal stenosis (LSS) and discogenic LBP. In LSS, central 
canal stenosis of the lumbar spine can manifest as neurogenic 
claudication, pain, numbness and/or fatigue below the gluteal 
line that is precipitated by walking and alleviated with sitting 
down or lumbar flexion (2). Discogenic LBP refers to pain 
originating from the intervertebral discs, and may be caused 

Original Article

The concept of recovery kinetics: an observational study of 
continuous post-operative monitoring in spine surgery 

Monish Maharaj1,2,3,4,5, Pragadesh Natarajan1,2,3, R. Dineth Fonseka1,2,3, Sukrit Khanna1, Wen Jie Choy1,2,3, 
Kaitlin Rooke5, Kevin Phan2, Ralph Jasper Mobbs1,2,3,4,5

1Faculty of Medicine, University of New South Wales, Sydney, Australia; 2NeuroSpine Surgery Research Group (NSURG), Sydney, Australia; 
3Wearables and Gait Analysis Research Group (WAGAR), Sydney, Australia; 4Department of Neurosurgery, Prince of Wales Hospital, Sydney, 

Australia; 5NeuroSpine Clinic, Prince of Wales Private Hospital, Sydney, Australia

Contributions: (I) Conception and design: RJ Mobbs; (II) Administrative support: RJ Mobbs, M Maharaj, K Phan; (III) Provision of study materials or 

patients: RJ Mobbs; (IV) Collection and assembly of data: RJ Mobbs, WJ Choy, K Phan; (V) Data analysis and interpretation: WJ Choy, RJ Mobbs, 

P Natarajan; (VI) Manuscript writing: All authors; (VII) Final approval of manuscript: All authors.

Correspondence to: Monish Maharaj; Pragadesh Natarajan. NeuroSpine Clinic, Suite 7, Level 7, Prince of Wales Private Hospital, Barker Street, 

Randwick, NSW, Australia. Email: monish.maharaj@gmail.com; pragadeshnat9@hotmail.com.

Background: The spine surgeon’s understanding of an individual patient’s burden of disease and functional 
disability in daily life is shaped by patient-reported outcome measures (PROMs). Although PROMs 
are useful in understanding the patient’s perception of their disease, the use of PROMs constitutes a 
“snapshot” approach of single timepoint data capture, omitting day-to-day fluctuations in functional status. 
We introduce the concept of kinetics when considering continuous and objective postoperative patient 
monitoring with wearable sensors. 
Methods: A prospective single-centre series was performed using patients either undergoing lumbar 
decompression for lumbar spinal stenosis (LSS) (n=12), or posterior lumbar fusion for degenerative 
spondylolisthesis (n=12). The Oswestry Disability Index (PROM) was conducted preoperatively and 
12-weeks postoperatively. During this timeframe, continuous measurements of step count and distance 
travelled were made using a wrist-based wearable accelerometer.
Results: Over the 12-week study period, mean daily step count for all participants improved from 4,700 to 
7,700 steps per day (P=0.013), following an initial dip in total steps taken. The mean daily distance travelled 
improved from 3,300 to 5,300 meters per day (P=0.003). Decompression group recovered at a faster rate 
than the fusion group.
Conclusions: Although overall improvement was similar between the decompression and fusion groups, 
the recovery kinetics varied. The recovery kinetics approach of continuous postoperative monitoring 
provides additional insight to postoperative patient progress.

Keywords: Lumbar spine; spine surgery; post-operative recovery; patient monitoring; objective assessment

Submitted Jan 16, 2022. Accepted for publication Apr 06, 2022.

doi: 10.21037/jss-22-5

View this article at: https://dx.doi.org/10.21037/jss-22-5

203

https://crossmark.crossref.org/dialog/?doi=10.21037/jss-22-5


Journal of Spine Surgery, Vol 8, No 2 June 2022 197

© Journal of Spine Surgery. All rights reserved. J Spine Surg 2022;8(2):196-203 | https://dx.doi.org/10.21037/jss-22-5

by disc infection, mechanical torsion injury, or internal disc 
disruption (most commonly) from degenerative changes over 
time (3). When conservative treatment options fail, surgical 
intervention may be indicated, however methodologies 
of evaluating patient outcomes or surgical efficacy are not 
standardised in practice. 

The current gold-standard for patient assessment 
in spine surgery surrounds patient-reported outcome 
measures (PROMs) (4). Data from PROMs provide a useful 
“snapshot” of the patient’s perception of their disease at a 
single timepoint. They may be compared preoperatively 
and at different timepoints postoperatively with arbitrary 
standards generally reported at the 6 weeks, 3 months, and 
annual marks; corresponding with follow-up appointments. 
However due to sampling bias most PROMs may not 
adequately capture the fluctuations in functional status that 
occur between each discrete snapshot, and these periods may 
be more representative of the patient’s capabilities as a whole, 
varying with mode of administration and psychometric 
quality (5,6). As most PROMs are often completed by 
the subjects themselves there is an introduction of innate 
perceptive biases that limits objective comparisons of disease 
severity between different patients (7,8). 

The recent increased consumption of smart wearable 
devices (for example smartphones, smartwatches, and 
activity trackers) capturing a variety of health metrics 
have established new avenues for patient evaluation 
(9,10). These may potentially form the basis of a more 
objective approach to patient assessment and monitoring 
across a variety of health-related interventions. Devices 
are often small, unobtrusive, and lightweight, and can be 
taken home by patients to facilitate continuous everyday 
monitoring (9). This permits clinicians a novel perspective 
to assess fluctuations in functional status that occur 
between the classical snapshots of PROMs, providing 
detailed information surrounding the progression of 
postoperative recovery. It is this concept, specifically the 
pattern of improvement post intervention that we define 
as “recovery kinetics”. We aim to examine measurements 
made using smart wearable devices with the broad goal 
to examine differences when compared with a traditional 
PROM approach. In this prospective observational single-
centre series, we aim to investigate the recovery kinetics of 
a population of patients undergoing lumbar spine surgery 
(either lumbar decompression for LSS or lumbar fusion 
for discogenic LBP) using continuous (preoperatively to  
12 weeks postoperatively) and objective (daily step count and 
distance travelled) data captured with a wrist-based wearable 

device. We present the following article in accordance with 
the STROBE reporting checklist (available at https://jss.
amegroups.com/article/view/10.21037/jss-22-5/rc).

Methods

Study participants 

The present observational study had a recruitment period 
spanning February to June 2019. Patients with either (I) 
a clinical diagnosis of LSS who were deemed suitable 
for lumbar decompression, or (II) a clinical diagnosis of 
discogenic LBP who were deemed suitable for lumbar 
fusion were recruited from the NeuroSpine Clinic at the 
Prince of Wales Private Hospital, Randwick, Australia. 
Recruited participants were categorised into either a 
Decompression or Fusion group prior to statistical analysis 
of subjective and objective outcome measures, pre- and 
post-operatively. Only patients with single level surgery 
were considered for inclusion. During each patient’s hospital 
admission, study parameters and risks were discussed. The 
study was conducted in accordance with the Declaration 
of Helsinki (as revised in 2013). All methods were carried 
out in accordance with relevant guidelines and regulations 
of the South-Eastern Sydney Local Health District Ethics 
Board. Ethics for this study was obtained from the South-
Eastern Sydney Local Health District Ethics Board under 
reference code HREC: 17/184. Written informed consent 
was obtained from the included participants prior to 
participation in this study.

Data collection

Each patient completed the Oswestry Disability Index 
(ODI) preoperatively and at 12 weeks postoperatively. The 
ODI is a 10-item validated questionnaire for degenerative 
diseases of the lumbar spine assessing the impact of relevant 
symptoms across domains of pain, personal care, and daily 
activities (11-14). In addition, each patient wore a wrist-
based wearable device (Mi-Band2, Xiaomi, China) which 
continuously collected objective physical activity metrics 
(daily step count and daily distance travelled) in the 
preoperative week to 12 weeks postoperatively. 

Wearable device

Physical activity metrics were assessed using the wrist-based 
Mi Band 2 (Xiaomi, China) smartwatch. The data captured 

https://jss.amegroups.com/article/view/10.21037/jss-22-5/rc
https://jss.amegroups.com/article/view/10.21037/jss-22-5/rc


Maharaj et al. Recovery kinetics198

© Journal of Spine Surgery. All rights reserved. J Spine Surg 2022;8(2):196-203 | https://dx.doi.org/10.21037/jss-22-5

was transmitted via Bluetooth™ to an AndroidTM or iOS 
smartphone with the MiFit application (Xiaomi, China). 
Participants were instructed to sync their wrist-based 
wearable device to their smartphone application daily and 
this data was recorded by investigators upon presentation, 
and at the final post-operative follow-up time-point. The 
difference in data recording of the accelerometers and 
observational tests have previously been reported to be 
within 5%, therefore confirming respective accuracy (15). 
The same wearable device was used to collect preoperative 
and postoperative data to negate collection bias between 
different devices. Compliance was excellent, with staff at 
enrolment explaining the importance of continuous data 
collection to patients. This was reinforced at postoperative 
check-ups, and during routine phone calls from a research 
practice nurse on weeks 1, 2, and 6. No patient reported 
forgetting to wear their watch, and no patient recorded  
0 steps on any day therefore confirming compliance.

Statistical analysis

Data analyses were performed using SPSS statistical 
software (version 24.0, IBM, Armonk, New York, USA). 
Differences between preoperative and postoperative 
timepoints for participants were assessed paired samples 
t-tests. Welch’s correction was applied for variables with 
unequal variance. Normality was assessed using the Shapiro-
Wilk test and visual inspection of histograms. Statistical 
significance was considered for P values <0.05.

Results

A total of 24 participants undergoing lumbar spine surgery 
were recruited for this prospective observational study. 
Participants were of mean age, 50±12 years and were 
classified into either the decompression group (n=12), 

or fusion group (n=12) depending on their operative 
procedure. All fusion patients received direct nerve root 
decompression intraoperatively with fusions performed 
from both anterior (7 patients) and posterior approaches 
(5 patients). Excluding any index level instability, fusion 
patients otherwise had normal spinopelvic parameters. 
Over the 12-week study period, mean daily step count for 
all (pooled) participants significantly improved from 4,700 
to 7,700 steps per day (P=0.01) while their daily walking 
distance significantly improved from 3,300 to 5,300 meters 
per day (P<0.01). 

Similar trends were present within groups as step counts 
for the decompression group increased significantly from 
5,000 to 7,300 steps per day (P=0.01) and distance travelled 
increased significantly from 3,300 to 5,300 meters per day 
(P=0.02). Improvements in the fusion group were also 
present with step counts significantly increasing from 4,500 
to 8,200 steps per day (P=0.01) and distance travelled from 
3,200 to 5,300 meters per day (P=0.07). At this 12-week 
postoperative time-point period ODI scores also decreased 
from preoperative levels, from 55 to 38 in decompression 
group and 45 to 35 in fusion group (Table 1). 

Both decompression and fusion groups affirm a consistent 
pattern of recovery involving initial decline, followed 
by accelerated recuperation as measured by an objective 
mobility metric: mean daily step count. Although overall 
recovery following both interventions was similar, the groups 
differ in terms of their recovery kinetics (Table 2, Figure 1). 
The decompression group improved in daily step count at 
a rapid initial rate before plateauing in improvements. This 
contrasts with the fusion group involving a slower rate of 
recovery initially to preoperative levels, before accelerating 
in walking capabilities. While the decompression group only 
reached preoperative levels of daily step count on average by 
4.5 weeks postoperatively, fusion group reached this ‘recovery 
milestone’ on average at 6.5 weeks. 

Table 1 Walking health of study participants

 
Daily step count (steps) Daily walking distance (m) Oswestry Disability Index 

Preoperative Postoperative P Preoperative Postoperative P Preoperative Postoperative

All participants (n=24) 4,700±2,900 7,700±3,900 0.013 3,300±2,200 5,300±3,400 0.003 50 37 

Subgroup

Decompression (n=12) 5,000±3,600 7,300±3,800 0.010 3,400±2,800 5,200±3,500 0.020 55 38 

Fusion (n=12) 4,500±2,200 8,200±4,100 0.014 3,200±1,600 5,300±3,400 0.065 45 35 

Normally distributed data is represented as (mean ± SD). P values represent significance according to paired-samples (two-tail) t-tests. 
Preoperative refers to the week preceding spinal surgery and postoperative refers to the 12th week of postoperative recovery.



Journal of Spine Surgery, Vol 8, No 2 June 2022 199

© Journal of Spine Surgery. All rights reserved. J Spine Surg 2022;8(2):196-203 | https://dx.doi.org/10.21037/jss-22-5

Discussion

The present study demonstrates the application of 
wearable devices to continuously and objectively track the 
postoperative recovery of spine surgery patients following 
fusion and decompression. Over the 12-week study period, 
mean daily step count for all participants improved from 
4,700 to 7,700 steps per day (P=0.013), following an initial 
dip in total steps taken. The mean daily distance travelled 
improved from 3,300 to 5,300 meters per day (P=0.003). 
However, the rate of recovery different between subgroups 
with decompression group recovering at a faster rate 
initially than the fusion group, although fusion group 
recovered to a higher functional level over the longer term. 
(Figure 1). 

Being small, lightweight, and unobtrusive, single-point 
wearable sensors can be worn in everyday living conditions 
to allow clinicians to monitor patients continuously. In the 
setting of spine surgery, this facilitates the construction of a 
detailed, real-time, objective clinical picture (beyond what is 
possible with PROMs) of postoperative recovery: Recovery 
Kinetics. In this study, lumbar spine patients undergoing 
either decompression or fusion surgery were assessed 
preoperatively and 12 weeks postoperatively using PROMs. 
During this timeframe, their activity levels were monitored 
continuously using a single-point wearable sensor, 
enabling examination of recovery kinetics. Participants 
demonstrated increased mean daily step count (4,700 vs. 
7,700 steps, P=0.01) and daily walking distance (3,300 vs.  
5,300 steps, P=0.003) by the 12th postoperative week, 
matching reductions in mean ODI scores (50 vs. 37). 
Additional insight was provided upon examining recovery 
kinetics and in particular the rate of step count recovery. 
Although overall  improvements were comparable, 
examination of recovery kinetics revealed distinct patterns 
when comparing the ‘recovery curves’ of decompression 
and fusion groups. Most notably, the decompression group 
experienced a quicker initial rate of recovery compared to 
the fusion group. 

These analyses of recovery kinetics following lumbar 
decompression and fusion suggest that patient recovery 
uniquely varies dependent on the operative intervention. 
Although previous studies have revealed how immediate post-
intervention outcomes can differ depending on procedure, no 
study has yet continuously tracked the postoperative course 
of recovery. Our findings align with large-scale studies with 
Martin et al. in a study of 164,527 lumbar fusion patients 

Table 2 Post-operative recovery by daily step count for lumbar 
decompression and lumbar fusion participants

Timepoint 
(weeks) 

Daily step count (mean) 

Decompression (n=12) Fusion (n=12) 

1 4,900 4,400 

2 3,700 3,400 

3 3,900 3,700 

4 4,600 3,900 

5 5,200 4,200 

6 5,700 4,500 

7 6,300 5,300 

8 6,500 6,000 

9 6,800 6,500 

10 7,000 7,100 

11 7,100 7,700 

12 7,300 8,100 
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Figure 1 Recovery kinetics of objective outcome (step count) vs. 
subjective outcome (ODI). The daily step counts comparing the 
decompression and fusion groups reveal a very different recovery 
dynamic between these two groups. The fusion group recovers 
slower initially, however, overall, the increase in step count is 
greater over time. In contrast, the ODI figures provide a single 
point “snapshot” figure at the time of surgery and at the 3-month 
mark, giving the clinician no understanding of the rate of recovery 
of the two groups. ODI, Oswestry Disability Index.
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describing a median hospital stay of four days (16). This was 
slightly greater than Deyo et al.’s report of 2.7 mean days of 
hospitalisation following decompression in 21,474 recipients 
of Medicare in 2007 (17). Similar findings have also emerged 
from studies assessing recovery in terms of daily step counts 
with Gilmore et al. reporting a greater total step count in the 
first postoperative week following lumbar decompression 
compared to lumbar fusion (14,304 vs. 11,024 steps) (18). 
Consistent with these results, Stienen et al. reported 48% 
lower activity levels in the first operative week among patients 
who underwent a fusion procedure compared to other 
spinal procedures (1,213 vs. 2,325 steps, P=0.03) (19). The 
quicker rate of recovery following decompression is likely 
attributable to a minimal surgical window with exposure 
of only the lamina. By contrast, fusion requires significant 
exposure of the lamina, facet joints, transverse processes, 
and intertransverse spaces and associated bony trauma with 
instrumentation (20). 

In the present study, recovery kinetics were derived 
from continuous monitoring of walking metrics (mean 
daily step count), which are well-established determinants 
of general health and therefore a useful objective outcome 
measure (21-23). Large-volume cohort studies affirm this 
notion with Saint-Maurice et al. in a study of adults aged at 
least 40 (n=4,840) finding a significantly greater incidence 
(P<0.05) of all-cause mortality amongst those who took less 
than 4,000 steps/day (76.7 per 1,000 person-years), when 
compared to those who took between 8–12,000 steps/day 
(6.9 per 1,000 person-years amongst) (24). Consistent with 
the literature, we propose that step count (averaged over 
each day) as a useful long-term measure of health when 
monitoring patient recovery and rehabilitation following 
surgery. With further sophistication in newer wearable 
devices, there is early work in the setting of detailed spatial 
and temporal gait metrics and their relationship to general 
and specific measures of health (25,26). These walking 
metrics such as walking speed, step length, and step time 
may prove to be more sensitive markers in the examination 
of recovery kinetics to acute deteriorations, post-operative 
complications or development of new pathologies (8).

PROMs such as the ODI are the current gold-standard 
for the assessment of lumbar spine patients (11). In the 
present study, PROMs were collected at discrete time-
points including preoperatively and at the 12-week follow-
up timepoint, consistent with common clinical practises. 
Our findings suggest that continuous and objective mobility 
metrics collected by a wrist-wearable can capture distinct 
fluctuations in functional status (as seen in Figure 1) that 

may occur between these time points; even within the 
small sample sizes of our decompression (n=12) and fusion 
(n=12) groups. Examination of the continuous data-stream 
reflective of patient performance has allowed us to identify 
the slower initial recovery of our fusion cohort when 
compared to the decompression cohort.

Although useful in obtaining the impact of the disease 
on the patient’s daily life, PROMs may not be completely 
representative of the subject’s functional ability. Stienen 
et al. found significant variation in the ODI amongst both 
LBP sufferers (mean, 56.19 vs. 43.44) and healthy pain-
free controls (mean, 11.56 vs. 1.36), when comparing 
higher and lower levels of mental distress (P<0.001) (27). 
By contrast, objective metrics such as the observed timed 
up and go (TUG) test faced no such confounding effects in 
LBP sufferers (mean, 138.4 vs. 116.8, P=0.462) and healthy 
controls (100.91 vs. 99.65, P=0.897). Herein, lies one of 
the key advantages of recovery kinetic analyses as valid 
conclusions and comparisons are made when assessing a 
patient’s post-operative recovery, free from bias. However, 
our present study did not assess the presence of any 
discrepancies between subjective patient questionnaire and 
objective mobility metrics amongst our cohort of patients 
undergoing decompression and fusion. These analyses 
may be warranted in future studies to determine whether 
the recovery kinetics approach is truly more representative 
of patient capabilities and function than PROM derived 
measures alone.

Examining recovery kinetic patterns yields several 
uses to improve patient care during post-operative 
recovery and rehabilitation. Previously, authors such as 
Rushton et al. have alluded to this concept of categorising 
patients into different “recovery trajectories” depending 
on rate of improvement in physical function, return to 
activities of daily living, and development of postoperative 
complications (28). Although the qualitative nature of 
data collection using regular (but qualitative) self-reports 
informed patient perspectives to guide patient-centred 
recovery and rehabilitation, adherence to patient diaries 
(of 89.8%) and duration of feasible follow-up (4 weeks 
postoperatively) were drastically limited (28). Despite low 
cohort volume, our novel study has demonstrated a distinct 
pattern of recovery when tracking objective mobility 
metrics over 12 weeks, in both decompression and fusion 
patients—an initial decline followed by accelerated recovery 
(as seen in Figure 1). Wearable-based data-capture, may 
therefore enable longer durations of clinical follow-up. We 
recommend the value of medium to long term continuous 



Journal of Spine Surgery, Vol 8, No 2 June 2022 201

© Journal of Spine Surgery. All rights reserved. J Spine Surg 2022;8(2):196-203 | https://dx.doi.org/10.21037/jss-22-5

monitoring to ensure maintenance of recovery performance 
and guide long-term post-operative rehabilitation. 
Continuous monitoring may also be sensitive in the early 
detection of post-operative complications, deterioration and 
decline as demonstrated by Mobbs et al. (8).

Objective mobility metrics when standardized according 
to age, sex, and intervention, allow clinicians to assess 
whether patient progress matches an expected course of 
recovery. Deviations from these standardized values may 
alert clinicians that intervention is required, in a similar way 
that milestone charts are used to monitor child development 
in paediatrics. This enables a personalised rehabilitation of 
patient’s according to their unique recovery kinetic trends. 
Healthcare administrators, insurers, and clinicians alike 
can benefit from a more efficient allocation of health care 
resources as patients who are in lower percentiles for their 
age-, sex-, and intervention-matched recovery kinetics 
attract timely and sufficient clinical attention. 

There are some limitations to this study, and additional 
work is needed to substantiate the concept of recovery 
kinetics. Our study only focussed on the recovery kinetics 
of our study cohorts up to the 12th postoperative week, and 
future studies could investigate how the recovery kinetics 
of lumbar spine patients develop beyond this timepoint. 
Although truly continuous objective data capture with 
wearables combats sampling bias, this was only minimised 
and not eliminated by considering weekly average daily step 
counts in our present study. Future studies could investigate 
the recovery kinetics of other patient populations. Total hip 
and knee replacement patients are known to experience gait 
alterations, and therefore mapping the recovery kinetics 
of their activity and spatiotemporal gait metrics could 
be insightful (29-31). Despite being able to distinguish 
recovery kinetics between decompression and fusion 
patients, our sample size of 24 is relatively small, and future 
studies could investigate recovery kinetics in lumbar spine 
patients using larger sample sizes. Moreover, a larger study 
may allow stratification of recovery kinetic analyses and 
construction of standardised recovery kinetic trends based 
on age and sex. 

Conclusions

The recovery kinetics approach of continuous postoperative 
monitoring provides additional insight to postoperative 
patient progress. This has uses including tracking 
rehabilitation goals, the early identification of postoperative 
complications, and the efficient allocation of health care 

resources towards patients with relatively poor recovery 
kinetics.
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